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Abstract: 

We report here a series of heteroatom-substituted macrocycles containing an anthraquinone 

moiety as a fluorescent signaling unit and a cyclic polyheteroether chain as the receptor.  Sulfur, 

selenium, and tellurium derivatives of 1,8-anthraquinone-18-crown-5 (1) were synthesized by 

reacting sodium sulfide (Na2S), sodium selenide (Na2Se) and sodium telluride (Na2Te) with 1,8-

bis(2-bromoethylethyleneoxy)anthracene-9,10-dione in a 1:1 ratio. The optical properties of the 

new compounds are examined and the sulfur and selenium analogues produce an intense green 

emission enhancement upon association with Pb(II) in acetonitrile. Selectivity for Pb(II) is 

markedly improved as compared to the oxygen analogue 1 which was also competitive for Ca(II) 

ion.  UV-Visible and luminescence titrations reveal that 2 and 3 form 1:1 complexes with Pb(II), 

confirmed by single-crystal X-ray studies where Pb(II) is complexed within the macrocycle 

through coordinate covalent bonds to neighboring carbonyl, ether and heteroether donor atoms. 

Cyclic voltammetry of 2-8 showed classical, irreversible oxidation potentials for sulfur, selenium 

and tellurium heteroethers in addition to two one-electron reductions for the anthraquinone 

carbonyl groups. DFT calculations were also conducted on 1, 2, 3, 6, 6+Pb(II) and 6+Mg(II) to 

determine the trend in energies of the HOMO and the LUMO levels along the series. 

 
Keywords: Anthraquinone; Thioether; Selenoether; Telluroether; Fluorescent Sensor, Pb(II) 

selectivity
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Introduction 

Many reports have been devoted to the design of new metal ion sensors for various potential 

applications such as clinical toxicology, eco-friendly bioorganic chemistry, bioremediation and 

waste administration.1 The exposure of heavy meal ions to humans, animals and ecological 

systems cause’s neurodegenerative diseases such as Alzheimer’s (AD), Prion (PrPD) diseases, 

Parkinson’s disease (PD), Huntington disease (HD), Amyotrophic Lateral Sclerosis (ALS), and 

many more.2 Lead ranks as the second most toxic heavy metal ion next to mercury, and is often 

encountered due to its wide distribution in old batteries, paints and gasoline.3 Many quantitative 

methods, such as atomic absorption spectroscopy (AAS), inductively coupled plasma atomic 

emission spectroscopy (ICP-AES), X-ray fluorescence spectroscopy (R-FS)4 and potentiometric 

methods5, are available to detect heavy metal ions; however more compatible and less expensive 

molecular sensor devices have replaced these techniques in recent years.6 Molecular sensors 

based on luminescent and colorimetric detection are more attractive due to their simplicity and 

low detection limits even at the nanomolar level. Luminescent probes of the OFF-ON type are 

more advantageous tools because of their sensitivity to the availability of the analyte, especially 

important at low concentration of analyte. The mechanisms described in the literature for the 

luminescence changes when detecting metal ions, anions or small molecules are mainly based on 

internal charge transfer (ICT)7, twisted internal charge transfer (TICT)8 photoinduced electron 

transfer (PET)9, fluorescence resonance energy transfer (FRET & TBET)10, photoinduced charge 

transfer (PCT)11, metal to ligand charge transfer (MLCT)12, chelation enhanced fluorescence 

(CHEF)13 excited state intramolecular proton transfer (ESIPT)14, excimer & exciplex15 complex 

formation and the inversion of excited states (n-π* and π-π*).16 
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Substantial effort has been paid to the synthesis of anthraquinone compounds in recent 

years due to their application as colorants17, as models for photosynthesis18 and as DNA 

intercalators.19 9,10-Anthraquinone (AQ) compounds substituted at various positions have 

served as ligands for a variety of metal ions as recently described in a review article.20 

Anthraquinone derivatives have been exploited as an efficient colorimetric chemosensors for the 

detection of metal ions and anions due to their very high absorption coefficient.21 Apart from 

their optical properties, anthraquinone derivatives are also very popular for electroanalytical 

chemistry because of the quinone moiety, as they show two successive, reversible, one electron 

reductions22 to form AQ1- followed by AQ2-.  In our own work, we have reported several 

fluorescent host molecules that contain the anthraquinone moiety as a sensing unit connected 

with a polyether receptor for the detection of toxic heavy metal ions. For example, 1,8-

anthraquinone-18-crown-5 (1) is composed of AQ and a polyether chain substituted at the 1,8-

positions, and it has been reported as a redox switch for alkali metal ions22, a luminescent probe 

for oxo-acid23, a luminescent sensor for the detection of Pb(II)24, and, in its reduced form, is the 

precursor for making molecular switches.25 Furthermore, the replacement of the hard donor 

oxygen atoms by the soft donor sulfur in the polyether chain of 1 dramatically changes the 

selectivity of this class of sensor.26 Apart from identity of the donor atoms, the emission intensity 

of 1,8-oxygen substituted AQ derivative with analytes depends not only on the identity and 

position of substitution, but also on the ring size of the macrocycle, and the length of the side 

chains if the receptor is an open bipodand.27-28 Additional heteroatom substitutions at the 

anthraquinone and the coordination chemistry of metal ions with anthraquinone-containing 

macrocycles have also been reported.29-34 The field of synthetic organoselenium / tellurium 

chemistry is as active as anthraquinone chemistry due to probable applications in medicinal 
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chemistry and in materials chemistry. In particular, selenium heterocyclic compounds are well 

known for their biological and pharmacological applications as anti-oxidants, anti-fungal, anti-

inflammatory and anti-bacterial agents.35-37
 Sulfur, selenium and tellurium at lower oxidation 

states are softer donors than their oxygen counterpart and their ligand chemistry has been 

extensively reviewed38. Recent reports reveal that sulfur39, selenium40 and tellurium41 

compounds have emerged as potential sensors for the detection of metal ions and other active 

species by luminescence spectroscopy. The transport properties of Ag(I) and Pb(II) by selenium 

crown ether based compounds has also been reported.42 Lead (II) complexes of oxygen, sulfur 

and selenium donors have been previously reviewed.43 

In this paper, we report the synthesis of new luminescent sensors, thio-18-crown-5 (2), 

seleno-18-crown-5 (3) and telluro-18-crown-5 (6) which contain softer Lewis donors and 

improve the selectivity of these sensors for Pb(II) over the previously reported oxygen 

analogue.24  The presence of hard and soft donors in the polyether chain was used to tune the 

selectivity and the optical properties of the luminescent sensors. X-ray crystallography of sulfur 

and selenium analogues and their Pb(II) complexes are included and the experimental findings 

are supported by theoretical computations on these new heteroatom macrocycles and their Pb(II) 

adducts. 
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Scheme 1: Elemental selenium and tellurium were reduced by NaBH4 in alcohol to obtain Na2Se 
or Na2Te under N2.  Compound 4 and 5 were isolated during 3’s synthesis, and they can also be 
made by mixing 3 with NaBH4.  
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Synthesis: Three new cyclic anthraquinone-based polyether derivatives, 2, 3 and 6, have been 

synthesized by a double SN2 reaction between 1,8-bis(2-bromoethoxy)anthracene-9,10-dione 

with the appropriate sodium chalcogenide (Scheme 1). Compound 2 is obtained in 65% yield; 

whereas 3 and 6 are obtained only in 25% and 10% respectively.  Na2E (E = Se and Te) is 

produced by the reaction of Se/Te with NaBH4, and the in situ synthesis of 3 also produces 

compounds 4 and 5 since the reducing agent is present in an excess (Scheme 1). The reaction of 

Pb(ClO4)2.3H2O with 2 and 3 in a 1:1 ratio, using acetonitrile as a solvent, affords the 

yellow/orange colored complexes [Pb(2)][ClO4]2 (7) and  [Pb(3)][ClO4]2 (8) in more than 50% 

yield. A schematic representation of compound 2-8 is given in Scheme 1. Compounds 2-8 are 

stable under ambient conditions and are very soluble in CH2Cl2, CHCl3, CH3CN and a 

CH3CN:CH3OH mixture.  

NMR Spectroscopy: The 1H NMR spectra of 2-6 were recorded using CDCl3 solutions at room 

temperature. All five new anthraquinone based cyclic crown ethers, including the reduced 

compounds of 3, exhibit a doublet, a triplet and a doublet pattern in the aromatic region due to 

1,8-disubstituted anthraquinone as per literature reports. 22-28 A triplet at ~ 2.9 ppm in 2-6 is due 

to the CH2- connected to the chalcogenides. Singlet resonances at 4.12 and 6.27 ppm are from 

the anthrone and anthronol protons respectively in 4 and 5 which support the reduction of one of 

the carbonyl groups in each compound. In the 13C spectra of 2-6, the CH2-E (E = S, Se and Te) 

signal appears at 31.8, 23.3, 23.8, 23.1 and 12.1 respectively. The appearance of a signal at 22.7 

ppm in 4 and at 57.2 ppm in 5 is due to anthrone and anthronol carbon, respectively. The CH2-S 

and the CH2-Se signal in compounds 2 and 3 underwent a downfield shift of 0.3 ppm (1H NMR) 

and ~3.0 ppm (13C NMR) in 7 and 8 which supports the coordination of the sulfur and selenium 

heteroatoms by the Pb(II) ion. A copy of proton and 13C NMR spectra of compounds 2-8 are 
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shown in SI Fig.1-14. Elemental analyses and ESI mass spectrometry by direct injection method 

(SI Fig.15) of 6 supports the proposed structure of 6 in Scheme 1. 
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Table 1: Crystallographic data for compounds 2, 3, 4, 5, 7 and 8. 

 
 

 

Compounds 2 3 4 5 7 8 
Empirical formula C22H22O6S C22H22O6Se C22H24O5Se C22H24O6Se C22 H22Cl2O14PbS C22H22Cl2O14PbSe 
Formula weight 414.46 461.36 447.37 463.37 820.54 867.44 
Wavelength MoKα 0.71073 MoKα 0.71073 MoKα 0.71073 MoKα 0.71073 MoKα 0.71073 MoKα 0.71073 
System SMART APEXII SMART APEXII SMART APEXII SMART APEXII SMART APEXII SMART APEXII 
Temperature, K 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic Triclinic 
Space group P21/n P21/c P21/n P21/c P-1 P-1 
a, Å 14.3298(15) 7.4979(8) 14.6414(8) 12.3365(8) 8.0605(6) 8.0759(6) 
b, Å 8.1440(8) 16.0574(17) 8.0187(4) 11.5354(8) 12.1558(10) 12.2739(9) 
c, Å 16.8072(17) 16.3759(17) 16.9048(9) 14.4592(9) 13.1591(10) 13.1224(9) 
α, ° 90.00 90.00 90.00 90.00 80.0900(10) 80.0990(10) 
β, ° 104.2090(10) 100.5730(10) 104.1850(10) 99.2400(10) 82.6810(10) 82.5590(10) 
γ, ° 90.00 90.00 90.00 90.00 85.4590(10) 85.9020(10) 
Volume, Å 3 1901.4(3) 1938.1(4) 1924.19(18) 2030.9(2) 1257.60(17) 1268.95(16) 
Z 4 4 4 4 2 2 
Density (calc)g.cm-3 1.448 1.581 1.544 1.515 2.16 2.270 
Absorb. Coef. Mm-1 0.209 1.975 1.983 1.885 7.079 8.421 
F(000) 872 944 920 952 796 832 
θ range 2.50-25.30 2.53-25.30 2.49-25.38 2.43-25.39 2.51-25.46 2.50-25.44 
Index ranges ±17, ±9, ±20 ±9, ±19, ±19 ±17, ±9, ±20 ±14, ±13, ±17 ±9, ±14, ±15 ±9, ±14, ±15 
Reflections collected 18441 18948 18815 19801 12675 13047 
Independent reflections 3473 3535 3107 3339 4662 4691 
Observed reflections 2517 2578 3538 3738 4575 4439 
Max/Min trans. 0.901-0.936 0.4383-0.6934 0.3374-0.5876 0.3975-0.4524 0.332-0.538 0.494258 -0.745758 
Data / restr. / param. 3473 / 180 / 319 3535/ 67 / 274 3107 / 0 / 253 3339 / 0 / 262 4662 / 0 / 361 4691/ 0 / 360 
Goodness-of-fit 1.031 1.061 1.056 1.045 1.065 1.071 
Final R indices[I>2σ(I)] 0.0423 0.0395 0.0237 0.0242 0.0158 0.0242 
R indices (all data) 0.0654 0.0671 0.0297 0.0293 0.0162 0.0127 
CCDC Number 980449 980451 980452 980453 980450 980454 

Page 9 of 37 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



10 
 

Table 2: Selected bond lengths (Å) and bond angles (°) of 2, 3, 4, 5, 7 and 8.   

 
 
E = S in 2 and 7; E = Se in 3, 4 and 5 
 
 
 
 
 

 2 3 4 5 7 8 

C18-E1 1.806(5) 1.944(4) 1.9567(19) 1.961(2) 1.826(3) 1.961(4) 

C19-E1 1.809(5) 1.946(4) 1.9511(19) 1.9585(19) 1.820(3) 1.966(4) 

C7-O5  1.220(2) 1.221(5) 1.224 (2) 1.226(2) 1.219(3) 1.209(5) 

C8-O6 (C=O) 1.216(2) 1.233(9) - 1.445(2) 1.229(3) 1.236(5) 

Pb1-E1 - - - - 2.8949(7) 2.9904(5) 

Pb1-O6 (C=O) - - - - 2.6003(17) 2.604(3) 

Pb1-O7 - - - - 2.6284(19) 2.625(3) 

Pb1-O3 (C-O) - - - - 2.6334(17) 2.642(3) 

C18-E1-C19 104.5(3) 100.63(16) 99.30(8) 98.31(8) 103.46(12) 101.5(3) 

E1-Pb1-O6(C=O) - - - - 161.00(4) 160.92(6) 

E1-Pb1-O3  - - - - 68.21(4) 70.55(6) 

Page 10 of 37Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



11 
 

X-ray crystallography: The molecular structures of all compounds were determined by single-

crystal X-ray diffraction studies, except for compound 6. The crystallographic data are given in 

Table 1, and selected bond distances and angles are listed in Table 2. The slow evaporation of a 

solution of methylene chloride and 2 or 3 gave X-ray quality crystals. The thermal ellipsoid 

diagrams of 2 and 3 are shown in Fig. 1. CH2-S bond lengths C18-S1=1.806 Å; C19-S1=1.809 

Å, and CH2- Se bond lengths C18-Se1= 1.944 Å; C19-Se1=1.946 Å are in good agreement with 

the literature34b,34c, and the geometry around sulfur and selenium is bent with bond angles C18-

S1-C19 and C18-Se1-C19  of  104.5° and 100.63° respectively.  

 

 

 

 

 

 

 

Fig. 1: Thermal ellipsoid diagrams of 2 (A) and 3 (B). For bond angles and bond lengths 
comparison, identical labeling done on non-hydrogen atoms in both structures except for the 
chalcogenide. Fragments from disorder is omitted for clarity. 
 

The geometry around C7 and C8 is trigonal planar, and the carbonyl bond lengths, C7-O5 (1.220 

Å) and C8-O6 (1.216 Å) in 2 and C7-O5 (1.221 Å); C8-O6 (1.233 Å) in 3, are typical C=O 

double bonds. 23 and 24 Thermal ellipsoid diagrams of the reduced macrocycles 4 and 5 are shown 

in Fig. 2 where CH2-Se bond lengths in 4 are C18-Se1=1.957Å and C19-Se1=1.951 Å; and in 5 

are C18-Se1=1.961 Å and C19-Se1=1.958 Å, in good agreement with earlier reports.34c The 

bond angles around selenium (C18-Se1-C19) are 99.30° and 98.31° which is a slightly distorted 

A B 
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bent geometry, typical of heavier chacogenides. In structures 4 and 5, the inner carbonyl is 

missing, and the C8-O6 bond length is 1.445 Å in 5, which confirms it is a single bond, not a 

C=O double bond. 25, 44 The carbonyl group bond lengths, C7-O5, in 4 and 5 are 1.224 Å and 

1.226 Å, respectively. The geometries around C8 in 4 and 5 are tetrahedral. 

 

 

 

 

 

 

 

 

Fig. 2: A) Thermal Ellipsoid diagrams of 4; C8-H = 1.34Å; H-C8-H = 107.9°. B) and 5. C8-O6 = 
1.445 Å; H-C8-O6 = 107.9°. 
 

Lead Complexes: The crystal structures of the lead (II) complexes are shown in Fig. 3 and they 

are isostructural. The thermal ellipsoid diagrams of 7 and 8 clearly show that 2 and 3 act as tetra-

dentate ligands. Pb(II) is trapped within the cavity, and the metal center possesses a distorted 

octahedral geometry where the axial positions are occupied by perchlorate anions (not shown).  

The C8-O6 bond lengths in 7 (1.229 Å) and 8 (1.236 Å) are slightly elongated after 

complexation with the Pb(II) ions when compared to free 2 and 3. In complex 7 and 8, the Pb1-

O6 bond lengths are 2.600 Å and 2.604 Å respectively. These Pb-O bond lengths are consistent 

with our earlier reports [24, 34a]. The Pb1-S1 bond distance is 2.895 Å [34a] and the Pb1-Se1 

B 
A 
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bond length is 2.9904 Å, similar to earlier reported bond lengths. 34d The bond angles S1-Pb1-O6 

(161.00°) and Se1-Pb-O6 (160.92°) are slightly bent. 

 

Fig.3: Thermal ellipsoid diagrams of A) [Pb(2)][ClO4]2, 7: Pb1-O6 = 2.600 Å; Pb1-S1 = 2.895 
Å, and B) [Pb(3)][ClO4]2, 8: Pb1-O6 = 2.604Å; Pb1-Se1 = 2.9904 Å.  Labels are identical except 
for the chalcogens for the bond angle/bond length comparison. Anions are not shown for clarity. 
 

Absorption spectroscopy: The coordination of 2 and 3 with Pb(II) ion in solution were 

examined by absorption and luminescence spectrometric titrations using 1.0 x 10-4 molar ligand 

solutions in acetonitrile. The absorption spectrum of 2 exhibits a well resolved band at 380 nm, 

and Figure 4A is the experimental UV-visible titration curve of 2 with 0 to 2.4 equivalents of 

Pb(II) ion. In the presence of Pb(II), the band at 380 nm undergoes a small red shift with a clean 

isobestic point indicating the formation of the 2-Pb(II) complex. The presence of other metal 

ions did not change the absorption spectrum of 2 appreciably (SI Fig. 16A), except for the 

addition of Fe(III) which caused a slight blue shift that may be due to the oxidation of sulfide in 

2 in to sulfoxide (SI Fig. 26-27). Similarly, the addition of Pb(II) to 3 in acetonitrile resulted in 

the same red shift (Fig. 4B) and the formation of an isobestic point. Again, little change was 

A B 
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observed in the presence of other metal ions (SI Fig. 8B), and the addition of Fe(III) caused a 

blue shift, which may be attributed to the oxidation of selenide in 3 in to selenoxide. Redox 

chemistry of sulfide/ selenide in to sulfoxide/selenoxide made new host molecules, and they are 

the subjects of another paper. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Absorbance of 2 (A) and 3 (B) with aliquots of Pb(II). Inset shows the relative absorbance 
at 425 nm vs equivalents of Pb(II) added. 1x10-4 Molar of 2 and 3 in acetonitrile was used. 
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Luminescence spectroscopy: The emission spectrum of 2 in acetonitrile was recorded after 

excitation at 390 nm. Free 2 is weakly emissive and has almost no emission at 520 nm; however 

adding successive amounts of Pb(II) induces an increase in the emission at 520 nm by ~12.3 

fold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Fig.5: Emission titration of 2 (A) and 3 (B) with Pb(II). Inset shows the best fit of emission 
relative intensity at 520 nm vs equivalents of Pb(II) added. 1.0 x10-4 molar of 2 and 3 in 
acetonitrile was used and the excitation wavelength = 390 nm. 
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The interaction between 2 and lead ion is immediate even with 0.2 equivalent of Pb(II). Figure 

5A illustrates the enhancement of the emission intensity of 2 with different equivalents of added 

Pb(II) ions, and the inset is the plot of relative emission intensity at 520 nm against the 

equivalents of Pb(II) added. It is clear from the inset plot the emission intensity reaches a plateau 

after addition of 1.0 equivalent of Pb(II) ions and that there is no substantial enhancement of the 

emission intensity upon the further addition of Pb(II), which supports the formation of a 1:1  2-

Pb(II) complex. There is no significant change in the emission upon the addition of other metal 

ions to the solution of 2 (SI Fig. 17), and since lead caused a noticeable enhancement in 

luminescence at 520 nm, 2 is clearly selective towards Pb(II). Similar changes were observed 

when 3 was mixed with Pb(II). The enhancement in emission at 520 nm is even larger, ~18 fold 

(Fig. 5B). The addition of Cu(II) to 3 causes a red shift in the UV-visible spectrum, but did not 

produce any luminescence. As with compound 2, 3 selectively senses Pb(II) as no change in 

luminescence was observed upon the addition of other metal ions (SI Fig. 18). However, 

compound 6 does not produce enhanced emission with Pb(II); although, with addition of Ca(II) 

and Mg(II), the emission is turned on, but only minimally (SI Fig. 19). This difference in 

selectivity may be due to the size of the cavity in 6 as well as the softness of tellurium. As the 

size of the donor atom increases from oxygen to tellurium, this may lead to a smaller cavity size 

in 6 and result in the inability to bind larger cations such as Pb(II) within the macrocycle.  

Emission is observed for smaller cations but is not particularly selective. Several attempts were 

made to isolate X-ray-quality crystals of 6 and its complexes, but they were unsuccessful.45 

Figure 6 also compares the luminescence intensity for all four anthraquinone-18-crown-5 

derivatives. 
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Fig. 6: Relative emission intensities at 520 nm of 1, 2, 3 and 6 (1x10-4 molar in CH3CN) with 2 
equivalents of series of cations. 390 nm was used as excitation wavelength. 
 

Binding constants were obtained by curve fitting the titration data as per our earlier 

report.24 The average binding constants of 2 and 3 with Pb(II) are 1.6x105 M-1 and 2.3x105 M-1, 

respectively, which is smaller than the binding constant determined originally for 1 with Pb(II) 

(3.2x105 M-1).24 We attribute the smaller binding constant to the softer sulfur and selenium donor 

atoms in 2 and 3. A very similar result was observed in the lifetime experiments. Lifetime data 

for 2 with Pb(II) showed a single exponential decay. Both phase plane methods46 and curve 

simulations47 gave lifetime of 1/10 of a ns, whereas the lifetime of 1 with Pb(II) is 0.5 ns. 3’s 

lifetime with Pb(II) is very similar (0.1 to 0.2 ns) to that of 2 with Pb(II). 

Competition Studies 

A competition study was performed to show the selectivity of 2 and 3 for Pb(II) in acetonitrile in 

the presence of other metal cations. SI Figure 20 shows the normalized relative emission 

intensity at 520 nm of 2 or 3 with lead and added metal ions; the graph clearly shows that the 
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other metal ions did not affect the selectivity of 2 or 3 towards Pb(II). We observed that among 

the metal ions studied, only Pb(II) metal ions change the emission behavior of 2 and 3.  

Theoretical Calculations 

Fukui et al. 48a were the first to define the reactivity and the stability of a molecule by means of 

determining energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO). The energy of the HOMO can determine a molecule’s electron 

donating and accepting ability.  The energies of calculated frontier molecular orbitals are given 

in Table 3. Soft bases will have a HOMO of higher energy than the HOMO energy of hard bases, 

which is also reflected in this work.48d From the table 3, The HOMO level of 1 is lower in energy 

than the HOMO level of the tellurium analog 6 which clearly indicates that 1 is a lithophile and 2 

and 3 are chalcophiles. Furthermore, an examination of the molecular orbitals contributing to the 

lowest energy absorbance peak suggests that during excitation, electron density is transferred 

from the ether oxygens at the 1,8 positions of the anthraquinone to the carbonyl oxygens (SI Fig. 

21). In the presence of Pb(II), this internal charge transfer process is stabilized by lowering the 

energy of the LUMO, resulting in a red shift in the predicted absorbance (SI Fig. 22). 

      The optimized structure for 6; 6+Pb(II); 6+Mg(II) are given in Fig. 7 as well as the frontier 

molecular orbitals of 6. Compound 6 was also optimized with Pb(II) as well as with Mg(II). 

Conformation for 6 with Pb(II) is bent (Fig. 7D) with a bond angle for Te-Pb-O=C measures as 

93.8° in optimized structure; whereas S-Pb-O=C and Se-Pb-O=C in 7 and 8 are measured as 

161.00° and 160.92°, respectively in X-ray crystallography. The computationally determined 

infrared stretching frequencies of the internal C=O bond increase as the heteroatom size 

increases. This C=O bond theoretically absorbs at 1534.93 cm-1 for 2-Pb(II), 1536.81 cm-1  for 3-
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Pb(II), and 1537.37 cm-1 for 6-Pb(II) (SI Fig. 23). Tables of atom coordinates and absolute 

energies for 1, 2, 3, 6, 6 with Pb(II) and 6 with Mg(II) are available as supporting information.  

Table 3: Energies of the HOMO and the LUMO for 1, 2, 3 and 6. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 7: A) HOMO of 6; B) LUMO of 6; C) Optimized geometry of 6; D) Optimized geometry of 
6+Pb(II); E) Optimized geometry of 6+Mg(II). 

Compounds 
HOMO LUMO HOMO:LUMO gap 

LanL2DZ (eV) LanL2DZ (eV) LanL2DZ (eV) 

1 -6.6426 -3.1851 3.4575 

2 -6.1955 -3.2463 2.9492 

3 -5.9152 -3.1826 2.7326 

6 -5.5696 -3.1767 2.3930 

6+Pb(II) -7.2029 -4.1008 3.1021 

6+Mg(II) -6.7781 -4.0371 2.7410 
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Table 4: Electrochemical data 

Compound Solvent 
EA

1/2 (V) 

Anthraquinone0/-1 Anthraquinone-1/-2 Chalcogen’s Oxidation 

1 CH3CN -1.06 -1.40 Not observed 

2 CH3CN -1.07 -1.52 +1.47B 

3 CH3CN -1.07 -1.51 +1.25B 

4 CH3CN - -1.79B +1.21B 

5 CH3CN - -1.60B +1.10B 

6 CH3CN -1.06 -1.57 +0.87B 

7 CH3CN - - +1.31B 

8 CH3CN - - +0.95B 
 

1. All measurements were done at room temperature 
2. Only a positive scan was performed for 7 and 8. 
3. A: Referenced vs. Ag/AgCl, glassy carbon, 1mM in 0.1M tetrabutylammonium 

perchlorate 
4. B: Irreversible 

 

Cyclic voltammetry 

Cyclic voltammetric measurements were carried out in a 0.1 M tetrabutylammonium perchlorate 

solution with CH3CN as solvent vs Ag/AgCl as the reference electrode. Eo values for the 

different anthraquinone derivatives and are listed in Table 4. Compounds 2, 3, and 6 have two 

typical one-electron, reversible anthraquinone reduction potentials22, 28, 34a-c; whereas the 

compounds 4 and 5 have only a single one-electron, irreversible anthraquinone reduction 

potentials, due to the reduction of the inner annular carbonyl group. Apart from the 

anthraquinone reduction potentials, 2-8 also have an irreversible oxidation peak at ~ +1.47, 

+1.25, +0.87 V, which is characteristic for the oxidation of S2-, Se2- and Te2- similar to earlier 

reports. 34 and 49 The cyclic voltammograms of 2, 3 and 6 (shown in Figure 8) clearly demonstrate 

that the oxidation potential of the chalcogenides decreases gradually as the electronegativity of 

the heteroatom decreases.  
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Figure 8: Cyclic voltammograms of 1x10-3 molar 2, 3 and 6 in CH3CN using 0.1M TBAClO4 vs. 
Ag/AgCl on glassy carbon electrode. 
 

For 2 and 3, no shift is observed in the anthraquinone first and second one-electron reduction 

potential (Eo1 and Eo2) after binding with Pb(II), but the binding of a the lead cation does cause a 

negative shift in the oxidation potential by ~0.2 V. This is likely due to the close proximity of the 

electropositive Pb(II) cation near the sulfur or selenium heteroatoms. The positive scans of 7 and 

8 are given in SI Fig. 24. 

 
Discussion 

In compounds 2 and 3, the anthraquinone acts as the lumophore and the polyether chain 

macrocycle binds the metal ion within the cavity. The metal center makes coordinate covalent 

bonds with the donor atoms in the polyether chain as well as with the inner carbonyl group of the 

anthraquinone, which is essential for luminescence enhancement to occur. We attribute the 

Page 21 of 37 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



22 
 

enhancement of emission intensity for 2 and 3 upon complexation with Pb(II) is due to an 

internal charge transfer7 process. For compounds 2 and 3, the polyether chain receptor is 

integrated with anthraquinone fluorophore and there is charge transfer within the anthraquinone 

lumophore upon complexation with the Pb(II) cation with resulting enhancement in 

luminescence at 520 nm. The identity of the donors in the polyether chains, the cavity size, and 

the charge/size ratio of the cation all determine the selectivity and intensity of the luminescence 

of these AQ-based sensors. 26 and 27 The polyether chain in compound 1 contains oxygen as a 

donor atom which is a hard base; hence emission is enhanced in presence of hard acids and 

oxophillic metal ions. 23 and 24 Replacing two or more oxygen by sulfurs at the chelating positions 

cause 1 changes the selectivity of these related macrocycles towards Cd(II) and Hg(II). 26 

However, in compounds 2, 3 and 6, the oxygen atom farthest from the inner annular carbonyl 

group in 1 has now been replaced by sulfur, selenium and tellurium. This change is sufficient to 

reduce the hardness of the polyether chain in 1, which is reflected in the emission spectra of 2, 3 

and 6 with different metal ions. Figure 6 compares the relative luminescence intensity for all four 

O, S, Se, and Te anthraquinone-18-crown-5 derivatives. Alkaline earth metal cations such as 

Ca(II) and Mg(II), which previously caused luminescence enhancement for the oxygen analogue 

1, show almost no emission enhancement for 2 and 3, and this may be attributed to the 

substitutions by the soft donors sulfur and selenium. Pb(II) prefers sulfur or selenium as donors 

over oxygen, and this fact is confirmed comparing Pb1-O6 bond lengths. The Pb1-O6 bond 

length is lengthier in [Pb.2]2+
 (2.60 Å) and [Pb.3]2+

 (2.62 Å) than Pb-O6 in [Pb.1]2+
 (2.58 Å) 

complex, and this elongation in bond length may be due to the trans influence. The strength of 

coordinate covalent bond between the inner carbonyl in 2 or 3 with Pb(II) is fundamental for the 

luminescence intensity. The interaction between the carbonyl oxygen in 1 and Pb(II) is stronger 

Page 22 of 37Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



23 
 

than this interaction in 2 or 3 with Pb(II). The longer bond length (Pb-O6) indicates a weaker 

interaction between Pb(II) and the carbonyl oxygen in 7 or 8, may be which explains the lower 

luminescence intensity of 7 and 8 compared to lead complex of 1. Replacing oxygen with other 

donors in the polyether chain reduces the emission intensity (SI Fig. 25) drastically when 

perchloric acid generated hydronium ion binds within the cavity. This also supports that 2, 3 and 

6 are softer bases than 1 even though the binding sites for the hydronium ion are identical. 

Conclusion 

In summary, anthraquinone-based receptors 2 and 3 are luminescent sensors for the selective 

recognition of Pb(II) in acetonitrile via internal charge transfer. We have demonstrated that by 

changing the identity of a single donor atom in the polyether chain of 1, the selectivity towards 

Pb(II) is increased. Compounds 2 and 3 form a 1:1 (M:L) complex with Pb(II) ions in the solid-

state and in an acetonitrile solution, which are confirmed by spectroscopic titrations and X-ray 

crystallography. Complexation of 2 or 3 with Pb(II) causes enhancement in emission at 520 nm; 

whereas compound 6 does not appear to bind heavy metal ions, hence it does not show a change 

in luminescence with added Pb(II). Furthermore, compounds 2 and 3 show significant changes in 

sulfur and selenium oxidation potentials after coordination with Pb(II).  We have also used DFT 

calculations to confirm that the expected hardness of the ligands decreases in the following 

order: 1 > 2 > 3 > 6. 

Experimental section 

1H and 13C NMR spectra were obtained using Varian 200 MHz and Bruker 400 MHz instruments 

at room temperature using deuterated solvents. Absorbance data was collected using a Varian 

Cary 50 BIO UV-Visible spectrophotometer. Luminescence titrations were conducted using a 

Fluoromax–4 spectrofluorometer. Mass spectrometry was conducted using a Varian 500-MS IT 

ESI mass spectrometer.  Cyclic voltammograms were recorded using a CH instruments 660 
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electrochemical workstation. Elemental analyses were conducted using an Exeter CE-440 

Elemental analyzer. Melting points were determined using open capillaries and were 

uncorrected.  

Chemicals and reagents 

1,8-Oxybis(ethyleneethoxyethyleneethoxy)anthracene-9,10-dione (1)22 and 1,8-bis(2-

bromoethylethyleneoxy)anthracene-9,10-dione54 were synthesized using available procedures. 

Sodium sufide nonahydrate, selenium as powder, tellurium as powder, sodium borohydride, 

tetrabutylammonium perchlorate (TBAP) and all metal perchlorate salts were purchased from 

Aldrich, and used without purification. The perchlorate salts used in selectivity studies were 

dried at 100 °C under vacuum over Driete to minimize the effects of hydration. CH3CN, THF, 

DMF and CH2Cl2 were purchased from Aldrich and purified using a PURE SOLVTM solvent 

purification system. HPLC grade anhydrous acetonitrile (Fisher/Acros) was used in all 

spectroscopic studies. Caution: Although we have experienced no difficulties with these 

perchlorate salts, they should be treated as potentially explosive and handled with care. 

Synthesis of 1, 8-oxybis(ethyleneethoxyethylenethio)anthracene-9,10-dione (2): 

1,8-bis(2-bromoethoxy)anthracene-9,10-dione (0.50 g, 0.92 mmol), which was made in 40 mL of 

THF, was stirred in a round bottom flask under N2 atmosphere. Sodium sulfide nonahydrate 

(0.22 g, 0.92 mmol) was dissolved in 10 mL of DI water and added to the round-bottom flask in 

drop-wise. The solution was stirred for three hours with mild heating. The reaction mixture was 

cooled to room temperature, mixed with 200 mL of distilled water and extracted with CH2Cl2. 

The organic layer was dried with anhydrous Na2SO4. Most of the solvents were evaporated under 

reduced pressure, and a silica gel column using ethyl acetate as eluent was used to purify the 

compound. A yellow solid was obtained. The yield is 0.25 g (65%) and the melting point is 174 
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– 178 °C.  Elemental analyses calculated for C22H22O6S: C, 63.75; H, 5.35; S, 7.74 %. Found: C, 

63.58; H, 5.32; S, 7.29 %. 1H NMR (at 25 °C, CDCl3): δ 2.85 – 2.92 (t, 4H, CH2-S); 3.97 – 4.03 

(m, 8H, CH2-O); 4.22 – 4.26 (t, 4H, CH2-O); 7.19 – 7.25 (m, 2H, ArH); 7.55 – 7.63 (t, 2H, ArH); 

7.80 – 7.85 (d, 2H, ArH). 13C NMR (at 25 °C, CDCl3): δ 31.8, 68.9, 70.2, 72.4, 118.2, 119.2, 

124.4, 133.7, 134.8, 158.4, 181.8, 184.0. 

Synthesis of 1, 8-oxybis(ethyleneethoxyethyleneseleno)anthracene-9,10-dione (3): 

0.14 gram (1.7 mmol) of selenium powder was mixed with 50 mL of 95% ethanol and warmed 

under nitrogen atmosphere. Sodium borohydride (0.14 g in 5 mL of 1M NaOH) was added in 

aliquots until the solution become colorless (Excess of NaBH4 will decrease the yield of 3). 1,8-

bis(2-bromoethoxy)anthracene-9,10-dione (0.95 g, 1.7 mmol), which was made in 20 mL of 

THF was added and the solution was stirred for three hours with gentle heating. The reaction 

mixture was cooled to room temperature, mixed with 200 mL of distilled water and extracted 

with CH2Cl2. The organic layer was dried with anhydrous Na2SO4. Most of the solvents were 

evaporated under reduced pressure. A thin layer chromatogram showed that there are three 

compounds, and a silica gel column with methylene chloride: ethyl acetate as eluent was used to 

separate them. 3 is obtained as a yellow solid. The yield is 0.2 gram (25% yield), and the melting 

point is 180 – 182 °C.  Elemental analyses calculated for C22H22O6Se: C, 57.27; H, 4.81 %. 

Found: C, 57.18; H, 4.78 %.  1H NMR (at 25 °C, CDCl3): δ 2.88 – 2.93 (t, 4H, CH2-Se); 3.99 – 

4.10 (m, 8H, CH2-O); 4.22 – 4.26 (t, 4H, CH2-O); 7.21 – 7.25 (m, 2H, ArH); 7.55 – 7.63 (t, 2H, 

ArH); 7.80 – 7.85 (d, 2H, ArH). 13C NMR (at 25 °C, CDCl3): δ 23.3, 68.9, 70.3, 72.9, 118.9, 

119.2, 133.7, 134.8, 158.4, 182.0. 
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1, 8-oxybis(ethyleneethoxyethyleneseleno)-10-dihydraanthracene-9-one (4): 

Compound 4 obtained as a pale yellow solid eluted by methylene chloride while isolating 

compound 3. The yield is 0.3 g (38%), and the melting point is 210 – 212 °C. Compound 4 can 

be prepared by refluxing 3 with 1 equivalent of NaBH4 in ethanol for 3 hour.  Elemental analyses 

calculated for C22H24O5Se: C, 59.06; H, 5.41 %. Found: C, 58.68; H, 5.25 %. 

1H NMR (at 25 °C, CDCl3): δ 2.88 – 2.92 (m, 4H, CH2-Se); 3.94 – 3.98 (m, 8H, CH2-O); 4.18 (s, 

2H, anthrone proton); 4.25 – 4.27 (m, 4H, CH2-O); 7.06 – 7.09 (d, 2H, ArH); 7.37 – 7.42 (t, 2H, 

ArH); 7.97 – 7.99 (d, 2H, ArH). 13C NMR (at 25 °C, CDCl3): δ 22.7, 23.8, 68.7, 69.2, 72.6, 

114.1, 119.4, 127.2, 130.3, 132.7, 156.0, 181.8. 

1, 8-oxybis(ethyleneethoxyethyleneseleno)-10-hydroxy-10-hydro-anthracene-9-one (5): 

Compound 5 obtained as a cream color solid eluted by methylene chloride and ethyl acteate 

mixture while separating 3 by column chromatography. The yield is 0.1 g (12%), and the melting 

point is 206 – 209 °C. Compound 5 can be prepared by stirring 3 with 1 equivalent of NaBH4 in 

ethanol for 30 minute at room temperature.  Elemental analyses calculated for C22H24O6Se: C, 

57.02; H, 5.22 %. Found: C, 57.07; H, 5.18 %. 1H NMR (at 25 °C, CDCl3): δ 2.86 – 2.95 (m, 4H, 

CH2-Se); 3.87 – 3.99 (m, 8H, CH2-O); 4.27 – 4.36 (m, 4H, CH2-O); 4.47 (bs, 1H, OH); 6.41 (s, 

1H, CH); 7.14 – 7.17 (d, 2H, ArH); 7.42 – 7.46 (m, 2H, ArH); 7.88 – 7.90 (d, 2H, ArH). 13C 

NMR (at 25 °C, CDCl3): δ 23.1, 57.2, 68.9, 69.1, 72.2, 117.0, 119.9, 129.2, 131.7, 132.3, 156.9, 

184.9. 

Synthesis of 1, 8-oxybis(ethyleneethoxyethylenetelluro)anthracene-9,10-dione (6): 

0.15 gram (2.2 mmol) of tellurium powder and 1,8-bis(2-bromoethoxy)anthracene-9,10-dione 

(1.00 g) were used to synthesize 6 using a procedure identical to that used to make 3. Compound 

6 was purified by silica gel column using a CH2Cl2:CH3OH (18:2) mixture as an eluent. A 
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yellow colored solid was obtained. The yield is 0.1 g (10%), and the melting point is 172 – 175 

°C.  Elemental analyses calculated for C22H22O6Te: C, 51.81; H, 4.35 %. Found: C, 51.90; H, 

4.28 %. ESI MS: 533.01 (Calc. for 6 with Na+), 533.35 (found). 1H NMR (at 25 °C, CDCl3): δ 

2.89 – 2.96 (t, 4H, CH2-Se); 3.99 – 4.03 (m, 4H, CH2-O); 4.09 – 4.17 (t, 4H, CH2-O); 4.23 – 4.27 

(m, 4H, CH2-O); 7.20 – 7.25 (m, 2H, ArH); 7.55 – 7.63 (t, 2H, ArH); 7.80 – 7.84 (d, 2H, ArH). 

13C NMR (at 25 °C, CDCl3): δ 2.4, 68.9, 70.3, 74.4, 119.0, 119.2, 124.6, 133.7, 134.9, 158.5, 

181.8, 184.0. 

Synthesis of [Pb.2](ClO4)2 (7) 

Lead (II) perchlorate trihydrate (0.11 g, 0.24 mmol), which was dissolved in 10 mL of 

acetonitrile was added in aliquots with a solution of 2 (0.1 g, 0.24 mmol) made in 20 mL of 

acetonitrile. The solution was stirred for 2 h and then was evaporated under reduced pressure. 

The entire residue was dissolved in 10 mL of CH3CN:CH3OH (8:2), and diethylether was 

diffused into the solution. Fine yellow blocks were obtained. Yield: 0.135 g (70% as crystals) 

and it decomposes over 210 °C.  Elemental analyses calculated for C22H22O14SPbCl2: C, 32.19; 

H, 2.68; S, 3.91%. Found: C, 32.16; H, 2.75; S, 3.75 %.  1H NMR (CD3CN, 25 °C): δ 3.21 – 

3.33 (m, 4H, CH2-S); 4.02 – 4.18 (m, 8H, CH2-O); 4.32 – 4.41 (t, 4H, CH2-O); 7.38 – 7.48 (m, 

2H, ArH); 7.72 – 7.80 (m, 4H, ArH).  13C NMR (CD3CN, 25 °C): δ 32.9, 69.4, 70.6, 71.5, 120.9; 

121.6; 135.4; 135.7 and 158.9. (We could see the methylene carbons and few aromatic carbons 

due to solubility issue) 

Synthesis of [Pb.3](ClO4)2 (8) 

Lead (II) perchlorate trihydrate (0.05 g, 0.11 mmol), which was dissolved in 10 mL of 

acetonitrile was added in aliquots with a solution of 3 (0.049 g, 0.11 mmol) made in 20 mL of 

acetonitrile. The solution was stirred for 2 h and then was evaporated under reduced pressure. 
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The entire residue was dissolved in 10 mL of CH3CN, and ether was diffused into the solution. 

Fine needle-shaped crystals were obtained. Yield: 0.05 g (55% as crystals) and the melting point 

is 170 – 172 °C (dec).  Elemental analyses calculated for C22H22O14SePbCl2: C, 30.45; H, 2.53 

%. Found: C, 30.55; H, 2.50 %. 1H NMR (CD3CN, 25 °C): δ 3.24 – 3.34 (m, 4H, CH2-Se); 4.02 

– 4.20 (m, 8H, CH2-O); 4.32 – 4.44 (t, 4H, CH2-O); 7.41 – 7.52 (m, 2H, ArH); 7.72 – 7.86 (m, 

4H, ArH).  13C NMR (CD3CN, 25 °C): 26.8, 69.5, 70.5, 71.5, 120.7; 121.4; 135.7. (We could see 

the methylene carbons and a few aromatic carbons due to solubility issues) 

Methods: 

Crystallography: X-ray quality crystals of compounds 2 and 3 were obtained by slow 

evaporation of a methylene chloride solution; 4 and 5 were obtained by diffusing diethyl ether 

into CH2Cl2:CH3OH (8:2). Crystals of 7 was obtained by diffusing diethyl ether into 

CH3CN:CH3OH (8:2). Crystals of 8 and was obtained by diffusing diethyl ether into CH3CN. 

Crystallographic data for 2, 3, 4, 5, 7, and 8 were collected at 100 K using a Bruker SMART 

APEX II diffractometer by MoKα radiation. The data reduction and refinement were completed 

using the WinGX suite of crystallographic software. 50 and 51 Structures were solved using 

SIR97.52 Both SIR97 and OLEX were used to solve 8.53 All hydrogen atoms were placed in ideal 

positions and refined as riding atoms with relative isotropic displacement parameters.  Table 1 

lists additional crystallographic and refinement information. The polyether chain in 2 was 

modeled as disordered over two positions 50:50. Compound 8 formed as a twin crystal (30:70). 

One of the carbonyl group in compound 3 was modeled as disorder over two positions 65:35. 

Computation: The ground states of 1, 2, 3, and 6 with and without Pb(II) and 6 with Mg(II) were 

optimized using density functional theory (DFT)48a with Becke’s three parameter Lee-Yang-Parr 

(B3LYP)48b,c exchange-correlation functionals and the LanL2DZ basis set.48d,e All ligands and 
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complexes were assumed to be in a singlet state during optimization. The initial atomic 

coordinates of the ligands with and without metal ions were derived from the single crystal X-ray 

diffraction structure of 2 with Pb(II). Counterions were artificially removed for all structures, and 

Pb(II) was removed for the optimization of the isolated ligands. The solvation by acetonitrile was 

modeled by the integral equation formalism polarizable continuum model (IEFPCM).48f 

TDDFT48g and frequency calculations were performed on the optimized structures. All of the 

harmonic frequencies for the optimized structures were real. 52 singlet states were solved for in 

the TDDFT calculations. The “state of interest” was defined as 50. Gaussian 0948h Software was 

used for all calculations. Default settings were used for all calculations unless specified above. 

Computations supporting this project were performed on High Performance Computing systems 

at the University of South Dakota. 
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