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Abstract

The syntheses of two new ligands based on a calix[4]arene scaffold in the cone conformation functionalized
on the phenolic positions 1 and 3 by diethylthiophosphonates (L1) or tetra(tri)thioethyleneglycol (L2)
crowns are described. Together with ligand L3, the parent calix[4]arene substituted by a
penta(tetra)thioethyleneglycol crown, the spectroscopic properties of the ligands were determined by means
of UV-Vis absorption spectroscopy and steady-state and time-resolved fluorescence spectroscopy, showing
that the ligands display modest but non-negligible intrinsic fluorescence properties (¢, = 0.023; 0.026 and
0.029 for L1, L2 and L3 in CH,ClI,, respectively). The X-ray crystal structures of ligand L1, and of its
synthetic precursor were determined and analyzed for their capacity to accommodate the incoming cationic
species. The ligands were further investigated for their complexation properties of divalent cations such as
Cu?, zZn?*, Hg®" and Cd* (under their nitrate salts) in 1:1 CH;CN/CH,CI, solutions (1= 0.01 M
EtyNNO;, T = 25.0(2) °C), in which the additions of cations were monitored by absorption and steady-state
fluorescence spectrophotometries. The stoichiometries of the corresponding complexes were assessed by
ESI-MS, while insights into the structures of the complexes in solution were obtained with density functional
theory (DFT) calculations. The influence of the sulphur and phenol coordinating moieties was addressed to
show that the thiocrown compounds L2 and L3 displayed a marked affinity towards the soft mercuric cation
(Alog K > 2), with no particular size selectivity effect, whereas ligand L1 can accommodate both the thio and
phenol units to coordinate with Cu(ll). Altogether, these results point to the use of L3 as a selective
fluoroionophore for detection of Hg*".
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Introduction

Since their first characterization," calixarenes have received considerable attention as a result of their easy
synthetic access, size varying macrocyclic structures, conformational diversity and large chemical
versatility.” Their upper or lower rim functionalization combined with the macrocyclic scaffold has attracted
much interest for complexation of cationic, neutral and anionic species,’® selective complexation and
extraction,* bioorganic applications® or luminescent devices.® Owing to their large polyaromatic structures,
calixarenes are basically hydrophobic molecules, unless they are substituted by water solubilizing groups
such as amino-acids,’ or sulfonate functions.® On the other hand, when adequately functionalised by
complexing arms, they might provide excellent preorganised binding moieties for biphasic extraction and
purification of traces of heavy metals such as mercury (Hg*") or cadmium (Cd*")° contained in aqueous
phases. Due to their soft (Hg®") or borderline (Cd®*) Lewis acid character, calixarenes containing soft base
binding moieties like thioethers and/or dialkylthiophosphate have been the focus of interest. For instance, p-
tert-butyl-thio- and p-tert-butyl-calix[4]arenes substituted by diethylthiophosphate ester groups (-P(S)(OEt),)
have been reported and their heavy cation binding properties (Hg?*, Ag®*, Cd?, etc.) have been thoroughly
described.'°p-tert-Butyl-thiocalix[4]arenes comprising cyclic or linear (O,S,N) ligating and/or m-coordinating
groups on the lower rim have been found to be selective ionophores for Ag*.* It is also noteworthy that
calix[4]resorcinols substituted with thiophosphoryl fragments, that are resistant to hydrolysis and
electrochemical oxidation, displayed high complexing ability toward nickel cations.

Following our ongoing interest in the recovery of heavy metals such as mercury and cadmium present in
some waste waters, ™" we have focused our attention in this present work to the use of sulphur
functionalized calixarene ligands L1 to L3 (Scheme 1) as potential fluoroionophores.
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Scheme 1. Structures of ligands L1 to L3 and the synthetic protocols used for their preparation.



Although numerous reports deal with the use of calixarenes as fluoroionophores for cation sensing,** these
studies mainly focus on macrocycles that have been derivatised with organic fluorescent reporters and only a
few studies have been specifically focused on the intrinsic fluorescence properties of calixarenes, apart from
particular ones obtained from polyphenyl moieties.” Similarly, ON-OFF or OFF—ON fluorescent responses
of azathiocrown ethers for Hg®* detection were achieved by introducing organic fluorophores (dansyl™ or
BODIPY™). In the present study, the spectrophotometric (absorption and fluorescence emission) properties
of the ligands L1 to L3 are discussed and are advantageously used to monitor and quantify the coordination
of selected divalent heavy metal ions such as Hg**, Cd**, Cu** and Zn**.

Results and discussion

Synthesis of the ligands

Ligand L1 was obtained in 83% vyield by a selective substitution of calix[4]arene on the 1 and 3 phenolic
rings using diethylthiochlorophosphate in acetone and K,CO; as a base (Scheme 1). L1 closely resembles
a p-tert-butyl-calix[4]arene analogue for which a much lower yield was obtained (26%, CIP(S)(OEt),,
K,CO;, CH;CN)." Despite the poor quality of the refinement, the X-ray crystal structure of ligand L1 and
crystal data are presented in the ESI (Fig. S1 and cif filet). It is noteworthy that the solid state structure of
the p-tert-butyl-calix[4]arene analogue of L1 was reported as well.”® Ligand L2 was obtained in a similar
manner to L3 in two synthetic steps by first introducing 2-chloroethoxyl groups on the 1 and 3 phenolic
rings of the calix[4]arene, to obtain intermediate 1, followed by cyclization of the crown using 3-thio-1,5-
dithiopentane (L2) or 3,6-dithio-1,8-dithiooctane (L3) in the presence of KOH in a benzene/DMF (2/1)
mixture. The cyclization was achieved in 73% and 62% yields for L2 and L3 respectively. A p-tert-butyl
analogue of L2 has recently been described in the literature using a similar synthetic protocol,*® as well as an
analogue based on a calix[4]-bis-crown with a 1,3-alternate conformation.?® Closely related systems such as
thiocalix[4](O,S,N crown-5)ethers were also described.™

All calixarenes were isolated in their cone conformation, as evidenced by the C,, symmetry observed in
their *H- and **C-NMR spectra, and by the presence of the characteristic AB spin system of the methylene
bridges joining the phenolic units.

Slow crystallization of a solution of compound 1 in CH,Cl,/MeOH afforded crystals suitable for X-ray
diffraction analysis. The solid state structure of 1 is presented in Fig. 1 (CCDC 1476805).

As anticipated by "H-NMR measurements, the calixarene scaffold displayed the expected cone conformation,
in which the H atoms of the nonalkylated phenol rings are engaged in weak H bonding interactions with the
neighbouring O atoms of the phenolic ethers (dy o = 1.914 and 1.984 A, angles between Ophenol, Hphenot @nd
Oether = 157.7 and 151.0°). A second feature arising from the structure is the strong influence of the
chloroethyl groups on the cone conformation. The presence of these groups forces the substituted phenol
rings to flatten along the main axis (Fig. 1, left). This is evidenced by the inclination angle ¢,**defined as the
angle between the planes containing an aromatic ring and the best plane containing the methylene bridges.
Whereas the C, symmetrically substituted calixarenes display typical inclination of 113-115°7 the
inclination of the substituted rings of 1 are both of 110°, and those of the non-substituted phenols are of
144°, pointing to a flattened cone conformation. Finally, one can also notice that the compound is fairly well
pre-organized for the closing of the crown ether chain, explaining the relatively good chemical yields
obtained in the cyclization steps of L2 (73%) and L3 (62%).

Slow concentration of a CDClj; solution of L2 afforded crystals suitable for X-ray diffraction analysis. Fig.
2 displays the solid state structure of L2 (CCDC 1476806).
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Fig. 1. X-ray crystal structure of compound 1 (H atoms are omitted for the sake of clarity, except those involved in H-
bonding interactions, C = grey; O = red; H = white; Cl = green).

Fig. 2. X-ray crystal structure of L2 (hydrogen atoms are omitted for the sake of clarity, except for the phenolic protons
involved in hydrogen bonds drawn as dashed lines. C = grey; O = red; H = white; S = yellow).

As for 1, the solid state structure of L2 confirms the cone structure previously assumed on the basis of the 'H
NMR data. The hydrogen atoms of the unsubstituted phenol rings are also weakly bonded to the
neighbouring oxygen atoms of the adjacent substituted phenol rings (dyo = 1.934 and 1.979 A, angles
between Ophenol, Hphenot @10 Oemer = 165° and 154°). The impact of the closing of the thiocrown ether chain
was rather poor; the inclination angle ¢ is almost unchanged for the non-substituted phenol rings (142 and
143° for L2), while those of the substituted phenol rings are slightly increased to 113 and 115° (110° for 1)
upon ring closure. The crystal structure of L1 is given in Fig. S1 and S2 (ESIt).

Spectroscopic properties of the ligands

The UV-Vis absorption spectra of ligands L1, L2 and L3 in CH3;CN/CH,CI, are presented in Fig. 3, together
with their respective fluorescence spectra. The main photophysical characteristics of the ligands are
summarised in Table 1. At first glance, one can notice the close similarity of the absorption spectra
of L2 and L3, showing that the size of the thiocrown ether does not influence the spectrophotometric
properties of the calix[4]arene scaffold.
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Fig. 3. UV-Vis absorption electronic (full lines) and fluorescence (dashed lines) spectra of ligands L1 (blue, A = 287
nm), L2 (magenta, Aex. = 287 nm) and L3 (brown, Ae. = 287 nm) in a 1/1 (v/v) CH3;CN/CH,CI, mixture at 25.0(2) °C.
Emission spectra normalized with respect to their quantum yields (Table 1).

Table 1. Main spectroscopic properties of ligands L1, L2 and L3%

CH,CN/CH,Cl,(1/1) CH,Cl,
Ligand 4 e (&) M (M7 )] 2a(m) A% @) [nm (M7em™] - AMeM)  Gpo(%)  o(ns) K (x107ST) ki X(x107sY)
L1 275(8010) 304 276 (6980) 304 2.3 12 19 81
282 (7550) 282 (6640)
L2 279 (5530) 309 279 (10 480) 307 2.9 14 20 67
284 (5400) 284 (9950)
L3 279 (5500) 307 278 (9120) 307 2.6 15 17 63
284 (5280) 284 (8490)

3T =25.0(2) °C. Estimated errors in 4, ¢ and ¢gy, are +1 nm, 5% and +10%, respectively. ® Defined by k. = ¢auo/z and ko = (1 — dauo)/z; ref. 23).

In dichloromethane, the UV-Vis absorption spectra are dominated by intense = — x* transitions centred on
the phenol rings of the calix[4]arene backbone. Interestingly, the absorption is strongly solvent-dependent, as
the change from CH,CI, to a mixed solvent made of CH,Cl, and CH3;CN (50/50 v/v) led to a strong increase
of the absorption coefficients, with almost no spectral shift of the absorption bands. The introduction of a
more polar solvent (required for the dissolution of metal nitrate salts) likely plays an important role in the
hydrogen bonding interactions, with a concomitant hyperchromic effect, especially for L2 and L3. It is
noteworthy that the absorption spectra of the ligands display two distinct absorption bands at their maximum
of absorption, a feature that is typical of calixarenes, whatever their ring size.*

Upon excitation into the UV-Vis absorption bands, all three calixarenes displayed an emission band with the
maximum lying at about 304-309 nm. On account of the nanosecond lifetimes of the emitted signals, these
emission bands can be ascribed to *z* emission. The corresponding luminescence quantum yields are rather



small, but however not negligible, amounting to more than ca. 2-3%, and they are only poorly dependent on
the substitution pattern of the calixarene. From the analysis of the radiative and non-radiative decay of the
compounds, it clearly appears that this weak fluorescence emission is the result of efficient non-radiative
processes that may be related in part to a potential redox activity of the phenol rings in the excited state.

Characterisation of the metal complexes

We investigated the ability of ligands L1-L3 to bind divalent heavy metal cations such as Hg*, Cd*,
Cu? and Zn*". The stoichiometries of the metal complexes formed with ligands L1-L3 were first assessed
by electrospray ionisation mass spectrometry (ESI-MS) in the positive mode. The ESI-MS mass spectra were
recorded for CH;CN/CH5OH (1/1 v/v) solutions containing equimolar concentrations of metal cations (Hg*,
Cd?*, Cu*) and the ligands (Fig. 4). For Zn**, the [M]o/[L], ratio was varied up to 6 equivalents (see Fig.
S23-S34, ESI, 7 for the other systems).

Regardless of the nature of the ligand and the metal ion, only monometallic monochelates were
systematically detected, which strongly suggests that the ligands considered herein display suitable denticity
and pre-organization to fulfil the stereochemical requirements of the divalent heavy metal ions. The
characteristic coordination number and stereochemical arrangement of Hg®* complexes are two-coordinate
(linear) and four-coordinate (tetrahedral). Octahedral coordination is less common and only a few three- and
five-coordinate complexes are known. For Zn*" and Cd** (d*° configuration, no ligand field stabilization), the
stereochemistry of their metal complexes is determined by the considerations of size or electrostatic
interactions (CN 4 to 6 commonly observed).” The ionization of the cupric complexes was systematically
obtained by reduction of the metallic center, while deprotonation (likely through deprotonation of the
phenolic units) of the ligands led to positively monocharged species with the other metal cations. The mass
of the pseudo-molecular ions of the different species observed are collected in Table 2; they are in excellent
agreement with the simulated masses.

Table 2. Intensity maxima of the ESI-MS pseudo-molecular ions of the metallic complexes formed
with ligands L1-L.3%

L1 m/zexp. m/zcalc. L2 m/zexp. m/zcalc. L3 m/zexp. m/zcalc.
[L1+HT 729.40 729.19 [L2 + Na 653.35 653.18 [L3+NaT 713.35 713.18
[L1+CuT 791.30 791.12 [L2 +Cu'T 693.30 693.13 [L3+CuT 753.30 753.14

[L1+Hg*—HT" 92930 92914  [L2+Hg”HT" 83135 83116  [L3+Hg”HT" 89135  891.16
[L1+Cd*~HT" 84125 84108  [L2+Cd*-H']" 74330 74309  [L3+Cd*-H7" 80330  803.09
[L1+2Zn*-H7" 79125 79110  [L2+Zn*-HT" 69325 69311  [L3+Zn*-HT" 75335  753.12

3 Solvent; CHyCN/CHOH (1/1 v/v). Positive mode; skimmer voltage ranges from 150 V to 200 V. [L]o~ 5 x 10°° M. [M**]y/[L], ~ 1 for
Hg*", Cu* and Cd* and [M**]y/[L]o ~ 1 to 6 for Zn*".

Spectrophotometric titrations of L1-L3 with Hg**, Cd**, Cu*" and Zn*'

To further characterise and quantify the interactions between the thiocrown ether or thiophosphate binding
sites and the divalent metal cations, UV-Vis absorption spectrophotometric titrations of L1, L2 and L3 were
carried out by additions of increasing volumes of solutions of the metal nitrate salts in a mixed solvent
system composed of acetonitrile and dichloromethane (1/1 v/v). Fig. 5 and 6 exemplify the absorption
spectral variations obtained with Hg**/L.2 and Cu®**/L3, respectively (see Fig. S3-S22, ESI,+ for the other
titrations).
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Fig. 4. ESI mass spectra of the cupric complexes formed with ligands L1 (A) and L3 (B) and of the mercuric complex
formed with L2 (C). Solvent: CH;CN/CHZOH (1/1 v/v); positive mode. (a) [Cu*]o or [Hg*To = [L]o =5 x 10° M; V. =
150 V. The ESI-MS spectra were limited to the areas of interest. No peaks were detected in the excluded m/z regions.
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Fig. 5. (A) Absorption spectrophotometric titration of ligand L2 by Hg?* and (B) absorption electronic spectra of L2,
Hg®* and the metal complex [HgL2]*. Solvent: CH;CN/CH,CI, (1/1 v/v); | = 0.01 M Et;NNO;; T = 25.0(2) °C; 1 = 1
cm. [L2]o = 10 M; (1) [Hg*1o/[L2]o = O; (2) [Hg*1o/[L2]o = 2. The absorption spectra are not corrected for the
dilution effects.
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Fig. 6. (A) Absorption spectrophotometric titration of ligand L3 by Cu®* and (B) absorption electronic spectra of L3,
Cu?* and the metal complex [CuL3]*". Solvent: CH;CN/CH,CI, (1/1 v/v); 1 = 0.01 M, Et;NNOs; T =25.0(2) °C; 1= 1
cm. [L3]o = 10* M:; (1) [Cu®*]o/[L3]o = O; (2) [Cu*1o/[L2], = 2.5. The absorption spectra are not corrected for the
dilution effects.

Whatever the ligand considered, the formation of the Hg®* monochelates are always characterised by the
appearance of a broad and intense absorption band in the UV region (Amax < 260 nm, Fig. 5) that is attributed
to a S — Hg”" charge transfer process (LMCT), which confirms the strong involvement of the sulphur atom
to the Hg?* binding. On the other hand, the absorption titration of L1-L3 with Cu(NO3), evidenced the
formation of additional absorptions in the UV (intense (5)S — Cu®* CT at ~330-340 nm) and visible regions
(weak (m)S-to-Cu®* CT at ~430 nm, Fig. 6).?° The complexation titrations of Cd** were characterized solely
by weak variations of the 1 — =* transitions centred on the calix[4]arene unit. Irrespective of the ligand
used, no significant variation was observed with Zn*". The statistical analysis®° of the spectrophotometric
data allowed us to clearly characterise and quantify the formation of monometallic monochelates (Table 3)
and to calculate their corresponding electronic spectra (Fig. 5B and 6B, see also Fig. S3—-S22, ESL, T for the
other systems). The main absorption spectrophotometric characteristics for all the systems considered in this
work are provided in Table 4.



Table 3. Logarithmic values of the stability constants (log Kpw;”*) of the monometallic (M = Hg**, Cu**, Cd** and
Zn*") complexes formed with ligands L1, L2 and L3°

log Kpuiy™ (£30)

Equilibrium L1 L2 L3
L+ He' e o[ HgL | 3.6(2)° 5.4(3)° 5.5(4)°
3.34(3)° 5.4(3)° 6.1(5)°
L+ Cd e sedLp 2.8(5)° 3.6(6)° 3.5(6)°
3.005)° 41(6)° 3.3(2)°
L+Cu® (K'”:”:ﬂCuL]“ 4.3(3)° <1.6® 47(5%
4.3(3)° nd® 4.62(5)
e K o dP ~0.7° 322"
L+ Zn* e =5 ZnL| n : 2(2)

3 From UV-Vis absorption spectrophotometry. ® From spectrofluorimetry. ¢ Solvent:
CH3CN/CH,CI, (1/1 viv); 1 =0.01 M (Et,NNO,); T = 25.0(2) °C. The errors are estimated to be
130 with o = standard deviation. nd = not determined under our experimental conditions.

Inspection of Table 4 allowed drawing other valuable information with respect to the mode of divalent metal
binding with L1-L3. Metal complexation of the divalent heavy metals Hg®, Cu* and Cd** by L1-
L3 usually leads to hyperchromic shifts of the =1 — =* transitions centred on the calix[4]arene unit with no
bathochromic or hypsochromic variation. Moreover, the Hg* or Cu®binding is accompanied by the
formation of absorption bands that can be attributed to ligand — metal charge transfer transitions. These
LMCT bands are enlightening spectroscopic reporters for the characterization and the quantification of the
Hg® and Cu®* metal complexes with L1-L3. In the case of the Hg” cation,®** large and intense S —
Hg®* CT absorption bands in the middle UV region (251 nm and a shoulder at ~291 nm for [HgL1]**; ~265
nm and shoulders at ~295 nm for [HgL2]** and [HgL3]*") clearly reflect the involvement of the
thiophosphates (L1) or the thiocrown ethers (L2and L3) in the Hg* recognition process. Our
spectrophotometric data are also in agreement with the S(thiolate) — Hg?* CT of metalloproteins or model
complexes that typically range from 230 nm to 300 nm.**** The strong and comparable absorptivities of the
S — Hg” CT for the mercuric complexes with L2 and L3 strongly suggest the participation of 3 thioether
units (i.e. tricoordinated mercuric species). Dicoordinated thiolate Hg®* species are usually characterized by
the presence of LMCT transitions at higher energies (HQ(SEt),: Amx= 228 nm,&?®= 4800
M~ cm ™ and Amax = 282 nm, ¢ = 740 M cm™'; HG(S'Pr)2: Amax = 228 nm, ¢ = 3400 M'cm ™ and Apax =
262 nm, ¢ = 650 M cm").** The unambiguous participation of only two thiophosphate units is in
agreement with the blue shift (A4 = 12-14 nm, Table 4) of the S — Hg®* CT absorptions with respect to the
mercuric complexes with L2 and L3. Furthermore, [HgL1]** was found to be the less stable mercuric
complex (log Kpga”™ = 3.6(2)) within the ligand series examined in this work. The comparable CT spectral
characteristics (Table 4) and stabilities measured for [HgL2]** and [HgL3]**(log KugLo”™ = 5.4(3) versus log
K[HgL3]2+ = 5.5(4)) suggest a similar coordination environment. With respect to the HSAB
classification,® the Hg®* cation (soft metal cation with an ionic radius of 1.10 A for CN 4 and 1.16 A for CN
6) usually accommodates well with soft sulphur-containing ligands. Therefore, we assume the absence of
interactions with the phenolic groups borne by the calix[4]arene platform.

Fig. 7 depicts the TPSSh/TZVP optimized geometries of the mercuric complexes with L1-L3. The
[HgL1]** complex is predicted to present an almost linear coordination around the metal ion (CN 2), with a
S1-Hg1-S2 angle of 179.2° and Hg-S distances of 2.43 A (Table S1, ESIf). Conversely, the



[HgL2]** complex displays a three-coordinate Hg®* ion with a T-shape coordination environment (S1-Hgl—
S2, 161.5°; S1-Hg1-S3, 84.3°; S2-Hg1-S3, 84.3°) and Hg-S distances in the range of 2.59-2.81°. Finally,
the [HgL3]** complex is four-coordinated, with two bond distances (Hg1-S1, 2.59; Hg1-S2, 2.61 A) being
clearly shorter than the remaining two (Hg1-S3, 2.73; Hg1-S4, 2.79 A). The S-Hg1-S angles fall within the
range of 81.8-148.9°, with the largest angle corresponding to S1-Hg1-S2. Thus, the structures calculated for
the three complexes highlight the trend of Hg?* to favour linear coordination.

Table 4. Spectrophotometric characteristics (UV-Vis absorption) of L1-L3 and their corresponding metal complexes
with Hg?**, Cu®" and Cd**®

2% ey (€) [nm (M cm™)]

Cation Species Transitions T—* and n—m* LMCT S — Hg” LMCT S — Cu?*
— L1 275 (8010)
282 (7550)
— L2 279 (5530)
284 (5400)
— L3 279 (5500)
284 (5280)
Ho?* [HoL1]? 273 (13 390) sh 250 (39 260)
282 (8370) 251 (32 750)°
291 (950) sh
[HgL2]* 272 (9750) 265 (5480)°
283 (7490) 296 (1100) sh ®
[HgL3]* 275 (8370) 263 (6650)°
284 (9000) 295 (2340) sh ®
cu® [CuL1* 276 (10 070) 317 (1890) sh 432 (487)
282 (9960)
[CUL2 2+ c c c c
[CuL3* 279 (8050) 329 (1270) sh 432 (856)
284 (7900)
cd* [CdL1* 276 (9330)
284 (8980)
[CdL2]* 278 (5960)
285 (5580)
[CAL3* 279 (6700)
284 (6330)

2 Solvent: CHyCN/CH,Cl, (1/1 viv); T = 25.0(2) °C. The errors on A and  are estimated to be +1 nm and +5%, respectively. ® Estimated
values from the differential electronic spectra. ¢ The [CuL2]?* complex is characterized by a d—d absorption band (Cu?") at 667 nm
(%" = 218 Mlem ). The Zn?" complexes were not characterized by UV-Vis absorption spectrophotometry.

The 30 lowest excited states of [HgL2]** were calculated using TDDFT at the TPSSh/TZVP level to
rationalise the spectral changes observed in the absorption spectra upon metal ion complexation (see
computational details below). The energy of the lowest excited state was calculated to be 509 nm (oscillator
strength f = 0.008), while the 30" excited state was calculated to be 245.7 nm. Within this spectral range, the
absorption spectrum is predicted to be dominated by the excitation to excited state 19, which is calculated to
be at 268.1 nm (f = 0.30). The energy of this excited state is in excellent agreement with the maximum of the
absorption spectrum observed at 265 nm (Table 4). The oscillator strengths calculated for the remaining
excited states were considerably lower (<0.05). The excited state giving rise to the absorption at 268.1 nm is



dominated by electron excitations from MOs 165, 166 and 167 to the LUMO (MO 177). Inspection of these
MOs reveals that the composition of the LUMO is dominated by the Hg 6s orbital with some additional
contribution from the S lone pairs (Fig. S35, ESIT). On the other hand, MOs 165, 166 and 167 possess very
important contributions of the S lone pairs. Thus, our TDDFT calculations confirm the LMCT origin of the
absorption bands that dominate the absorption spectra of the Hg*" complexes in the region of 250-300 nm.

Fig. 7. Optimized (TPSSh/TZVP) geometries for the mercuric complexes with ligands L1, L2 and L3. Hydrogens have
been omitted for the sake of clarity.

The cupric complexes with L1 and L3 are clearly characterized by CT absorption bands in the UV ((6)S —
d(Cu?")) domain, while the weaker absorption seen for [CuL1]** and [CuL3]* in the visible region can be
likely related to ((m)S — d(Cu®*")) CT (i.e.DFT calculations suggest the non-participation of the phenol
groups in [CuL3]*, Fig. 12). Intense absorption shoulders at 317 nm ([CuL1]**, Fig. S12, ESIt) and 329 nm
([CuL3]*, Fig. 6) are in agreement with the related spectral data reported for symmetrical pentadentate
thioaza®® or unsymmetrical NSN¥ systems.?® In contrast with Hg®*, which preferentially binds to soft
sulphur-based ligands, Cu?* is characterized by a smaller ionic radius (0.71 A for CN 4 and 0.87 A for CN 6;
borderline HSAB character) and might not be stabilized by only thioether or thiophosphate coordination
units. It is then expected that the phenol units of the calixarene scaffold could participate in the
Cu®* binding.**** [CuL1]** (log Kcu1™ ~ 4.3(3)) and [CuL3]** (log Kcus™ ~ 4.7(5)) display comparable
complexation constants, while a low stability is measured for [CuL2]** (log Kicu 2™ ~ 1.6) which prevents
accurate assessment of its corresponding absorption properties. The absorption titrations of the concentrated
solutions of L2 by Cu?®* allowed monitoring the spectral alterations of the Cu? d-d transitions. The
[CuL2]* species is characterized by d—d transitions centred at ~670 nm.

We next took advantage of the fluorescence emission properties of L1-L3 to investigate their interactions
with the heavy metal ion series. Scarce examples of calix[4]arene derivatives being intrinsically fluorescent
as seen for L1-L.3 have been reported in the literature. In contrast, many fluorescent sensors have been
engineered by introducing conventional organic fluorophores (9-cyanoanthracene, dioxycoumarin, dansyl,
anthrylmethyl, bipyridines, etc.) to calix[n]arene scaffolds.****** These fluoro-ionophores, designed to track
metallic cations of relevance for environmental or health issues (Cs*, Hg*", Pb?*, Cd**, Cu?*, Zn*, etc.), take
advantage of the metal chelation properties of the calixarene moiety (providing the fact that the calixarene
unit has been judiciously modified) and the reporting properties of the coordination process by the
fluorescent moieties. Alternatively, calix[4]arene conjugates* bearing salicyl-imino binding sites were found



to become fluorescent (OFF—ON systems) upon Cd?* (ref. 45) or Zn** (ref. 46) complexation. These metal
complexes have been advantageously used in a broad range of biological applications*” such as selective
recognition of amino acids®*® or chemo-sensing of (pyro)phosphates.® In particular, the Zn*"and
Cd?* complexes displayed interesting fluorescence emission owing to the preclusion of photoinduced
electron transfer (PET) processes upon implication of the lone pair of imine electrons for metal
complexation.’**® Alternatively, complexation of redox active metal ions such as Cu® or Hg* led to
fluorescence quenching.® The L1-L3 ligands were demonstrated to display both fluorescence emission and
heavy metal binding capacities. The complexation of the Hg*" or Cu**electroactive metal ions (Fig. 8 and 9)
led to drastic quenching of the ligand centred fluorescence emission, while the redox inert Cd?** or
Zn?* weakly altered these emissions (Fig. 10). Altogether, these data suggest a photoinduced electron transfer
(oxidative L — M electron transfer in the excited state) leading to a static inhibition process. This spectral
feature stands in contrast with a 1,3-di-capped calix[4]arene conjugate of salicylidene that shows a selective
and drastic fluorescence emission increase (OFF-ON Hg® chemosensor) in the presence of
Hg?* ions.”* Hg?* was found to be bound to four phenolic oxygens and one imine nitrogen resulting in a
highly distorted square pyramidal geometry. The stability constants determined for L1-L3 by fluorimetric
titrations were found to be in good agreement with those determined by absorption spectrophotometry (Table
4). Ligands L1-L3, therefore, play the role of selective ON-OFF fluorescent chemosensors with respect to
Hg®* and Cu®. This stands in contrast to fluoroionophores'®*’ based on the azathiocrown ether for which
Hg?* binding affects the intramolecular charge transfer (ICT) and consequently induces spectral shifts.

Heavy metals binding properties

Hg?* (5d'°) and Cd*" (4d™) cations formed the more stable complexes upon binding with the sulphur-rich
thiocrown ethers L2(3S) and L3 (4S) as a consequence of their large coordination cavity (Fig. 11). In
contrast, the corresponding species with the thiophosphate-based ligand L1 are one to two orders of
magnitude less stable due to the presence of only two P=S coordination units (dicoordinated mercuric
species, Table 3). Further evidence was provided by the 'H NMR titration of L1 by Hg®" (Fig. S36, ESIY)
which shows that: (i) the chemical shifts of protons borne by the calix[4]arene are not affected upon metal
ion addition (i.e.the cone conformation is preserved); (ii) an upfield shift is observed for the OH groups; and
(iii) a downfield shift occurs for the methylenic protons of the ethoxy substituents. These NMR data
confirmed the absence of Hg*" complexation by the phenolic groups and the retention of the cone
conformation of the calix[4]arene (Fig. 7). These data are in agreement with a previous NMR study
on L1’ (L1 analogue displaying p-tert-butyl substituents on the lower rim)'® and its Ag* complexes, which
demonstrated that the cone conformation was maintained during the complexation and that the Ag* cation
was only bound by the sulphur atoms of the thiophosphate units.

Surprisingly, the binding constants of L1’ with divalent metal ions were found to be higher in pure CH;CN
(Hg™: 1og Kipgrip®™ = 7.4(5); Zn*": log Kiznnip™" = 3.6(2); Cd*": log Kicauir™ = 3.7(1)) with respect to our
data (Table 3). In addition to the presence of tert-butyl substituents (on the lower rim), which can markedly
alter the upper binding site, these data also suggest the role of the solvation of the free metal ions or
corresponding complexes, as such complexes could display dual inorganic—organic complexation
behaviours.”” For instance, the stability of the metal—thioether complexes (di-n-alkylsulfide or macrocyclic
ligands such as [9]aneS3, [12]aneS4 or [14]aneS4) were found to be much lower in DMSO with respect to
acetonitrile mostly because of the much stronger solvation of metals in DMSO.* No significant difference
could be observed between L2 and L3 in terms of the stability of the Hg** complexes. Our DFT calculations
indeed indicate that two of the sulphur atoms of the ligand (S1 and S2) provide the strongest interaction with
Hg®, while the remaining one (L2) or two (L3) sulphur donor atoms provide a rather weak coordination
(Fig. 7). The participation of the phenolic units in the complexation of Hg®* and Cd*" was excluded due to
their particular electronic properties (i.e. borderline hardness/softness character) and the absence of specific
spectroscopic signatures.
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Fig. 8. Fluorescence emission titration of (A) L2 (e = 287 nm) and (B) L3 (fexc = 289 nm) by Hg?". Solvent:
CH3CN/CH,CI, (1/1 viv); 1 =0.01 M Et4NNOg3; T = 25.0(2) °C; /' =1cm. (A) [L2]o = 107" M; (1) [Hg*1o/[L2]o = 0; (2)
[Hg**To/[L2]o = 2. (B) [L3]o = 10 *M; (1) [Hg*1o/[L3]o = 0; (2) [Hg**]o/[L3]o = 3. The emission spectra are not
corrected from the dilution effects.
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Fig. 9. Fluorescence emission titration of (A) L1 (Aex = 287 nm) and (B) L3 (Aexc = 287 nm) by Cu?*. Solvent:
CH3CN/CH,CI; (1/1 v/v); 1 = 0.01 M Et;NNOg3; T = 25.0(2) °C; {=1cm. (A) [L1]o = 107 M; (1) [Cu®']¢/[L1]o = O; (2)
[Cu*1o/[L1]o = 2.5. (B) [L3]o = 10 *M; (1) [Cu®*]o/[L3]o = O; (2) [Cu*1o/[L3]o = 3.7. The emission spectra are not
corrected for the dilution effects.

In acetonitrile, the tridentate [9]aneS3 ligand was found to be able to form complexes with all the target
cations (Zn**, Cd** or Hg*"), while the monodentate Et,S only reacted with Hg*". [9]AneS3 forms complexes
with Hg®" of much higher stability than the other target cations (i.e. Cd** and Zn*") in agreement with the
data obtained for L2 and L3. Monometallic ML; (i = 1, 2) complexes are formed with all the metal ions
investigated, where the affinity order is Hg** > Ag* > Cd*" = Zn®* with L = [9]aneS3 and Hg** > Ag* when L
= Et,S.”® In solution or in the solid state,> all the three sulphur atoms of the [9]aneS3 macrocycle bind the
metal ion in the [Hg([9]aneS3)]** or [Hg([9]aneS3),]** species, which maintains a distorted octahedral
geometry around the metal ion. This is the consequence of polythioether macrocycles that have the ability to
force different coordination modes on the Hg®* centre (hexa-coordination), in contrast to the tetrahedral and
linear geometries that are usually observed in the coordination chemistry of this ion.?***L2 and L3 stand in
an interesting contrast since the calix[4]arene scaffold precludes the formation of such species and only
monometallic monochelate species are observed (Table 3).
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Fig. 10. Fluorescence emission titration of L3 by (A) Cd?* (fexe = 287 nm) and (B) Zn?* (Zexc = 287 nm). Solvent:
CH3CN/CH,CI,(1/1 viv); 1 = 0.01 M Et;NNOs; T = 25.0(2) °C; /'=1cm. (A) [L3]o =10 M; (1) [Cd*]o/[L3]o = O; (2)
[Cd*]o/[L3]o = 7.0. (B) [L3]o = 10* M; (1) [Zn*1o/[L3]o = O; (2) [Zn**]¢/[L3]o = 9.4. The emission spectra are not
corrected for the dilution effects.

Hg2+ Cu2+ Cd2+  Zn2+

Fig. 11. Schematic representation of the stability constants of the metal complexes with ligands L1-L3.

Cu® (3d°) and zn** (3d"™) display larger charge densities, which confer them different coordination
properties. They possess a good affinity for nitrogen-based (or oxygen-) ligands and consequently afford less
stable metal complexes with the sulphur-rich ligands L1-L3 when compared to the Hg** complexes. On the
other hand, Cu®* and Zn*" usually lead to complexes that involve coordination numbers ranging between 4
and 6. The 3d°configuration of Cu? experiences Jahn-Teller distortions®®*®in a cubic symmetry
environment (octahedral and tetrahedral). This often leads to a geometric distortion®’ with an elongation or
shortening of the metal—ligand distances along the z-axis.”® In contrast, the 3d' electronic configuration of
Zn*" does not involve any stabilization by the ligand field. Its stereochemistry is therefore only determined
by the size effects, electrostatic interactions and covalent bonding forces.® As a consequence, only L3 (4S
thiocrown ether) is able to lead to stable Zn®*complexes. Our physico-chemical data further show
that L1 (two thiophosphates) and L3 (4S thiocrown ether) lead to rather stable Cu®" complexes when

compared to the corresponding Hg”* ones.

DFT calculations (Fig. 12, see also Table S2, ESIt) further suggest that the binding of L1 to the Cu®* ion
occurs through three oxygen atoms of the calixarene unit (O1, O2 and O4) and the two sulphur atoms (S1
and S2). The fourth oxygen atom of the calixarene unit provides a weak coordination to the metal ion (Cul—



03 = 2.62 A). In the case of [CuL2]* only one oxygen atom of the ligand is involved in metal ion
coordination according to the DFT results (Cu—O1 = 2.134 A), the metal coordination environment being
fulfilled by the three sulphur atoms of the ligand that provide Cu-S distances in the range of 2.39-2.43 A.
The metal coordination environment is predicted to be distorted square planar, with cis angles in the range of
~83-106°. In contrast, the calculated structure of [CuL3]* displays a S4 coordination in which the oxygen
atoms of the ligand are not involved in metal ion coordination. All complexes retain the cone conformation
and present similar coordination environments.

S4

Fig. 12. Optimized (TPSSh/SVP) geometries of the cupric complexes with L1 (S,0,), L2 (S30) and L3 (S,).

Ligand L2 (S;0 coordination according to DFT) afforded the less stable cupric complex (destabilization of
more than 3 orders of magnitude when compared to L3), which may reflect strong structural and steric
constraints when the size of the thiocrown ether is reduced. The strain energy of the ligands in the metal
complexes, estimated as the energy difference between the minimum energy conformation of the ligand and
that of the ligand found in the complex, amounts to 50.7 and 49.0 kJ mol™' for L2 and L3, respectively.
Being small, these values suggest that the higher strain energy of the ligand might be responsible, at least in
part, for the lower stability of the cupric complex with L2. However, the electrostatic factors likely play a
major role, as the coordination of the Cu? ion by L2 brings the metal ion relatively close to the ~OH group
of a phenol unit. The same effect was also observed for the Zn®*complexes with L2-L3 with a
destabilization of ~2.5 orders of magnitude upon shortening of the thiocrown ether chain length (Table 3).
The larger size of the thiocrown ether unit likely facilitates the S4 coordination in [CuL3]**, resulting in the
increased stability of the complex in comparison with [CuL2]*". Interestingly, only L3 satisfactorily follows
the Irving-Williams series® which predicts the relative affinity of metallic cations for an organic ligand as
follows: Hg* » Cu® » Cd** > zZn*".

Conclusions

This physico-chemical and spectroscopic investigation allowed evaluation of the heavy metal (Hg®*, Cd**,
Cu® and Zn*") complexation properties of three sulphur-rich calix[4]arene receptors (L1-L3). These
chelators containing thiocrown ethers or thiophosphate fragments are characterized by UV electronic
transitions (m—n* and n—x*) as well as ligand-to-metal CT transitions that emerged upon binding of redox



active metal ions such as Hg”* and Cu®* and provided valuable information on the stoichiometry and nature
of the metal complexes. The presence of CT absorptions S — Hg?/S — Cu®* also allowed us to easily track
the formation of the corresponding complexes and to point out the implicated coordination sites. Besides,
these calix[4]arene receptors displayed fluorescence emission properties that were beneficially used to
characterize and quantify the targeted metal complexes. In particular, the electroactive metals Hg** and
Cu* were able to effectively quench the fluorescence of the binders likely by a PET mechanism that
involves an electron transfer from the chromophore to the metal in the excited states. Regardless of the
nature of the ligand, monometallic monochelates were only observed as assessed by the ESI-MS approach
and in excellent agreement with the spectrophotometric data. L2 and L3 receptors, displaying soft thiocrown
ether moieties, led to stable mercuric complexes with respect to the other investigated metals ions. The
tetradentate ligand L1, however, forms more stable cupric complexes than with Hg*" ions. The denticity of
the ligand has a strong impact on the thermodynamic stability of the corresponding complexes with Cu?* and
Zn**, while the number of sulphur atoms of the thiocrown ether unit strongly affects the stability of the
mercuric complex. This study allowed us to suggest the exclusive involvement of the thiolates or
thiophosphate units in the complexation and stabilization of Hg®* and Cd** complexes, while the phenol units
of the calix[4]arene base are proposed to be weakly involved, in combination with the sulphur-containing
units, in the recognition process of the hard cations such as Cu® and Zn* by L1and L2. In the case
of L3 DFT calculations suggest however a S4 coordination of Cu?* that could explain the higher stability of
the [CuL3]* complex in comparison to the analogue with L2. Ligand L1-L3 receptors thus constitute
interesting chelating scaffolds for further development of efficient systems for chelation and extraction of
trace elements such as the toxic Hg” ion. Besides, their intrinsic photophysical properties might be
advantageously used to track and quantify these processes.

Experimental section

Materials and methods

All reagents and solvents were commercial grade and used without further purification. Column
chromatographic purifications were performed on silica (60—200 um, Merck). K,CO3; was flash dried under
vacuum prior to use. Calix[4]arene,® compounds 1(1,3-di(chloroethoxy)-calix[4]arene)*® and L3 were
prepared according to the literature procedures. *H- and **C-NMR experiments were performed on Bruker
AC 200 and Avance 300 spectrometers working at 200 and 300 MHz respectively for*H. Chemical shifts are
given in part per million relative to residual protonated solvents.®***P-NMR spectra (161.9 MHz) were
recorded on an Avance 400 Bruker spectrometer. Elemental analysis and mass spectrometry analysis were
performed at the Service central d'analyses of the University of Strasbourg and the X-ray crystal structures
were determined at the service de cristallographie of the University of Strasbourg.

Synthesis of L1. In a 250 mL round flask, fitted with a condenser and under a N, atmosphere, calix[4]arene
(1.70 g, 4.0 mmol) was slowly dissolved in 120 mL of acetone. K,COs (0.66 g, 4.8 mmol) was added. After
30 min diethylchlorothiophosphate (1.56 g, 8.0 mmol) was added and the mixture was refluxed for 3 days.
Acetone was removed under reduced pressure and the residue was partitioned between water and CH,Cl,.
The pH of the aqueous phase was adjusted to ca. 7.0 by addition of diluted HCI and the organic phase was
recovered, dried over Na,SO,, filtered and concentrated until a viscous residue was obtained. Upon addition
of MeOH, a white solid precipitated, which was filtered and dried under reduced pressure to give L1 (2.42 g,
3.32 mmol) in 83% vyield. "H-NMR (CDCl,, 300 MHz): 6 7.10 (d, 4H, J = 7.5 Hz), 6.76 (d, 4H, J = 7.5 Hz),
6.69-6.73 (m, 4H), 5.57 (s, 2H), 4.48 (d, 4H, J = 13.0 Hz), 4.33 (m, 8H), 3.45 (d, 4H, J = 13 Hz), 1.39 (t,
12H, J = 7.0 Hz). ®*C-NMR (CDCl;, 100 MHz): § 152.8, 145.1 (d, J* °= 8.0 Hz), 132.6 (d, J*© = 2.0 Hz),
129.2,128.7 (d, 7 = 17.5 Hz), 125.9, 119.7, 65.5 (d, I © = 6.2 Hz), 32.4, 16.1 (d, J”° = 7.6 Hz).*P-NMR



(CDCl3, 161.9 MHz): 6 64.06. ESI'/MS (CH.Cl,): m/z729.19 ([M + H]", 100%). Anal. calcd for
C36H4203P282: C, 59.33; H, 5.81. Found: C, 59.52; 5.73%.

Synthesis of L2. In a 500 mL round bottom flask fitted with a condenser under a nitrogen atmosphere,
thiodiethanethiol (412 mg, 2.67 mmol) and KOH (270 mg, 4.80 mmol) were refluxed for 10 min. in a
mixture of benzene (200 mL) and DMF (100 mL). Compound 1 (1.10 g, 2.0 mmol) was added and the reflux
was prolonged for 4 h. The solvents were removed under reduced pressure and the residue was partitioned
between CH,CI, and water. The pH of the aqueous layer was decreased to 7 with 1 M aqueous HCI, the
organic phase was decanted, dried over Na,SO;, filtered and evaporated to dryness. Ligand L2 was purified
by column chromatography over SiO, using cyclohexane/CH,Cl, (4/6) and was obtained as a white solid
(920 mg, 73%). 'H-NMR (CDCl,, 300 MHz): § 7.31 (s, 2H), 7.07 (d, 4H, J= 7.5 Hz), 6.82 (d, 4H,J= 7.5
Hz), 6.73-6.67 (m, 4H), 4.36 (d, 4H, J = 13 Hz), 4.17 (t, 4H, J= 6.5 Hz), 3.42 (d, 4H, J = 13 Hz), 3.25 (t,
4H, J = 6.5 Hz), 3.01-3.10 (m, 8H). *C-NMR (CDCls, 75 MHz): § 153.0, 151.9, 133.1, 129.0, 128.6, 128.4,
125.4, 119.3, 76.2, 34.0, 32.9, 32.4, 31.3. ESI'/MS (CH.Cl,): m/z 631.15 ([M + H]*, 100%). Anal. calcd for
C36H3504S3: C, 68.54; H, 6.07. Found: C, 68.16; 6.18%.

Physico-chemical measurements

Solvents and materials. For the sake of solubility of the metallic salts (Hg®*, Pb*, Cu** and Zn** as nitrate
salts) and ligands (L1-L3), a mixed solvent made of CH,CI, and CH;CN (50/50 v/v) was used. All the
physico-chemical analyses were carried out with spectroscopic grade 1,2-dichloromethane and acetonitrile
(Merck, 99.9%). All stock solutions (ligands and metals) were prepared by weighing the solid products using
a AG 245 Mettler Toledo analytical balance (precision 0.01 mg) and the complete dissolution in the mixed
solvent was achieved using an ultrasonic bath (Bandelin Sonorex RK102). The stock solutions of the
divalent metal ions (Hg**, Cu®*", Cd*" and Zn*") were daily and freshly prepared from their corresponding
nitrate salts (Hg(NO3),-H,O, Merck; Cu(NO3z),-3H,0 Fluka, >99%; Cd(NOs),, Toulabo; Zn(NOz),-4H,0,
Merck, >99%). All the solutions were protected from daylight to avoid any photochemical degradation. The
ionic strength of the solutions used for the spectrophotometric (absorption and emission) titrations was
adjusted to 0.01 M with tetraethylammonium nitrate (Et;NNO;, Merck, >99%). All the physico-chemical
measurements were carried out at 25.0(2) °C.

UV-Vis absorption titrations. The absorption spectrophotometric titrations of the ligands Li (i = 1-3) were
carried out in a Hellma quartz optical cell (1 cm or 0.2 cm). Microvolumes of concentrated metal (Hg**, Pb*,
Cu*" and Zn*") solutions (10~ M for =1 cm and 2 x 10> M for | = 0.2 cm) were added to 2 mL (10 M
forI=1 cm) or 0.5 mL (10 M for I = 0.2 cm) of the ligand solutions with microliter Hamilton syringes
(#710 and #750). Special care was taken to ensure that complete equilibration was attained. The
corresponding UV-Vis spectra were recorded from 230 nm to 700 nm on a Kontron Uvikon 941 or Varian
Cary 300 spectrophotometer maintained at 25.0(2) °C by the flow of a Haake NB 22 thermostat.

Luminescence titrations. The luminescence titrations of an aliquot of 2 mL of the ligands Li (i = 1-3;
~107°-10"* M) were carried out in a 1 cm Hellma quartz optical cell by addition of known microvolumes of
the concentrated stock (10 M or 2 x 1072 M) metal solutions (Hg**, Pb*, Cu®* and Zn*") with microliter
Hamilton syringes (#710 and #750). The excitation wavelength 1 = 287-289 nm corresponds to an isosbestic
point between the free ligands and the metal complexes or to the smallest absorbance amplitudes measured
along the absorption spectrophotometric titrations. The luminescence spectra were recorded from 280 nm to
800 nm on a Perkin-Elmer LS-50B maintained at 25.0(2) °C by the flow of a Haake FJ thermostat. The light
source was a pulsed xenon flash lamp with a pulse width at half peak height <10 us and power equivalent to
20 kW. The slit width was set at 15 nm and 20 nm for the excitation and the emission, respectively.

Processing of the spectrophotometric data. The spectrophotometric data were processed with the Specfit
programs, which adjust the stability constants and the corresponding extinction coefficients of the species



formed at equilibrium. Specfit? > uses factor analysis to reduce the absorbance matrix and to extract the

eigenvalues prior to the multiwavelength fit of the reduced data set according to the Marquardt
algorithm.®>®® The distribution curves of the various species were calculated using the Hyss program.®

Electrospray mass spectrometric measurements. The electrospray mass spectra of metal complexes
with L1-L3 were obtained with an Agilent Technologies 6120 quadrupole equipped with an electrospray
(ESI) interface. Solutions ([L]o = 5 x 10 °M; [M]o/[L]o = 1-3]) of the metal complexes (Hg**, Cd**, Cu** and
Zn?*) with L1-L3 have been prepared in a mixed solvent made of acetonitrile and methanol in the absence of
any background salt. The sample solutions were continuously introduced into the spectrometer source with a
syringe pump (Kd Scientific) with a flow rate of 300 uL h™'. For electrospray ionization, the drying gas was
heated at 250 °C and its flow was set at 6 L min~'. The capillary exit voltage was fixed at 5 kV and the
skimmer voltage was varied from 50 to 300 V in order to optimize the signal responses. Scanning was
performed from m/z = 100 to 1500 and no significant fragmentation processes were observed under our
experimental conditions.

Photophysical measurements. Fluorescence and excitation spectra were recorded in 1 cm? quartz Suprasil
cells (Hellma) on a Horiba Jobin Yvon Fluorolog 3 spectrometer working with a continuous 450 W Xe lamp
in the steady state mode or a Horiba Scientific NanoLed 300 (maximum at 303 nm) for fluorescence lifetime
measurements. Detection was performed with a Hamamatsu R928 photomultiplier and the emission spectra
were corrected for instrumental response using correction functions furnished by the supplier. Fluorescence
decays were fitted with the FAST program from Edinburgh Instruments. Fluorescence quantum yields were
determined on optically diluted solutions (0.d. < 0.05) using tryptophan (Sigma, 98%) at pH = 7.2 in HEPES
buffer as the reference (gres = 0.14).65 The fluorescence quantum yields, ¢, were obtained with the relation:

b = ror x (Saet) ¢ (1) x (LemDL )

Nref J‘Iemref(/—‘r)d/‘l

in which o.d. stands for the optical density at the excitation wavelength, n is the refractive index of the
medium, and l(4) is the emitted intensity at the wavelength 1.

Computational details. Full geometry optimizations of the [ML1]**, [ML2]** and [ML3]** complexes (M =
Hg or Cu) were performed in acetonitrile solution employing DFT calculations within the hybrid meta-GGA
approximation with the TPSSh exchange—correlation functional®® and the Gaussian 09 package (Revision
D.01).* For the Hg®* complexes the standard Ahlrichs’ valence triple-¢ including polarization functions
(TZVP)® basis set was used for all atoms except Hg, which was described using the relativistic effective
core potential of Figgen et al. (ECP60MDF) and its associated (12s12p9d3f2g)/[6s6p4d3f2g] valence basis
set.® For the cupric complexes Ahlrichs’ split-valence polarized basis set (SVP) was used
throughout.” Solvent effects were included by using the polarizable continuum model (PCM), in which the
solute cavity is built as an envelope of spheres centered on atoms or atomic groups with appropriate radii. In
particular, we used the integral equation formalism (IEFPCM) variant as implemented in Gaussian 09.” No
symmetry constraints have been imposed during the optimizations. The stationary points found on the
potential energy surfaces as a result of geometry optimizations were tested to represent energy minima rather
than saddle points via frequency analysis. Time-dependent density functional theory (TDDFT)"?was used for
the calculation of the 40 lowest energy singlet-singlet electronic transitions of [HgL2]* in acetonitrile
solution.

X-ray crystallography. The crystals were placed in an oil, and a single crystal was selected, mounted on a
glass fibre and placed in a low-temperature N, stream. For ligand L2, X-ray diffraction data collection was



carried out on a Nonius Kappa-CCD diffractometer equipped with an Oxford Cryosystem liquid N, device,
using Mo-Ka radiation (1 = 0.71073 A). The crystal-detector distance was 36 mm. The cell parameters were
determined (Denzo software)’ from reflections taken from one set of 10 frames (1.0° steps in phi angle),
each at 20 s exposure. The structure was solved by direct methods using the program SHELXS-2013.” The
refinement and all further calculations were carried out using SHELXL-2013.” The H-atoms were included
in the calculated positions and treated as riding atoms using SHELXL default parameters. The non-H atoms
were refined anisotropically, using weighted full-matrix least-squares on F2.

For compound 1, X-ray diffraction data collection was carried out on a Bruker APEX Il DUO Kappa-CCD
diffractometer equipped with an Oxford Cryosystem liquid N, device, using Mo-Ka radiation (1 = 0.71073
A). The crystal-detector distance was 38 mm. The cell parameters were determined (APEX2
software)’® from reflections taken from three sets of 12 frames, each at 10 s exposure. The structure was
solved by direct methods using the program SHELXS-2013.” The refinement and all further calculations
were carried out using SHELXL-2013.” The H-atoms were included in the calculated positions and treated
as riding atoms using SHELXL default parameters. The non-H atoms were refined anisotropically, using
weighted full-matrix least-squares on F>. A semi-empirical absorption correction was applied using
SADABS in APEX2;’® transmission factors: Tmin/Tmex = 0.6977/0.7456. The SQUEEZE instruction in
PLATON'’ was applied.
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