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The coordination modes of the ligand 2,5,8-trithia[9](2,6)pyridinophane (L) to thallium(), gold(mn) and gold
(1) have been studied. Thallium() is coordinated by the macrocyclic ligand in [T(L)I(PFe) (1) through all the
sulfur and nitrogen atoms, in a distorted square-pyramidal geometry with the thallium() ion in the apical
position and with the presence of an inert lone pair. Gold(i) is bonded by the ligand only through the
nitrogen of the pyridine group in [AuCls(L)] (2), whereas two Au'-CgFs fragments coordinate the sulfur
atoms next to the pyridine moiety of the ligand in [{Au(CgFs)}2(p-L)] (3), which form a linear polymer
through intermolecular aurophilic contacts. The heterometallic TI'/Au' complex {[Au(CeFs)oTlo(L)}, (4)
features a polymeric structural nature with a metallic pseudo-rhombic Au,Tl, core, which repeats itself
forming a zig-zag polymer. In each Au,Tl, unit only one thallium atom is bonded by the NSs donor set of
the macrocyclic ligand and also forms two unsupported Au—-Tl bonds with two [Au(CgFs),]™ units in an
overall pseudo-octahedral geometry. The other thallium atom similarly bridges the same [Au(CgFs),]™
units and links a neighbouring Au,Tl, moiety, thus exhibiting a distorted trigonal planar geometry being
bonded only to three gold atoms with unsupported Au—TLl interactions. This complex displays an interest-
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ing thermochromic behaviour showing emissions mainly resulting from MM'CT transitions at room temp-
erature. At 77 K a dual emission appears, probably arising from the two different thallium environments.
DFT calculations have been carried out in the attempt to investigate the origin of the emissions of

rsc.li/dalton complex 4.

action patterns based on Au'---M interactions in the crystal
lattice, and, therefore, the optical properties.

Recently, we have proved the great versatility and potential-
ity of aza-*® and thioether crowns of different size,””*® ali-
phatic mixed thia-aza macrocycles of different nature/number
of donors atoms>**° and their pendant arm derivatives®* > in
supporting Au'---M" [M = Ag, Tl] metallophilic interactions for
the formation of heteronuclear gold(i) complexes featuring
unusual structural archetypes and optical properties.

The presence of rigid moieties in the macrocyclic structure
of the ligand used to support metallophilic interactions might
represent a further parameter to consider for fine-tuning
the structural and photophysical properties of heteronuclear
gold(1) complexes built via intra- and intermolecular Au'---M
interactions.

Introduction

The luminescence properties of heteronuclear gold(r) complexes
featuring Au'---Au' and/or Au'---M metallophilic interactions
[M = transition and post-transition closed-shell metal ions such
as Ag', Cu" and TI'|" *° are currently considered of great interest
not only from a theoretical point of view'' ™ but also for their
potential applications.'*™>> A great number of factors contribute
to affect the photophysical properties of these compounds,
making a rational structure-property design a very challenging
task. However, the nature of the organic ligands used to
support metallophilic interactions is fundamental in controlling
the nuclearity of these complexes, the intermolecular inter-

“Departamento de Quimica Inorgdnica, Instituto de Sintesis Quimica y Catdlisis

Homogénea (ISQCH), CSIC-Universidad de Zaragoza, 50009 Zaragoza, Spain.
E-mail: gimeno@unizar.es

bDipartimento di Scienze Chimiche e Geologiche, Universita degli Studi di Cagliari,
S.S. 554 Bivio per Sestu, 09042 Monserrato, CA, Italy. E-mail: lippolis@unica.it
tElectronic supplementary information (ESI) available: Emission and excitation
spectra, NMR spectra and DFT data. CCDC 2083080-2083082. For ESI and crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/d1dt01599k

This journal is © The Royal Society of Chemistry 2021

While mixed donor macrocycles featuring rigid heterocyclic
moieties, such as pyridine (py) and 1,10-phenanthroline
(phen) as integral parts of the macrocyclic structure, have
been employed as efficient and selective ionophores in solid-
phase extraction, selective transport, preparation of PVC-based
ion-selective electrodes, and fluorimetric chemosensors for
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some transition and heavy metal ions,**®° their use in the
development of heteronuclear fluorescent complexes has been
only marginally tapped.®*°

Here we report the results of our investigation on the
coordination chemistry of the tetradentate macrocycle 2,5,8-
trithia[9](2,6)-pyridinophane (L) to thallium(i), gold(1) and gold
(m) ions and its use in the formation of luminescent hetero-
nuclear Au'/TI' complexes.

The few information available on the coordination chem-
istry of L7 (only the X-ray crystal structure of the following
complexes are known: [Ag(L)],(CF;CO,),-nH,0,*® [Ag(L)],
(NO3),,>° [Cu(L)](NO;),,%® [Hg(L)CIINO; *° and  [Niy(L),Cl,]
(BF,4),-1.5MeNO, *) point out a folded conformation assumed
by the ligand upon coordination, as a consequence of a confor-
mational constrain on the aliphatic portion of the ring exerted
by the rigid heteroaromatic moiety. This notwithstanding, tet-
racoordination of L to a metal centre is possible with the
coordination sites left free for further interactions. These pro-
perties can be useful factors in expanding the scope of forcing
unusual structural archetypes and metal ion arrangements in
AuY/TI"  heteronuclear featuring metallophilic
interactions.

complexes

Results and discussion
Synthesis and characterisation

The ligand L was prepared by reaction of 2,6-di(chloromethyl)
pyridine with 2,2-thiodi(ethanethiol).** The crystal structure of
L was previously reported:** the aliphatic chain of the ring is
tilted over the plane containing the pyridine unit, presumably
because of the repulsion between the two sulfur atoms close to
the aromatic ring.** The other sulfur atom adopts an exoden-
tate orientation with the lone pairs of electrons (LPs) pointing
out of the ring cavity. Therefore, a conformational change is
required to coordinate the metal centre with all four donor
atoms.

The synthesis of the thallium(i), gold(m), and gold(i)) com-
plexes 1-3 was accomplished by reaction of L with the metal
salt precursors TIPFg, AuCl;-nH,0 and [Au(C¢Fs)(tht)] (tht = tetra-
hydrothiophene), respectively (see Scheme 1).
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Scheme 1 Synthesis of thallium and gold complexes 1-3.
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The characterization of each complex was performed using
mass spectrometry, FT-IR, 'H, >C NMR, and when appropriate
F NMR spectroscopy, and the data suggest for them the for-
mulation reported in Scheme 1. FT-IR data clearly show some
absorptions corroborating the formation of the coordination
compounds. 1 shows the y(P-F) stretching band at 827 ecm™
corresponding to the PFs~ anionic group. Complex 2 presents
two close v(Au-Cl) stretching bands at around 333 cm™,
which point to the presence of more than one chlorido ligand
coordinated to the gold(m) centre. In complex 3 the typical
absorptions of the pentafluorophenyl group bound to gold(r)
appear at ca. 1505, 955 and 800 cm™". In addition, 'H, *C and
F NMR spectroscopy supports the proposed formulation for
these complexes (see Fig. S1-S4 in the, ESIf). These experi-
ments were carried out in different deuterated solvents due to
low solubility of the compounds; therefore, a direct compari-
son between them is sometimes difficult. '"H NMR spectra of
complexes 1 and 2 were performed in CD,Cl, and (CDj3),CO,
respectively, and displayed two broad singlets at 2.95 and
2.61 ppm and 2.85 and 2.75 ppm, respectively, assigned to the
crown thioether protons (-SCH,CH,S-). An additional
singlet also appears due to the methylene protons adjacent to
the pyridine (-SCH,Py) at 4.17 and 4.59 ppm for 1 and 2,
respectively (Table 1). For complex 1, there is a pronounced
downfield shift in comparison with the signals of the free
ligand, suggesting that the coordination of the metal centre to
the sulfur atoms has taken place and is retained in solution.
Interestingly, no AB spin system is observed for the signals
corresponding to the methylene protons next to the pyridine
ring as observed for the 1:1 complexes of L with Pd", Pt" and
Rh™.*” For compound 2 the shift is more noticeable for the
protons adjacent to the pyridine group and those of the pyri-
dine fragment, which display a pronounced chemical shift
compared to the free ligand (from 7.42 and 7.85 ppm to 8.22
and 8.76 ppm) suggesting that the coordination of the gold(ur)
metal centre by the pyridine nitrogen donor atom occurs and
it is retained in solution. Since all the methylene groups
within the ligand are equivalent, a coordination of the AuCl;

Table 1 Relevant *H NMR signals and MS peaks recorded for com-
plexes 1-4

'H (ppm)” 'H (ppm)°®
(-SCH,CH,S-) (-SCH,Py) miz/

1% 2.95 (4H, sp,) 4.17 (4H, s) 462.0 [(LT1)"]
2.61 (4H, sp;)

2" 2.85 (4H, sp,) 4.59 (4H, s) 454.2 [(M - 3CI)"]

2.75 (4H, sp,)

3% 3.69 (2H, sp)
3.25 (4H, sp;)
2.95 (2H, Spy)

4°  2.69-2.36 (8H, m)

L 2.53(8H,5s)

4.55 (1H, sp,)
4.39 (2H, Sp,)
4.05 (1H, sp,)
3.92 (4H, s)
3.85(4H, s)

817.9 [(M — CoF5)']

867.6 [(M + CH5CN —
TIAu(CgFs)s)']

“NMR spectra measured in CD,Cl,. 5 NMR sapectra measured in
(CD;),CO. *NMR spectra measured in CD;OD. ¢ '"H NMR signal for
the protons ~-SCH,CH,S-. © 'H NMR signal for the protons —-SCH,Py.
/MS(MALDI').  NMR spectra measured in CDCl,. sy, = broad singlet.

This journal is © The Royal Society of Chemistry 2021
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moiety to only the nitrogen atom of the pyridine is proposed
(see Scheme 1). Complex 3 presents a completely different
pattern of signals in the "H NMR spectrum recorded in CD,Cl,
(Table 1).

In particular, complex 3 exhibits two sets of three broad
bands integrating for 2:4:2 and 1:2: 1 protons for the crown
thioether portion and the methylene protons adjacent to the
pyridine, respectively (see Table 1 for the chemical shifts
values). All of them shifted to lower field upon coordination
with respect to the free ligand.

The synthesis of the heterometallic Au'/Tl' complex 4 was
achieved by reaction of the ligand L with TIPFs and NBu,[Au
(C6Fs)2] (see Scheme 2). The structure in the solid state indi-
cates a 1:2:2 L:Tl: Au ratio (see X-ray data below), but NMR
data do not provide conclusive information about the solution
structure (Table 1). The "H NMR spectrum recorded in CD;0D
displays a broad multiplet between 2.69 and 2.36 ppm for the
crown thioether protons and a singlet at 3.92 ppm for the
methylene protons adjacent to the pyridine moiety. The mass
spectrum does not show the molecular peak, but a signal for
the fragment [AuTI(C4F5)L(NCMe)]", which clearly suggests the
formation of an heterometallic derivative. Further analytical
data provided by mass spectroscopy are in agreement with the
proposed formulation for the Au”™ and TI' complexes 1-4 as
summarised in Table 1.

Crystal structures

Single crystals of 1 and 3-CH,Cl, suitable for X-ray diffraction
analysis were grown by slow diffusion of n-hexane into a di-
chloromethane solution of the microcrystalline compounds.
Crystals of 4 were grown by slow diffusion of n-hexane into a
toluene solution of the compound.

In [TI(L)](PFs) (1), the ligand interacts with the thallium(i)
ion through all its donor atoms, imposing a [NS;] coordination
sphere at the metal centre and adopting the typical folded con-
formation of coordinated pyridine-based 12-membered macro-
cycles (Fig. 1).*”*' However, in this case the ligand is not able
to fully accommodate the metal ion into its cavity, so that TI" is
“perching” rather than “nesting” within it, probably because of
the dimensions of the metal ion and the presence of a stereo-
chemically active 6s> lone pair (LP). The Tl1-S1 bond distance
[3.2030(20) A] is significantly longer than the other two TI1-S
bond distances [T11-S2 3.0032(19) and TI1-S3 3.0888(17) A],
while the TI1-N1 bond length is 2.778(5) A.

In complex 3-CH,Cl, the ligand L adopts a “chair-like” con-
formation similar to that observed in the solid state for the

CgFs CeFs
| X s ~San
N VA
N TIPFs .
R TI-
S s > LN \ /
K/ s \) NBuy[Au(CeFs)a | Al
CeFs~ CeFs |

Scheme 2 Synthesis of heterometallic Au'/Tl' species 4.
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Fig. 1 Molecular structure of complex 1 determined by single crystal
X-ray diffraction. Selected bond lengths [A] and angles [°]: TIL-N1 2.778(5),
TI1-S1 3.2030(20), Tl1-S2 3.0032(19), Tl1-S3 3.0888(17); N1-Tl1-S2
66.37(12), N1-Tl1-S3 79.98(12), S2-TIl1-S3 68.77(5).

free ligand:*’ the aliphatic chain of the ring is tilted over the
plane containing the pyridine unit as a consequence of the
repulsion between the two sulfur atoms close to the aromatic
ring.** The three S-donors adopt exodentate orientations with
the LPs of electrons pointing out of the ring cavity.

The two S-donors close to the pyridine ring are each co-
ordinated to an Au(Ce¢Fs) moiety (Fig. 2). The two gold(i)
centres present an almost linear geometry [C1-Aul-S1 =
175.56(16), C11-Au2-S3 = 177.70(16)°] with Au-S bond dis-
tances [2.3131(13), 2.3134(14) A] in good agreement with those
reported in the literature.”® In the crystal lattice, Au---Au inter-
molecular interactions of 3.393 A between neighbouring
complex units stabilised by n---m interactions of 3.613 A
between the corresponding slightly offset pentafluorophenyl
rings determine the formation of polymeric chains running
along the [101] direction (Fig. 3).

Fig. 2 Molecular structure of complex 3 in 3:CH,Cl,. Selected bond
lengths [A] and angles [°]: Aul-C1 2.027(5), Aul-S1 2.3131(13), Au2-C11
2.028(5), Au2-S3 2.3134(14); Cl1l-Aul-S1 175.56(16), C11-Au2-S3
177.70(16).

w‘/"\‘«V\{
6. \
Fig. 3 Association of molecules of 3 in the crystal through aurophilic
and x---1 interactions forming a chain polymer.

Dalton Trans., 2021, 50, 9709-9718 | 9711
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Fig. 4 Molecular structure of complex 4 determined by single crystal
X-ray diffraction. Selected bond lengths [A] and angles [?]: Aul-C1
2.045(4), Aul-C11 2.051(4), Au2—-C31 2.047(4), Au2—-C41 2.047(4), Aul—
TI2 3.0363(2), Aul-Tl1 3.3660(2), Au2—C31 2.047(4), Au2—C41 2.047(4),
Au2-TI2 3.3505(2), Au2-TI1 3.3917(2), Au2#-TI2 3.0299(2), TI1-N1
2.821(3), TI1-S3 2.9981(10), Tl1-S1 3.0266(10), TI1-S2 3.0787(10), Tl1—
TI2 3.7251(2); Ci1-Aul-C11 174.10(16), TI2-Aul-Tl1 70.947(5), C31-
Au2-C41 177.92(15), Aul-Tl1-Au2 106.323(5), Au2-TI2-TI1 56.990(4);
#i-x-t+yi-z

The crystal structure of compound 4, collected at 173 K,
shows a polymeric Au'/TI' heterodinuclear complex held
together by unsupported Au---Tl metallophilic interactions,
and composed of a [TI(L)]" complex cation, two [Au(CeF5),]”
anions and a bridging TI' metal ion.

The two [Au(CeFs),]” aurate units are bridged by two thal-
lium(1) ions to form a neutral tetranuclear assembly with a
central cyclic, pseudo-rhombic planar Au,Tl, core via Au-TI
interactions ranging from 3.0363(2) to 3.3917(2) A (Fig. 4). One
thallium(r) center (TI1 in Fig. 4) is also coordinated by the
ligand L in a similar fashion to that observed in the structure
of 1, while the other thallium() ion (TI2 in Fig. 4) also interacts
with the Au(2) center of an adjacent tetranuclear unit, giving
rise to zig-zag polymeric chains of neutral [Au(CeFs),Tl], units
held together by metallophilic interactions of 3.0299(2) A, and
running along the [010] direction (Fig. 5).

Therefore, the two thallium(i) centres present different
coordination environments. Tl1 features and overall NS;Au,
hexacoordination resulting from the four macrocycle donor
atoms TI1-N1 2.821(3), TI1-S1, 3.0266(10), TI1-S2, 3.0787(10),
TI1-S3 2.9981(10) (A) and two non-equivalent gold() atoms
(Aul and Au2, Fig. 4). TI2 is characterised by a distorted trigo-

Fig. 5 Zig-zag chain formed by association of tetranuclear Au,Tl, units
in 4 through short Au-Tl bonds.
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nal planar coordination environment resulting from three gold(i)
centres. The gold(1) centres are almost linearly coordinated by
the two pentafluorophenyl groups (C-Au-C 174.10(16) and
177.92(15)° for Aul and Au2, respectively) which lie on different
planes, displaying normal Au-C lengths ranging between
2.045(4) and 2.051(4) A. The two gold(1) centres present a
different number of metallophilic interactions with thallium(i)
atoms: 2 and 3 for Aul and Au2, respectively (Fig. 4), resulting in
an overall tetra- and pentacoordinated environment, respectively
(Fig. 5). The formation of a central planar pseudo-rhombic
Au,Tl, core has already been observed for the complex
[{Au(CeFs),}TI([12]aneNS;)], ([12]aneNS; = 1-aza-4,7,10-trithia-
cyclododecane).*® However, in this complex both thallium(i)
centres are coordinated by the [12]aneNS; macrocyclic ligand
and the tetranuclear neutral units do not interact each other to
form polymeric assemblies, which remains a distinctive struc-
tural feature of 4. Indeed, a discrete nature was also observed
for the tetranuclear complexes [Au,Tly(CeCls)s]-(Me,CO),*®
[Au,Tl,(CeCl5)4](PhMeC=0), [Au,T1,(CeCls)4](acacH) or
[Au,Tl,(C4Cls)4(bipy)](acacH)*” which display a butterfly folded
Au,Tl, core with intramolecular TI"--TI' contacts.

Optical properties

UV-visible diffuse reflectance spectra of the ligand and com-
plexes were performed in the solid state at room temperature.
L showed an intense band at 280 nm that could be assigned to
n — 7 transitions as well as a shoulder at 215 nm that might
be due to n — o* transitions within the S-C bonds. All com-
plexes displayed an intense band around 280 nm which, by
comparison with the ligand absorption profile, suggests the
same origin, ie. IL (1 — =*) transitions within the pyridine
fragment. Moreover, 3 and 4 show shoulders at ca. 252 nm and
240 nm respectively, that could be assigned to © — 7* tran-
sitions within the pentafluorophenyl rings.*® Additionally,
these species as well as complex 2 present a broad band at
around 350 nm whose tail reaches almost 500 nm. Such low
energetic bands could be related to the presence of metal-
metal interaction and therefore to MM'CT metal centred tran-
sitions involving different metal centres.

Additional photophysical studies were performed in the
solid state at 298 K and 77 K. Table 2 summarises the excitation
and emission maxima for complexes 3 and 4, as species 1 and 2
did not show any luminescence under these conditions.

Compound 3 did not display any emission at room temp-
erature. However, when the measurements were performed at
77 K, an emission band centred at 460 nm was observed,

Table 2 Photophysical properties of complexes 3 and 4

ﬂem (Aex)/nm T/H-S T/HS
(298 K) (298 K) Aem (Aex)/mm (77 K) (77 K)
3 — 460 (370)
4 498 (429) 0.36 510 (<390) 36.5
4787, 536 (390-445) 25.3
550-587 (>450) 16.1

“The most intense band.

This journal is © The Royal Society of Chemistry 2021
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which might be assigned to a MMCT transitions involving
different gold(i) centres based on the presence of inter-
molecular aurophilic interactions in the solid state (Fig. S5 in
the ESI}).

On the contrary, at room temperature, the emission spec-
trum of complex 4 featured a single band centred at 498 nm
when the sample was excited at any wavelength between 300
and 450 nm (Fig. 6). This emission could be assigned to a MM’
CT transition involving the gold and thallium centres, as corro-
borated by the theoretical calculations performed (see below).

By contrast, at 77 K complex 4 displayed three different
emissions profiles associated with different excitation spectra
(Fig. 7), two of them being red shifted in comparison with the
emission at 298 K.

429nm 498 nm

o o 4
IS o ©
1 1 1

Normalised Intensity

o
N
N

0.04

360 4(’)0 560 6(‘)0 7(’)0
A (nm)
Fig. 6 Excitation (black line) and emission (blue line) spectra for
complex 4 at room temperature.

B A [
0 475-479 nm 506-517 nm  550-587nm

A= A< 390 mn
B=2, 390-445mn

Normalised Emission Intensity

Normalised Excitation Intensity

300 350 400 450

Fig. 7 Normalised emission (top) and their correspondent excitation
(bottom) spectra of 4 at 77 K.
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Generally, this kind of thermochromic red-shift is associ-
ated with the thermal contraction of Au-TI distances, which
promotes an increase in the overlap between Au' and TI' orbi-
tals. A higher orbital overlap reduces the HOMO-LUMO gap,
thus lowering the energy of the corresponding emission
band.>®> As commented previously, in this particular case there
are three different emissions depending on the excitation
wavelength. Thus, exciting the sample at wavelengths below
390 nm results in an emission band with maximum intensity
at ca. 510 nm (black profile, Fig. 7). However, the emission
maximum is shifted to ca. 570 nm when the excitation was per-
formed at Ae longer than 450 nm (red profile, Fig. 7). The
range of excitation between 390 and 445 nm affords two emis-
sion bands, one of them lying as expected between 510 and
570 nm at ca. 530 nm, and a second band at higher energy at
478 nm (green profile, Fig. 7 and Table 2).

The overall maxima intensity emission band is centred at
572 nm (Fig. S6 in the ESI{), and is associated with an exci-
tation spectra profile resembling that observed at room temp-
erature (see excitation spectra of Fig. 6 and 7). Therefore, this
emission could be considered to have a similar MM'CT origin
involving the electron rich [Au(C¢Fs),] units and the thallium(x)
atoms. In fact, all three emissions and excitation profiles
observed at 77 K might have the same origin, considering
from one side, that different coordination modes of thallium(x)
are present and, from the other side, that the luminescence
properties of this type of heterometallic species are mainly
affected by differences in the environment of thallium(i)
atoms.”®® In this case, complex 4 presents two thallium(i)
atoms with different coordination modes, distorted hexacoor-
dinated and trigonal planar, respectively. Tl-Au distances at
173 K varies from 3.03 to 3.39 A and at 77 K may be remarkably
different, shorter than those at higher temperature, thus ren-
dering lower the energy gap among the excited states and
different orbital overlapping. In particular, the geometry con-
traction at such temperature might promote different emission
and excitation patterns from each thallium environment. The
assignment of those profiles to a specific Tl environment is
complex. However, by comparison with previous reports,”*”" it
can be suggested that emission at lower energies might be due
to the TI' atom in a distorted trigonal planar environment,
whereas emissions at higher energies might come from the
hexacoordinated thallium(i) centre. In addition, lifetimes of
complex 4 were measured for all the emission bands observed
at 77 K and at 298 K. As expected, the excited state lifetime
value increases from 0.36 ps to 36.5 pus when lowering the
temperature to 77 K. The microsecond range of the lifetime
indicates the phosphorescence nature of the emission.

DFT calculations

Theoretical calculations represent an invaluable tool in investi-
gating systems as different as optical materials,” redox-active
compounds,®>* or weakly bonded solid-state assemblies. In
this context, DFT calculations® have been largely adopted to
investigate weak interactions such as hydrogen, halogen or
chalcogen bonding and metal-metal interactions, and at the
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same time solid-state absorption and emission properties.>®
We have, therefore, turned to investigate the absorption and
emission features of compound 4 by means of computational
studies in order to rationalize the optical properties observed
experimentally on the base of its structural features. Due to
the polymeric nature of compound 4, in order to take into
account all the metallophilic interactions present in the com-
pound and to represent the different coordination environ-
ments for each Au' and TI' center, the oligomeric portion
{LTL,[Au(CcFs),]}s (4'), composed of 234 atoms, has been
selected to investigate the electronic structure of 4 in the solid
state (Fig. S71), by keeping an adequate balance with the com-
putational cost to perform DFT and TD-DFT calculations (see
Tables S1 and S2}). DFT calculations were carried out with the
mPW1PW hybrid functional®” successfully adopted in the case
of different, albeit monomeric, gold complexes featuring
potential-controlled emission energies.’® All calculations were
carried out at the frozen geometry extracted from structural
data collected at 173(2) K. An analysis of the Kohn-Sham mole-
cular orbitals (MOs) calculated for compound 4’ shows that
MOs can be grouped as follows (see Fig. S8t for selected MOs
drawings):

(a) The HOMO (MO #810) is centred exclusively on gold
atoms;

(b) HOMO—-1 and HOMO-2 (MO #809 and #808) are non-
bonding orbitals centred on both gold and thallium atoms;

(c) More inner orbitals (#796 to 807) are MOs located on
[Au(CsFs)],~ anions, with a large contribution from the
n-aromatic system of the perfluorophenyl ligands.

(d) The LUMO (MO #811) and its immediately higher
virtual MOs are mainly centred on the thallium atoms.

Although calculations are limited to a small portion of the
polymeric structure, it can be deduced that they reflect the elec-
tronic structure of the compound. A natural population ana-
lysis®® shows that the charge on the thallium atoms is remark-
ably dependent on their coordination environment, with the
charge on the planar coordinated thallium atom TI2, only sur-
rounded by gold atoms, being sensibly larger (+0.944 |e|) than
that on the hexacoordinated TI1 (+0.586 |e|), which is lowered
by the electron donation from the macrocycle S-donor atoms.

In order to investigate the absorption and emission pro-
perties of 4, the absorption spectrum was simulated for 4’
(Fig. 8) based on the pattern of transitions evaluated at the time-
dependent DFT (TD-DFT) level of theory (Table 3 and Fig. 9).

The simulated spectrum (Fig. 8) results from two main
groups of transitions (Table 3 and Fig. 9). The singlet SO — S1
and SO — S2 vertical transitions are responsible for an absorp-
tion centred at about 400 nm. These transitions arise from
monoelectronic excitations from the HOMO and HOMO-1,
respectively, to the LUMO. Therefore, both transitions have a
metal-to-metal Charge Transfer (MM'CT) character. The tran-
sitions from the ground state SO to the excited states S3 to S7
are all forbidden, with negligible oscillator strength values.
The most intense transitions (f > 0.10) are SO — S8 and SO —
S9, falling at about 3.7 eV. Both involve excitations from inner
MOs (HOMO-2 and HOMO-9, respectively), featuring a large
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Fig. 8 Simulated UV-vis absorption spectrum at TD-DFT level based on
singlet—singlet excitations calculated for the model system {LTl;[Au
(CeFs)2lals (4°).

Table 3 Wavelengths (icaic. NM), energy (E, eV), oscillator strength (f),
and monoelectronic excitation contributions of the main vertical tran-
sitions (f > 0.10) calculated for 4" at TD-DFT level

Exc. state Acale E f Main MO contribution
S1 396.3 3.128 0.100 HOMO — LUMO
HOMO-1 - LUMO
S2 384.7 3.222 0.196 HOMO-1 —» LUMO
HOMO-2 —» LUMO
S8 338.0 3.669 0.109 HOMO-2 — LUMO+3
S9 335.6 3.695 0.281 HOMO-9 — LUMO
HOMO-5 — LUMO
HOMO-3 - LUMO
S26 312.7 3.965 0.127 HOMO — LUMO+8
HOMO — LUMO+4
HOMO-2 — LUMO+5
S30 309.0 4.013 0.144 HOMO-14 — LUMO

HOMO-1 —» LUMO+8
HOMO-1 —» LUMO+15

contribution from gold species and from perfluorophenyl
ligands, to LUMO+3 and LUMO, respectively, localized on TI'
atoms. Therefore, this group of transitions can be considered
MM'CT and LMCT in nature. Intense transitions at about 4 eV
are calculated to have the same character.

The presence of two main groups of absorption bands in
the region 300-500 nm is in agreement with the excitation
spectra experimentally recorded for 4 (Fig. 7), and allows to
hypothesise the nature of the emission spectra:

(1) At room temperature (RT) excitation at 429 nm (Fig. 6)
results in the SO — S1 and SO — S2 electron transitions, which
are followed by a LUMO — HOMO (Tl — Au CT) radiative relax-
ation corresponding to the phosphorescent emission at about
500 nm (Table 2). The lowering of the temperature down to 77 K
is likely to shorten the intermetallic Au---Tl and hence to reduce
the HOMO-LUMO energy gap, reflected in the emission at
550-590 nm (Table 2) upon excitation at Aex. > 450 nm at 77 K.

(2) When the absorption occurs at higher energy, excitation
to higher excited states (>S8) is achieved. At room temperature
the overlap of the vibrational manifolds allows for an internal

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Singlet excited state diagram (0.0-4.2 eV) calculated for the
model system {LTI;[Au(CeFs).l2}s (4') at the TD-DFT level (see Table 3).
The excited states with transitions from the ground state featuring negli-
gible oscillator strengths (f < 0.10) are represented as dotted lines.

conversion (IC) to the lowest excited state S1 followed by radia-
tive relaxation to the GS S0. This hypothesis is in agreement
with the fact that at RT a single emission at about 500 nm is
observed whatever the excitation wavelength used in the range
300-450 nm.

(3) At 77 K, structural variations (see above) as well as a
different extent of overlap between MOs belonging to the
differently coordinated Tl ions and the gold atoms might allow
to discriminate between TI(1) — Au and TI(2) — Au relaxations,
thus accounting for the dual luminescence observed only at
77 K. The values of the relaxation times 7 (Table 2) suggest a
role of intersystem crossing (ISC) from singlet to triplet states
mediated by spin-orbit coupling, followed by a triplet radiative
emission, in agreement with experimental measurements.

Experimental section

Experimental details

'H, "*C{'H}, and "°F{"H} NMR were recorded at room tempera-

ture on a BRUKER AVANCE 400 spectrometer (‘H, 400 MHz;
3¢, 100.6 MHz; '°F, 377 MHz) with chemical shifts (5, ppm)
and reported relative to the solvent peaks of the deuterated
solvent. Mass spectra were recorded on a BRUKER ESQUIRE
3000 PLUS, with the electrospray (ESI) technique and on a
BRUKER MICROFLEX (MALDI-TOF), with a Ditranol or a T-2-
(3-(4-tButyl-phenyl)-2-methyl-2 ~ propenylidene)malononitrile
matrix. UV/vis spectra were recorded with Jasco V-670 spectro-
photometer fitted with a Praying Mantis diffuse reflectance
accessory. Room temperature steady-state emission and exci-
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tation spectra were recorded with a Jobin-Yvon-Horiba fluoro-
log FL3-11 spectrometer. Infrared spectra were measured in
the range 4000-250 cm™ ' on a PerkinElmer Spectrum 100
FTIR spectrometer as KBr pellets.

Crystal structure determinations

Crystals were mounted in inert oil on glass fibres and trans-
ferred to the cold gas stream of an Xcalibur Oxford Diffraction
diffractometer equipped with a low-temperature attachment.
Data were collected using monochromated MoKa radiation (4 =
0.71073 A). Scan type @. Absorption corrections based on mul-
tiple scans were applied using spherical harmonics
implemented in SCALE3 ABSPACK scaling algorithm.®® The
structures were solved by direct methods and refined on F
using the program SHELXT-2016.°" All non-hydrogen atoms
were refined anisotropically,. CCDC deposition numbers
2083080 (1), 2083081 (3) and 2083082 (4) contain the sup-
plementary crystallographic data.

Materials and procedures

TIPFs and AuCl;-nH,0 and solvents were purchased from com-
mercial suppliers and used as received unless otherwise
stated. [Au(CeFs)(tht)],%* [Au(CeF5),]NBu,*® and L** were pre-
pared according to literature procedures.

Synthesis of the complexes 1-4

Synthesis of [TI(L)]PF¢ (1). TIPFs (74.2 mg, 0.210 mmol) was
added to a solution of L (72.4 mg, 0.210 mmol) in CH,Cl,
(10 mL). The mixture was stirred at room temperature for 2 h.
A white solid was obtained by evaporation of the solvent under
reduced pressure. Then, the solid was washed with diethyl
ether (125.3 mg, 97% yield). White crystals were obtained by
slow diffusion of n-hexane into a solution of the complex in
CH,Cl,. MS (MALDI'): m/z 462.0 ([(LT])'] 100%), calculated
462.0. "H NMR (400 MHz, CD,CL,): &, 7.84 (t, J = 7.7 Hz, 1H,
CH,,(Py)), 7.39 (d, J = 7.7 Hz, 2H CH,,(Py)), 4.17 (s, 4H, SCH,Py),
2.95 (Spr, 4H, SCH,CH,S), 2.61 (s, 4H, SCH,CH,S). >C NMR
(101 MHz, CD,CL,): 8¢ 158.97 CH,(Py), 139.83 CH,(Py), 125.39
CH,(Py), 38.10 (SCH,Py), 33.25 and 30.95 (SCH,CH,S). FT-IR
(KBr pellet, v, cm™"), (P-F): 827 (vs).

Synthesis of [AuCl;(L)] (2). A solution of AuCl;-nH,0
(50.0 mg, 0.130 mmol) in acetone (5 mL) was added dropwise
to a solution of L (32.7 mg, 0.13 mmol) in CH,Cl, (5 mL). The
mixture was stirred at room temperature for 1 h and then
n-hexane (10 mL) was added to force the precipitation of
[AuCl3(L)]. The precipitate was filtered and washed with
further n-hexane (15 mL) and diethyl ether (15 mL) to give an
orange solid (63.6 mg, 89% yield). MS (MALDI'): m/z, 454.2
[(M — 3Cl)"] calculated 454.2, "H NMR (400 MHz, (CD;),CO):
u 8.76 (t, J = 8.0 Hz, 1H, CH,(Py)), 8.22 (d, J = 8.0 Hz, 2H,
CH,,,(Py)), 4.59 (s, 4H, SCH,Py), 2.85 (Sp, 4H, SCH,CH,S), 2.75
(Sbr, 4H, SCH,CH,S). ">*C NMR (101 MHz, (CD;),CO): 5 154.86
CH,(Py), 148.77 CH,(Py), 127.83 CH,,(Py), 31.76 (SCH,Py),
31.02 (SCH,CH,S), FT-IR (KBr pellet, v, cm™"), (Au-Cl): 333
(vs). Note: the C NMR signal of one of the carbons
(-SCH,CH,S-) is hidden under septuplet peak of the solvent.
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Synthesis of [{Au(CeFs)}2(p-L)] (3). A solution of [Au(CeFs)
(tht)] (97.6 mg, 0.220 mmol) in CH,Cl, (5 mL) was added drop-
wise to a solution of L (27.8 mg, 0.11 mmol) in CH,Cl, (5 mL).
The mixture was stirred at room temperature for 2 hours and
then, n-hexane (10 mL) was added. Evaporation of CH,Cl,
under reduced pressure afforded a white solid. The precipitate
was filtered and washed with n-hexane (15 mL) (54.6 mg, 50%
yield). White crystals were obtained by slow diffusion of
n-hexane into a solution of the complex in CH,Cl,. MS
(MALDI"): m/z 817.9 [(M — CgFs)'] calculated 817.9, 622.0
[(M — (CgFs)Au + H)'] calculated 622.0, 454.0 [(M — (C¢F5),Au)’]
calculated 454.0. "H NMR (400 MHz, CD,Cl,): 5y 8.01-7.91 (m,
1H, CH,(Py)), 7.85-7.75 (m, 2H, CH,(Py)), 4.55 (Spr, 1H,
SCH,Py), 4.39 (spr, 2H, SCH,Py), 4.05 (sp;, 1H, SCH,Py), 3.69
(Sbr, 2H, SCH,CH,S), 3.25 (Spr, 4H, SCH,CH,S), 2.95 (Spr, 2H,
SCH,CH,S). "°F NMR (377 MHz, (CD;),CO): dp —117.93 (m,
Foreo)y —162.13 (t, J = 19.9 Hz, F,4), —165.49 (t, J = 19.7 Hz,
Foneta)- FT-IR (KBr disk, v, em™), (C-F): 1504 (vs), 954 (vs),
798(s) (P-F): 826 (vs).

Synthesis of {[Au(CeF;),T1],(L)}, (4). A mixture of L (50.1 mg,
0.190 mmol), TIPF, (126 mg, 0.380 mmol) and [Au(CeFs)s]
NBu, (294 mg, 0.380 mmol) in CH,Cl, (20 mL) was stirred at
room temperature for 2 h. n-Hexane (15 mL) was added to the
reaction mixture and a light green solid precipitated. The fil-
tered solid was washed with CH,Cl,. MS (MALDI"): m/z 462.0
([(LT1)"] 100%), calculated 462.0; 867.6 ([(M — TlAu(CgFs); +
CH;CN) "] 2.6%), calculated 867.0. "H NMR (400 MHz, CD;0D):
5y 7.83 (t,J = 7.7 Hz, 1H), 7.43 (d, J = 7.7 Hz, 2H), 3.92 (s, 4H),
2.69-2.36 (m, 8H). "*C NMR (101 MHz, CD;OD): §; 159.20
CH,(Py), 150.0 (m, 0-C4Fe), 139.92 CH,(Py), 138.9 (m, p-CFy),
138.1 (m, m-CgFg), 123.77 CH,(Py), 36.97, (SCH,Py), 32.12,
31.04 (SCH,CH,S"F NMR (377 MHz, CD;0D): 6 —74.6 (d, Jr_p
=709, PF¢), —75.52 (s, PFs), from —116.75 to —116.96 (m, Fy,),
from —164.92 to —165.12 (m, F,4,), from —166.07 to —166.42
(M Fppera)- FT-IR (KBr disk, v, cm™), (C-F): 1506 (vs), 943 (vs),
786(s), (P-F): 826 (vs).

Theoretical calculations

Quantum-chemical calculations were carried out on the frag-
ment 4', {LTL,[Au(CsFs),].}3, at DFT level with the commercial
suite of computational software Gaussian 16.°* The mPW1PW
functional® was paralleled by the full-electron double-{ basis
sets®® for light atomic species and the SBKJC BS with relati-
vistic effective core potentials (RECPs) for gold and thallium.
The atomic coordinates of each atomic species were extracted
from the structural data and not optimised. Both the elec-
tronic structure corresponding to the singlet and triplet
ground states (GSs; SO and TO, respectively) were calculated.
A complete natural population analysis (NPA) was carried
out with a Natural Bonding Orbital (NBO)*® partitioning
scheme in order to investigate the charge distributions.
Absorption transitions energies E, wavelengths Ac,c, oscillator
strengths f were calculated at the TD-DFT level of theory
(50 singlet states). GaussView 6.0 % was used to analyse the
charge distribution, MOs isosurfaces and simulated absorp-
tion spectra.
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Conclusions

The coordination behaviour of the macrocyclic ligand 2,5,8-
trithia[9](2,6)pyridinophane (L) towards thallium(i), gold(u)
and gold(i) has been investigated. The coordination of L to the
thallium(r) centre in the ionic complex [TI(L)](PFs) (1) takes
places through all the sulfur and nitrogen donor atoms, in a
distorted square-pyramidal geometry with the thallium atom
in the apical position and with the presence of the inert LP of
electrons. Gold(m) is bonded by the ligand in [AuCl3(L)] (2)
only through the nitrogen of the pyridine group, whereas the
coordination of one Au'-CgF5 fragment to each of the sulfur
atoms of the ligand next to the pyridine moiety occurs in [{Au
(C6Fs5)}2(1-L)] (3). The presence of secondary interactions such
as aurophilic interactions and =---7 contacts between penta-
fluorophenyl rings originates a linear polymer. The heterome-
tallic TI'/Au" polymeric complex {[Au(C4F5),Tl],(L)},, (4) features
a metallic pseudo-rhombic planar Au,Tl, core that repeats
itself to form zig-zag polymers. In each Au,Tl, moiety only one
of the thallium atoms exhibits a pseudo-octahedral geometry,
bonded to the NS; donor set of the macrocyclic ligand and
forming two additional unsupported Au-Tl bonds with two
[Au(CgF5),]” units. The other thallium atom is the nexus with
the neighbouring Au,Tl, unit, and exhibits a distorted trigonal
planar geometry, being bonded only with three gold atoms
with unsupported Au-TI interactions. This complex displays
an interesting thermochromic behaviour showing emissions
that were assigned to MM'CT metal centred transitions at
room temperature, whereas at 77 K it shows a dual emission
probably coming from the two different thallium environ-
ments. A natural population analysis carried out at DFT level
confirms the different nature of the two TI centres, the trigon-
ally coordinated one showing the most positive charge.
TD-DFT calculations allowed to evaluate the nature of the
absorption singlet transitions in the UV-vis region and there-
fore, the excitation path, and corroborate the hypothesis that
the origin of the low energy emissions can be considered MM’
CT Tl - Au in nature with a partial contribution from (Tl —
C¢FsAu) MLCT transitions. The nature of the transitions
suggests that small structural changes occurring on changing
the temperature may largely affect the degree of overlap
between the MOs involved in the gold(i)-thallium(i) inter-
actions, thus modifying the relaxation pathways and therefore
accounting for the thermochromism observed experimentally.
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