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Abstract

A thiophene-based tripodal copper(II) complex has been synthesized as a new colorimetric and 

optical chemosensor for naked-eye discrimination of halides in acetonitrile and an acetonitrile-

water mixture. The binding interactions of the new receptor with several anions were analyzed by 

UV-Vis titrations, electrospray ionization mass spectrometric (ESI-MS) experiments and density 

functional theory (DFT) calculations. The results from UV-Vis titrations indicate that the 

coordinative unsaturated copper(II) complex strongly binds a halide at its vacant copper(II) centre 

via a metal-ligand bond forming a 1:1 complex, exhibiting binding affinities in the order of 

fluoride > chloride > bromide > iodide. The interactions of the receptor with halides were further 

confirmed by ESI-MS, showing a distinct signal corresponding to a 1:1 complex for each halide, 

suggesting that the noncovalent interactions also exist in the gas phase. In addition, time-

dependent DFT (TD-DFT) calculations were also carried out to understand the excited-state 

properties of the chemosensor complexes. A detailed analysis of the TD-DFT calculations shows a 

consistent red-shift in the first optically-allowed transition, consistent with the observed 

colorimetric experiments.

Abstract

A simple tripodal copper(II) complex is capable of discriminating halides via a distinct color 

change for each halide in acetonitrile. The new chemosensor has been studied for anions by UV-

Vis titrations, ESI-MS experiments, and computational methods.
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Introduction

Anion recognition with synthetic receptors remains a frontier research area in chemical 

science due to its importance in several chemical, biological, and environmental systems.1, 2 

Because of their prevalence in these various applications, there is an acute need to design 

sensitive and selective receptors for the detection and monitoring of anions.3 Over the past 

several years this area has produced a diverse variety of molecular receptors4 that interact 

with anions through various non-covalent interactions such as hydrogen bonding,4–6 

electrostatic,7–9 Lewis acid-base,10 and metal–ligand11–13 bonds. In particular, designed 

receptors with integrated sensing groups have recently received considerable attention in 

anion binding chemistry as they strongly and selectively interact with certain anions via 

reversible non-covalent interactions under a variety of conditions.14–16 Indeed, optical 

sensing is a quick and cost-effective method to detect an analyte without the use of 

expensive instruments that often require time-consuming sample preparation.16

Certain receptors incorporated with transition metal ions such as copper,17–23 nickel,24 

zinc25–27 and ruthenium28, 29 often respond to an analyte by displaying distinct color or 

optical changes through metal-anion interactions in a solution under neutral condition. 

Fabbrizzi and coworkers reported a furan-based dinuclear copper complex leading to the 

selective binding of chloride in water.18 Delgado and coworkers synthesized a para-xylyl-

based dinuclearcopper(II) complex that was found to bridge an oxalate or succinate between 

the two copper centers.22 Stang, Chi, and coworkers incorporated ruthenium ions into 

metallo-bowls to obtaintetranuclear complexes showing strong affinities for carboxylate 

anions in methanol.29 Beer and coworkers reported zinc-containing porphyrin-cages for the 

optical sensing of halides, and oxoanions in acetone–water solvent mixtures.25 In our efforts 

to develop simple optical sensors for anions, we have previously synthesized N-methyl-2,2′-

diaminodiethylamine-driven dinuclear copper complexes for the selective binding of 

iodide,30 phosphate,31 and cyanide.32 Previous studies have demonstrated that 

coordinatively unsaturated copper(II) complexes can effectively be used for the detection of 

certain anions via metal-anion interactions.18,22,30–33 Recently, Caltagirone and Lippolis and 

coworkers have incorporated a copper(II) ion into a tetradentate ligand derived from a 

quinoline-based triazacyclononane. This was subsequently used to synthesize an unsaturated 

copper(II) complex that was shown to form a penta-coordinated complex with iodide or 

cyanide, displaying visible color changes.34 Our continuing efforts in designing highly 

sensitive optical receptors led us to explore a copper(II) complex with a simple and readily 

obtainable tripodal-based tetradentate ligand (L) for anions. Herein, we report a simple 

tripodal-based copper(II) complex 1 integrated with 3-thiophene spacers for the naked-eye 

discrimination of halides in acetonitrile.

Results and discussion

Synthesis

The synthesis of L was straightforward and accomplished througha condensation reaction of 

tren with 3-thiophenecarboxaldehyde providing a high yield. The copper(II) complex 1 was 

obtained as a blue powder by mixing of L and copper nitrate in CH3CN at room 

temperature, yielding a 1:1 copper complex as [Cu(L)](NO3)2. It is assumed that the copper 
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is coordinatively unsaturated and is bonded with four nitrogen atoms as shown in Scheme 1. 

The two nitrates serve as outer sphere ligands to balance the positive charges of copper in 

the complex. This assumption was further confirmed by DFT calculations of 1 showing 

tetracoordinatedcopper(II) in a trigonal pyramidal environment (Scheme 1b) and by MS-ESI 

(+ve) displaying a m/z = 496.23 which corresponds to a [Cu(L) − H+]+ moiety (Fig. 1). 

Thus, this complex has the potential to bind an anion to its metal center. A similar 

coordination sphere at copper(II) center was previously reported in the literature.33, 34

UV-Vis binding studies

The receptor 1 showed an intense blue color in CH3CN. The addition of one equivalent of 

F−, Cl−, Br−, and I− to the receptor (5 x 10−3 M in CH3CN) showed a distinct visual color 

change for each halide, indicating strong interactions between the halides and 1. As shown 

in Fig. 2, the blue color of the solution of 1 changed to aqua for fluoride, lime for chloride, 

turquoise for bromide, and greenish-yellow for iodide. On the other hand, the color 

remained the same after the addition of NO3
− and ClO4

−, suggesting that 1 can be used to 

effectively discriminate halides in CH3CN. The receptor was also examined in a mixture of 

CH3CN-H2O (4:1, v/v), showing a noticeable color change for only iodide (Fig. 3), as also 

previously observed with a dinuclear copper(II) complex.30

The binding properties of 1 were then investigated by UV–Vis spectroscopy in CH3CN 

using [n-Bu4N]+ salts of halides. As shown in Fig. 4, the complex showed an absorption 

band at 291 nm in the absence of an anion. Upon the addition of one equivalent of different 

halides, the absorption pattern of 1 changed significantly for each halide with respect to the 

intensity and absorption maximum. Such a change is attributed to the possible axial ligation 

of a halide anion to the coordinativelyunsaturated copper center leading to the formation of a 

metal-halide bond. This also accounts for the color change of 1 due to the addition of 

halides. A significant increase in the absorption intensity was observed for chloride and 

bromide, while an obvious red shift in the absorption maximum was observed in the 

presence of bromide (291 to 310 nm), and a blue shift for fluoride (291 to 270 nm). For 

iodide, there was a decrease in the absorption maxima, while two new peaks appeared at 

longer wavelengths. The shortest absorption band for fluoride at 270 nm compared to that 

for iodide at 436 nm indicates that the strong ligand field-effect of F− lowers the energy 

level of eg of copper(II), thus resulting in the transition at higher energy. However, there was 

no change in the absorption pattern of 1 after the addition of nitrate or perchlorate.

The binding properties of the receptor for halides were determined by UV-Vis titration 

methods in CH3CN. As shown in Fig. 5a, the incremental addition of F− to 1 in CH3CN 

resulted in a gradual hypsochromic (blue) shift of the absorption maxima (291 to 262 nm), 

while the absorption intensities were gradually decreased, showing an isosbestic point at 271 

nm. Interestingly, in the case of bromide, a bathochromic (red) shift in the absorbance band 

(291 to 310 nm) was observed with a gradual increase in the absorption intensity, displaying 

an isosbestic point at 296 nm (Fig. 5b). In both cases, the isosbestic point is observed at an 

equimolar ratio of the receptor and the respective halide, suggesting the formation of a 1:1 

(receptor:halide) complex. The absorption intensity of 1 was notably enhanced 

(hyperchromic shift) after the gradual addition of chloride to the receptor, while the 
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absorption maxima (λmax) remained almost unchanged (Fig. 5c). On the other hand, the 

absorption pattern of the receptor were quite different upon the gradual addition of iodide. 

New bands in the 330 to 390 nm region as well as strong Soret bands in the 400–500 nm 

region are shown (Fig 5d), which could be due to the formation of a charge transfer 

complex.13,29

A Job plot analysis confirmed a 1:1 host:guest binding stoichiometry of halide binding to 1 
for each halide, showing a maximum at a 0.5 mole fraction (Fig. 6 and Fig. S6-S8) 

ESI†).The halide binding constants (K) were determined by a non-linear regression of the 

absorbance changes of the receptorbased on a 1:1 binding model (insets in Fig. 5),35 and are 

reported in Table 1. The receptor binds halide anions strongly, showing the highest 

association constant for fluoride with a strong selectivity over other halides. This is 

presumably a result of a stronger field-effect of the tiny fluoride,36 and is possibly bound at 

the vacant site of the metal center of 1 (Scheme 1). The binding trend of the receptor 

correlates directly with the ligand field-effect36 and the charge density of anions in the order 

of F− >Cl− > Br− > I−. This binding trend is consistent with the results reported by Beer and 

coworkers for triazolium-containing zinc(II) metalloporphyrins,25 and by us with 

macrocycle-based receptors appended with dansyl groups.37 However, an opposite trend 

was observed with a macrocycle-based copper(II) complex, where the size complementarily 

dominated over charge density.30 1 was also tested for other anions including sulfate, 

phosphate, acetate, cyanide, benzoate, hydroxide, pyrophosphate and citrate in CH3CN. The 

receptor was found to bind acetate, hydroxide and sulfate showing the binding constants (in 

log K) of 4.22(2), 4.00(2) and 3.65(2), respectively. However, the titration for other anions 

was hampered due to the precipitation during the titration process. The change of 

absorbance (ΔA) with the concentration of a halide shows a linear dependency upto 150 μM 

in CH3CN, allowing us to estimate the lowest detection limit (LOD) up to 3.01, 5.24, 9.72 

and 15.6 μM for fluoride, chloride, bromide and iodide, respectively (Fig. S13 and Table S1 

in ESI).39

We also performed titration studies of 1 for halides in aqueous medium using the mixture of 

CH3CN-H2O (4:1, v/v). The receptor was found to bind a halide in a 1:1 binding mode 

(Figure S14) showing a weaker binding trend than that observed in pure CH3CN (Table 1), 

which is due to the effect of increase solvent polarity.30 The appearance of new band at 

about 430 nm due to the addition of iodide (Fig. S14(d)) also supports the color change for 

this anion in CH3CN-H2O (Fig. 3). The LOD for iodide was estimated to 24.9 μM in 

CH3CN-H2O (Fig. S15 and Table S3) as compeered to 15.5 μM in CH3CN.

Mass spectrometry

Mass spectrometry is a powerful tool used to identify an ionic adduct at a low 

concentration.39–42 It is a rapid method for studying noncovalent bonds in a supramolecular 

complex, providing insights into the binding strength, sensitivity, and selectivity of host 

molecules complementary to that obtained from more traditional techniques. Kavallieratos 

and coworkers used an APCI-MS (atmospheric pressure chemical ionization mass 

spectrometry) for the detection of halides and nitrate with sulfonamides in 

dichloromethane.39 Our group recently used ESI-MS to probe a sulfate complex with a 
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thiophene-based monocycle40 and an octameric phosphate cluster with a tren-based amine.41 

This is a direct method to examine the stability and stoichiometry of a complex in a gaseous 

state. The results from UV-Vis titrations suggest that the positively charged receptor binds a 

halide forming a 1:1 complex in CH3CN. We therefore used an ESI-MS in a positive ion 

detection mode using their halide salts in the same solvent, after the essential thermal 

desorption.

The free receptor shows a prominent signal at m/z = 496 that corresponds to the 

deprotonated receptor [1 − H+]+ (Fig. 1). After the addition of one equivalent of each halide, 

the complexes of [1 + F−]+, [1 + Cl−]+, [1 + Br−]+ and [1 + I−]+ at m/z = 516, 523, 578 and 

624, respectively, were identified along with the deprotonated receptor [1 − H+]+ at m/z = 

496 (Fig. 6). Strong intensities of mass-to-charge ratios were observed for [1 + Cl−]+ and [1 
+ Br−]+ complexes, while the corresponding signals for [1 + F−]+ and [1 + I−]+ were 

relatively weak. Similar strong signals for chloride complexes were reported earlier for ESI-

MS by Cole and Zhu42 and for APCI-MS by Kavallieratos and coworkers.39 The signals 

corresponding to 1:1 complexes of 1 with the respective halides are in agreement with the 

results of UV-Vis titrations in solution. These results further suggest that the noncovalent 

interactions also exist in the gaseous phase, and the adduct in solution-phase can be 

transferred into the gas-phase without interrupting the binding stoichiometry.

DFT Calculations

To quantitatively understand the interactions of the various copper halide molecules with the 

receptor, theoretical calculations based on density functional theory (DFT) were performed 

with the M06L meta-GGA functional.43

An all-electron, polarized 6–31g(d,p) basis set was used for the copper atom, and a 6–

311g(d,p) basis set was used for all of the other atomic species (H, C, N, S, F, Cl, Br and I). 

Extensive previous work has shown that the M06L semi-local functional accurately predicts 

binding energies in both organometallic compounds44 as well as noncovalent interactions 

for large systems.45 Fully unconstrained geometry optimizations were carried out on both 

the isolated receptor as well as the various molecular-bound complexes. The DFT-optimized 

geometries of the complexes are shown in Fig. 7. With the optimized geometry, a binding 

energy was calculated with the expression: , where X− 

represents a F−, Cl−, Br− or I−. Using this expression for each of the copper halide systems, 

we obtained attractive interactions for the halide complexes with binding energies in the 

order of [1(F)]−> [1(Cl)]−> [1(Br)]−> [1(I)]− (Table 2). This trend is in agreement with the 

binding constants determined experimentally by UV-Vis titrations. Notably, the magnitudes 

of the binding energies are proportional to the electronegativity of halides, with fluoride 

having the largest binding energy and iodide having the lowest binding.

To give further support to the observed colorimetric results, we also carried out high-level 

time-dependent density functional theory (TD-DFT) calculations on all of the copper-halide 

complexes. In order to account for charge-transfer effects in these complexes, we used the 

ωB97 range-separated functional which incorporates a full 100% asymptotic Hartree-Fock 

exchange. In our previous work on range-separated functionals, we46–49 and others50, 51 
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have previously shown that maintaining a full 100% contribution of asymptotic Hartree-

Fock exchange is essential for accurately describing valence excitations in even relatively 

simple molecular systems. Due to the size of the complexes and the large basis sets used, we 

only calculated the lowest 6 excited states for each complex. In addition, since each complex 

has an open-shell ground state, all the TD-DFT calculations were carried out with an 

unrestricted electronic configuration, which limited our study to only the lowest 6 excited 

states. All excited states and energies are given in the Electronic Supplementary 

Information, and Table S4 summarizes the excitation energies with the highest oscillator 

strengths for the various copper halide complexes.

Based on an analysis of the TD-ωB97 excitation energies, there is a consistent decrease in 

the first excited-state energy as one proceeds further down the periodic table. The predicted 

red-shift in the excitation energy for chloride, bromide and iodide is consistent with the 

observed colorimetric experiments and highlights the utility of the TD-DFT calculations. 

The highest excitation energy for the fluoride complex accounts for the blue-shift of the UV-

Vis absorbance spectrum (291 to 270 nm) observed experimentally. Fig. 8 displays both the 

occupied and virtual orbitals that contribute to the first excited-state transition for the 

various complexes. In each of these optically-allowed transitions, there is a re-arrangement 

of electron density from the copper halide orbitals to electron orbitals that are localized on 

the thiophene groups. It is interesting to note that, in each case, there is also some electronic 

re-arrangement in the excited state to σ orbitals on the halide atom, with the size of the σ 

orbital being proportional to the size of the halide atom.

Conclusions

We have reported a simple new tripodal copper(II) complex that is capable of discriminating 

halides via a distinct color change for each halide in acetonitrile. The new receptor was 

investigated for anions by UV-Vis titrations, electrospray ionization mass spectrometric 

(ESI-MS) experiments, and various computational methods. UV-Vis titration experiments 

reveal that the receptors exhibit strong anion binding affinities forming a 1:1 stoichiometric 

complex with each halide in acetonitrile and acetonitrile-water mixture. Specifically, the 

receptor was shown to respond differently upon the addition of different halides with respect 

to the intensity and absorption maximum, which is attributed to an axial ligation of a halide 

anion to the coordinatively unsaturated copper center leading to the formation of a halide 

complex. The observed binding order of fluoride > chloride > bromide > iodide determined 

by UV-Vis titrations directly correlates with the relative basicity of the respective halide. 

The ESI-MS was also employed to identify the receptor-halide complex, showing a distinct 

signal for a 1:1 complex for each halide. Furthermore, the DFT and TD-DFT calculations 

give additional insight in the electronic properties of this novel chemosensor. The ground-

state DFT results corroborate and validate the binding energy trends observed 

experimentally for the various anions. Moreover, the excited-state TD-DFT calculations 

give detailed information on the oscillator strengths and orbitals involved in the first 

optically-allowed transition. The progressive absorbance red-shift as one proceeds down the 

periodic table is consistent with the observed colorimetric experiments and further highlights 

the utility of both experiment and predictive calculations for fully characterizing these 

chemosensors.
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Experimental

General

All reagents and solvents were purchased as reagent grade and used without further 

purification. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Unity 

INOVA 500 FT-NMR. Chemical shifts for samples were measured in CDCl3 or DMSO-d6 

and calibrated with tetramethylsilane (TMS) as an internal reference. Elemental analysis was 

carried out using an ECS 4010 Analytical Platform (Costech Instrument) at Jackson State 

University. The absorbance was measured on a UV-2600 UV-VIS spectrophotometer 

(SHIMADZU). Mass spectral data were obtained in the ESI-MS positive mode on a TSQ 

Quantum GC (Thermo Scientific).

Synthesis

L—Tris (2-aminoethyl) amine (0.67g, 4.60 mmol) was dissolved in 50 mL of EtOH in a 

round bottom flask, and 3-thiophenecarboxaldehyde (1.55 g, 13.80 mmol) dissolved in 

50mL Et2O was added to the flask under constant stirring at room temperature for 4 hours. 

NaBH4(1.10 g, 29.0 mmol) was added to the reaction mixture which was stirred overnight at 

room temperature. The solvent was evaporated under reduced pressure, and the product was 

extracted using dichloromethane (3 x 50 mL). The organic layers were combined and were 

dried with anhydrous magnesium sulfate. After separating the solid by vacuum filtration, the 

filtrate was evaporated and then washed with hexane to give the pure product. Yield: 1.76g, 

88%. ESI-MS: m/z 435.36 [HL]+. 1H NMR (500 MHz, CDCl3, TSP): δ 7.236 (t, 3H, ArH), δ 

7.040 (s, 3H, ArH), δ 6.987 (d, 3H, J = 4.5, ArH), δ 3.752 (s, 6H, ArCH2), δ 2.671 (t,6H, J= 

5.5, NCH2), δ 2.572 (t, 6H, J= 5.5, NCH2CH2). 13C NMR (125 MHz, CDCl3, TSP): 

δ145.840 (Ar-C), 128.461 (Ar-C), 126.772 (Ar-C), 126.135 (Ar-C), 56.066 (Alph-C), 

50.123 (Alph-C), 48.613 (Alph-C). Anal.Calcd.for (C21H30N4S3): C, 58.02; H, 6.96; N, 

12.89. Found: C, 58.10; H, 6.89; N, 12.81.

[Cu(L)](NO3)2, (1)—The free ligand L (217mg, 0.50 mmol) and Cu(NO3)2(94 mg, 0.50 

mmol)were separately dissolved in 10 mL of CH3CN and were mixed under constant 

stirring. The greenish-blue color of free Cu(NO3)2 solution immediately turned blue. After 

stirring the mixture overnight, diethyl ether (50 mL) was added to the reaction mixture. The 

blue precipitate thus formed immediately was separated by decantation, and the solid micro-

crystalline product was dried under vacuum to yield the desired copper complex as [Cu(L)]

(NO3)2. Yield: 200 mg (80%). ESI-MS: m/z 496.23 [M]+.Anal.Calcd.for 

(C21H30CuN6O6S3): C, 40.53; H, 4.86; N, 13.51. Found: C, 40.30; H, 4.90; N, 13.59.

UV titration studies

UV-Vis titration studies were performed by titrating 1 with [n-Bu4N]+A−in CH3CN at 25 

ºC. Initial concentrations of 1 and the anions were 5 x 10−5 M and 5 x 10−3 M, respectively. 

Each titration was performed by 20–25 measurements ([A−]0/[1]0 = 0–10 equivalents), and 

the binding constant (K) was calculated by fitting the changeof UV-Vis absorbance (ΔI) 

with a 1:1 association model using the equation, 
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 (where 1 = 

receptor and A = anion).35 The error limit in K was less than 10%.

ESI-MS experiments

Mass spectral data were obtained in the ESI-MS positive mode by a TSQ Quantum GC. The 

mass spectrometer was run for m/z = 0 – 1000 in CH3CN as a solvent. The pure solvent was 

run through the instrument before each analysis. Stock solutions of 1 and each halide ([n-

Bu4N]+X− ) were prepared separately to make the concentrations of 1 x 10−3 M and 1 x 10−3 

M, respectively. Each sample was prepared by mixing of the host and respective halide 

solutions at 1:1 volume ratios, and the mixture was further diluted to make a final 

concentration of 1 x 10−6 M. The resulting solution was introduced directly into the mass 

spectrometer by a micro syringe. A pure host solution of 1 x 10−6 M was also prepared, and 

its mass spectrum was run for a comparison.

Computational Studies

Binding energies and structural optimization of copper complexes were evaluated with 

density functional theory (DFT) calculations,43 and optical properties were calculated using 

time-dependent density functional theory (TD-DFT) calculations (See Section 3.3 for further 

details). All the calculations were carried out using the Gaussian 09 package of programs.52

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
ESI-MS spectrum of 1 in CH3CN.
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Fig. 2. 
Colorimetric studies of anions (F−, Cl−, Br−, I−, NO3

− and ClO4
−) with 1 in CH3CN at room 

temperature.
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Fig. 3. 
Colorimetric studies of anions (F−, Cl−, Br−, I−, NO3

− and ClO4
−) with 1 in CH3CN-H2O 

(4:1, v/v) at room temperature.
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Fig. 4. 
Changes in absorbance of 1 (1 x 10−4 M) in the presence of one equivalent of different 

halides in CH3CN at room temperature. λmax: 1 = 291, I− = 290, Br− = 310, Cl− = 289, F− = 

270 nm.

Haque et al. Page 14

RSC Adv. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Changes in absorption spectra of 1 (1 x 10−4 M) with an increasing amount of fluoride (a), 

bromide (b), chloride (c) and iodide (d) in CH3CN. The titration curves are shown in insets.
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Fig. 6. 
Job plot analysis of 1 for the binding of fluoride in CH3CN. The change of the absorbance 

(ΔI) of 1 was determined from the titration plot as shown in Figure 5a.

Haque et al. Page 16

RSC Adv. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
ESI-MS spectra of 1 in the presence of one equivalent of (a) fluoride, (b) chloride, (c) 

bromide and (d) iodide in CH3CN.
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Fig. 8. 
(a) Optimized structures (1st column) of halide complexes of 1 calculated with density 

functional theory (DFT) using the M06L meta-GGA functional [Colour codes: gray = 

carbon, pink = nitrogen, orange = copper. Hydrogen atoms are not shown for clarity]; (b) 

Occupied (2nd column) and virtual orbitals (3rd column) contributing to the first excited-

state transition for the various complexes obtained from TD-DFT calculations.
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Scheme 1. 
(a) Free amine L, copper complex [CuII(L)]2+ (1), and proposed halide-bound complex 

[1(X)]−, (b) Optimized structure of 1 calculated with density functional theory (DFT) 

performed using the M06L meta-GGA functional.
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Table 1

Binding constants (log K) of 1 with halides.

Anion log K

CH3CN CH3CN − H2O (4:1, v/v)

Fluoride 5.83(3) 4.58(3)

Chloride 4.86(2) 4.18(2)

Bromide 4.80(2) 4.16(2)

Iodide 4.72(2) 3.98(2)
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Table 2

Binding energies,a excitation energiesb and oscillator strengthsb of the various complexes of 1 with halides.

Anion E, Kcal/mol Excitation energy (eV) Oscillator Strength

Fluoride −219.07 1.48 0.0030

Chloride −210.57 1.30 0.0028

Bromide −197.86 1.25 0.0026

Iodide −188.61 1.21 0.0023

a
Calculated with density functional theory (DFT) using the M06L meta-GGA functional

b
Obtained at the TD-ωB97 level of theory.
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