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Abstract

Solvothermal reactions between copper(l) halides and 4-mercaptophenol give rise to the formation
of three coordination polymers with general formula [CusX(HT),], (X=ClI, 1; Br, 2; and I, 3). The
structures of these coordination polymers have been determined by X-ray diffraction at both room
temperature and low temperature (110 K), showing a general shortening in Cu-S, Cu-X and
Cu--Cu bond distances at low temperatures. 1 and 2 are isostructural consisting of layers in which
the halogen ligands act as ps-bridges joining two Cul and one Cu2 atoms whereas in 3 the iodine
ligands is as ps-mode but the layers are quasi-isostructural with 1 or 2. These compounds show a
reversible thermochromic luminescence, with strong orange emission for 1 and 2, but weaker for 3
at room temperature, while upon cooling at 77 K 1 and 2 show stronger yellow as well as 3
displays stronger green emission. DFT calculations have been used to rationalise these
observations. These results suggest a high potential for this novel and promising stimuli-
responsive materials.
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Introduction

Inside the increasing interest in coordination polymers (CPs) in recent years in particular
those containing Cu(l) constitute a relevant class because of their versatile architectures and
physico-chemical properties.[1] Among them, Cu(l) halides represent a versatile type of
building blocks that have been successfully used for the synthesis of CPs in combination
with different neutral ligands obtaining, by simply varying reaction conditions, extraordinary
structural diversity[1] and large variety of photophysical properties.[2] From an industrial
and economic point of view, the development of new systems based on Cu(l) is strongly
motivated by the low toxicity, low cost and availability of copper compared to the use of
noble metals and rare earths,[3] making Cu(l) compounds excellent candidates for
optoelectronic materials. The possibility to control and tune the photoluminescence
properties of materials is particularly attractive for practical applications like sensing,
detection, memories and display devices. In this sense, cubane-like CuylsL4 (L= organic
ligand) clusters constitute an interesting class of luminophors that have been extensively
studied, exhibiting luminescent thermochromism influenced by metallophilic interactions.[2,
4] On the other hand, organosulfur-containing ligands have demonstrated their potential as
linkers in the synthesis of metal-organic networks showing interesting electrical and
luminescence properties.[5] In particular, it has been observed that the incorporation of
thiolate-S bridging ligands between adjacent transition-metal centers is highly desirable in
terms of magnetic, electrical and optical properties. This is due to the fact that the metal
orbital energies are better matched for sulfur, leading to a higher delocalization of the spin/
charge density through the bridging atoms. Despite the fact that there are some examples of
Cu(l) halide coordination polymers based on organosulfur ligands with luminescent
properties,[6] those that show stimuli-responsive luminescent are less frequent, and are
usually based in cubane-like Cuyls or rhombohedral Cusl, clusters.[7] In this work, we have
studied the preparation and characterization of a series of coordination polymers based on
the combination of copper(l) halides with 4-mercaptophenol. These new materials have
shown interesting optical properties including thermochromic luminescence. DFT
calculations have allowed to rationalize this findings.

Results and Discussion

Synthesis and structural characterization

Coordination polymers 1-3 were obtained as crystalline solids by reaction of the
corresponding copper(l) halide with 4-mercaptophenol in a 3:2 ratio at 120 °C under
solvothermal conditions (see the Experimental Section). Powder X-ray diffraction confirmed
the purity of the compounds (Figures S1-3). The crystal structures of compounds 1, 2 and 3
were determined by single-crystal X-ray diffraction analysis at both 296 and 110 K (named
as 1LT, 2LT, 3LT, respectively) in order to analyse the potential effect of the low
temperature in the solid state. Detailed information about the structural determination is
collected in the supplementary information. In all of the compounds with general formula
[CusX(HT)2]n, the asymmetric unit contains one 4-hydroxythiophenolate ligand,
coordinated by the sulphur atom, one half halogen atom and one and a half
crystallographically different Cu(l) atoms (Figures S4-S9). Compounds 1-3 consist of layers
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of the 2D coordination polymer (Figure 1). These layers are joined through hydrogen bonds
between hydroxyl groups in the 4-hydroxythiophenolate ligands (Figure S10).

Compounds 1 and 2 crystallise in the orthorhombic Prma space group, both at room
temperature and at 110 K. The halogen ligand and the sulphur atom act as 3 bridges joining
two Cul and one Cu2 atoms to form polymeric 2D layers parallel to the ac plane (Figure 1).
The structures solved at 296 K (1 and 2) display slightly larger cell parameters than the ones
solved at 110 K (1LT and 2LT), but the main differences are found in the distances around
the copper atoms in the inorganic layer. At lower temperatures, the copper coordination
environments change (Figure 2 and Table S14), specially the environment of Cul atoms. The
coordination environment around both Cul and Cu2 atoms in the structures solved at 296 K
can be described as slightly distorted planar trigonal with distances and angles that fall
within the expected range. However, in 1LT and 2LT, besides the decrease in Cu-S and Cu-
X bond distances, there is a change in the coordination environment of Cul, as two of them
sharing the same coordinated halogen atom get closer to yield a Cu-Cu interaction. A search
of the structures deposited in the CSD database looking for similar Cuy XS, arrangements
did not yield any results.

Compound 3, although not strictly isostructural with the chlorine and bromine derivatives
(as it crystallises in two different space groups, Pnm2, for 3 and P2,242 for 3LT), displays
analogous polymeric layers, and a very similar arrangement of the [Cusl(HT),],, sheets. In
both the structures displayed by compound 3, the sulphur atoms act as p3-bridges joining
two Cul and one Cu2 atoms, while the iodine ligands present a g4 mode, bridging two Cul
and two Cu?2 atoms. The differences between room temperature (3) and low temperature
(3LT) structures lie mainly in the reduction of most distances in the coordination
environments. The coordination polyhedra of Cul and Cu2 at 296 and 110 K display the
same geometry. But the rearrangement of the atoms in the layers, and also of the rings, in the
low temperature structure leads to a loss of symmetry (Figure S11) that in turn yields the
change in the space group and the orientation of the cell vectors.

In order to stablish the thermal stability of polymers 1-3, thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) under N, atmosphere were carried out (Figures
S15-16). The decomposition temperatures of 1-3 fall in the range of 250 and 350 °C and
increases following the order Cl<Br<I. Compounds 1-3 show a weight loss of ca. 30-40 %
which can be assigned to decomposition of the arylthiolate ligand and subsequent formation
of copper(ll) sulfide and copper halides. Similar thermal transformations have been reported
for homoleptic copper(l) arylthiolates, [Cu(SPhR)],, with decomposition temperatures
between 200 and 300 °C.[8] Differential scanning calorimetry (DSC) measurements show
exothermic peaks between 270 and 350 °C, corresponding to the mass loss observed in the
TGA curves.

Electrical conductivity

It has been previously reported that CPs based on Cu(l) with organosulfur ligands are
especially suitable to produce electrical conductive materials.[6a, 8-9] Therefore, the
structures of compounds 1-3 showing sulphur atoms bridging metal centres are materials of
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potential interest in terms of electrical behaviour. Therefore, several single-crystals of these
compounds has been measured using a two-probe method at 300 K (Figures S12-14).

Since compounds 1 and 2 are isostructural (see structural description), their electrical
conductivity must be related with the halide, chloride for 1 and bromide for 2, present in
their structures. However, the conductivity value found for 1 (4x10°7 Scm-1) is two orders of
magnitude higher than for 2 (3.9x10-° Scm™1). This result as well as the larger Cu-Cu
distances displayed for 1 (Table S14) to those observed for 2, contrasts with the general
trend observed in other CPs with halide bridged ligands, in which the electrical conductivity
increases with the volume of the halide based on a more effective overlapping between the
dz-metal and the pz-halide orbitals as well as with shorter metal-metal distances.[9b] A
deeper analysis of distances and angles in 1 and 2 show that both polymers consists of a zig-
zag - S-Cu-S- chain propagating along the 001 direction, with very similar Cu-S distances
(2.216-2.226 A) and similar S-Cu-Sangles (126.76-133.83°). These chains are joined
together by the halide acting as triple bridge, being the side chain built-up by -Cu-X-Cu-S-
Cu-X- (Figure 2). The shortest Cu-X distances are 2.338 and 2.462 A for compounds 1 and
2 respectively. Previous work allow us justify the conductivity values observed in
compounds 1 and 2, according to the degree of geometric distortion showing by metal
atoms. In this case, the crystal structures of the 1 and 2 show two crystallographically
independent copper atoms, both being coordinated to two sulphur atoms and a halide ligand,
with distorted trigonal planar geometry coordination. To quantify the degree of geometric
distortion, from the values of the angles formed by the metal centres, we have calculated the
deviation thereof with respect to 120° and the distance between the metal centre and the
plane formed by the donor atoms (S and CI or Br) (Table 1). These values indicate that, in
case of 2 the distortion of trigonal plane is higher leading to a less effective orbital
overlapping between the copper and the donor atoms, in agreement with the decrease in the
conductivity value.

For compound 3, an electrical conductivity value of 2x10" Scm™1 was founded, which is
close to the value obtained for 1. This compound displays a different structure to those found
in 1 and 2. In this case, the iodine acts as a 4-bridging ligand that shows a distorted
tetrahedral geometry and the copper centres display two different coordination geometries,
trigonal and tetrahedral. Therefore, is not possible to relate the effect of the geometric
distortion with the observed electrical conductivity. In this case, the presence of the bulkier
halide with a more effective overlapping with d,-metal orbitals, and the coordination of the
iodine atom to four metal centres that extend the connectivity between copper atoms could
favour the conductivity.

Luminescent properties

Photophysical properties of compounds based on metal ions with d10 electronic
configuration have attracted considerable attention.[2b, 4c, 10] Complexes based on Cu(l)
are attractive because they display great structural diversity and may also show brightly
luminescent even at room temperature.[1, 11]
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The series of [CuzX(HT),] (X= ClI, 1; Br, 2; I, 3) have shown photoluminescence in solid
state with strong orange emission for 1 and 2 and weaker for 3 upon excitation with a UV
lamp (Aexc = 365 nm). The quantum yields were measured in the solid state with values of
2.2 % for 1, 2.6 % for 2 and a negligible value for 3, whereas by grinding the solid samples
the quantum yields raised to 4.6 % for 1 and 3.9 % for 2.

When crystalline samples of 1-3 were packed in glass vials , immersed in liquid nitrogen
and exposed to the irradiation of the same UV lamp, their emission change from orange to
yellow (1-2) and from non-emissive to green (3). These changes were distinguished by
naked eye and recorded by a digital camera (Figure 4). Compounds 1-3 returned to their
initial emission after they were warmed to room temperature. Room temperature normalized
emission spectra of 1-3 coordination polymers were recorded in the steady state mode at 298
K and have shown almost identical spectra (Figure 5a). The emission observed for 1 and 2
shown a broad band with maximum centred at 658 and 660 and emission lifetimes of 14 ps
and 17.4 ps, respectively. The microsecond time scale of both compounds are indicative of
an emission arising from a triplet state. Compound 3 does not emit at room temperature,
however, as the temperature decrease, a broad band is also observed, with maximum centred
at 565 at 275 K (Figure 5b).

In order to check the possible presence of emission arising from the ligand, the free ligand 4-
mercaptophenol (4-mp) was also investigated. It shows very weak emission in high energy
region with maximum centred at 420 and 469 nm (Figure S17) that could be assigned to
ligand-centred —m* transitions. However, these bands, that could be described as high
energy (HE) transitions, are absent in the compounds. To get more insight into the nature of
the observed thermochromism, the emission spectra for 1-3 were registered at variable
temperature (from 300 to 110 K) (Figure 6). By lowering the temperature from room
temperature to 110 K, for complex 1 the main emission remains with similar value in energy;,
whereas a shoulder to higher energies appears at 575 nm. For complex 2, a progressive blue
shift is observed from 660 nm to 613 nm. In the case of complex 3, the variable temperature
experiment shows that emission appears at 250 K, centred at 565 nm, and is progressively
displaced in energy to 544 nm at 110 K. Compound 1 shows emission lifetimes of 140 s
and 66 ps, respectively, for the two lower and higher energy bands, and for complexes 2 and
3 the lifetimes are 163.7 us and 32 ps, respectively. This microsecond time scale is also
indicative of an emission arising from a triplet state. Upon cooling, the increase observed for
all compounds in the emission lifetimes could be attributed to the increase in structural
rigidity in agreement with the low temperature structures, also indicating a decrease of the
non-radiative rate constant. The thermochromic luminescence has been widely studied in
cubane-like [CualsL4] (L = organic ligand) clusters.[2b, 12] In all of them, a dual emission
is observed. A high energy emission band at around 400-450 nm, which is dominant at low
temperature and is assigned to a halogen-to-ligand charge transfer (3XLCT) transition state
and a low energy emission band at around 550-650 nm, dominant at room temperature,
which is assigned as a cluster-centred excited state (3CC).[2b, 13] DFT calculations recently
reported[4a] allowed to assign that the low energy emission is due to a combination of a
halide-to-copper charge transfer transition (XMCT) and of a copper-centred transition (3d0
—3d%s! Cu, that is, CC*, which is essentially independent of the nature of the ligand (but
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not the Cu---Cu distance) and the high-energy emission is assigned to 3XLCT/3MLCT mixed
transition. Together with this structural type, for Cul-sulfide coordination polymers, the
more common structure is single Cul stair step polymers, containing Cu,l, rhomboid
dimmers units with perpendicular sulphur-donor ligands or rhomboid dimmers linked into
networks by monosulfide ligands in which a single sulphur atom acts as the bridge[7e] As
far as we know, the 2D coordination polymers [CusX(HT),] (X=Cl, 1; Br, 2; 1, 3) described
in this work represent a new structural type where the thermochromic luminescence
phenomenon is observed. In order to get more insight into the nature of the origin of this
thermochromism, the crystal structures for 1-3 were determined by single-crystal X-ray
diffraction analysis at 110 K. In all compounds a slightly decreasing of cell parameters is
observed; together with that, as we previously described in the structural description, at
lower temperature, for isostructural 1-2 compounds, the copper coordination environments
change, especially for Cuy atom (Figure 2) and shortening in Cu----Cu interactions are
observed (A = 0.022 nm and 0.014 nm for Cuq —Cu, and Cuq —Cus distances respectively).
These shortenings in the unit cell parameter and in the Cu---Cu distances could be associated
with an increase in the medium rigidity; as the temperature decrease, the bonding character
increases, and thus the energy levels are lowered. These structural changes are more
significant for 3; in this case, a phase transition takes place, changing from spatial group
PmnZ2; (at room temperature) to spatial group £2;2,2 (at 110 K) and leading a higher
shortening in the Cuj —Cu, distances (A = 0.064 nm). This interesting phase transition is
reversibly temperature dependent. As we can see, the origin of thermochromic luminescence
in 1-3 is quite different to that reported for cubane CuylyL4 cluster based compounds where
two emission bands, low energy and high energy (LE and HE respectively) are observed.
The emission behaviour in these compounds is different, because the high energy bands
(HE) are not observed and only low energy bands (LE) take place. Based on precedent
studies, the LE transitions may be attributed to 3CC behaviour, and this 3CC transition is
itself a combination of halide-to-metal charge transfer (3XMCT) and metal-centred transfer
(3MC: 3d19—3d%slCu) and the thermochromic luminescence is due to a significant change
in Cu-- Cu distances in this 3CC excitation state with temperature.[2b, 4a, 4c, 14] Due to
the halide-to-metal charge transfer (3XMCT) is less sensitive to the contraction of the
Cu---Cu distances occurring when the temperature is decreased, we could conclude that the
single emission band observed at lower temperature can be assigned as mainly originating
from metal-centred transfer ((MC; d1°Cu — d%Cu). For 3 the colour change with
temperature is higher due to the transition of the room temperature phase to the low
temperature phase (110 K) resulting in higher shortening in the Cu;-Cus, distances (A =
0.064 nm) than in 1-2, where this phase transition not take place. In summary, it seems there
are direct evidence that thermochromic luminescence of these compounds is caused by
temperature-dependent Cu---Cu distances and these Cu—Cu interactions are the key
parameters that influence the luminescence properties of the 3CC transition.

Theoretical calculations

In Figure 7a, we show the computed Quasi-particle GW+BSE-corrected DFT band-structure
diagrams of all the compounds 1, 2, 3 and 3LT along a most relevant symmetry line
'—Z—2ZY (being the I'Z direction along the monodimensional chains axis). From these
band-structure diagrams we can extract some valuable information. On one side, it is
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important to remark that the band-structure morphology is quite similar for all the
compounds, yielding electronic gaps at I'-point of 2.16 and 2.24 eV for 1 and 2, and 1.87
and 1.63 eV for 3 and 3LT, respectively. These moderately high values of the transport gaps
reveal that all the compounds behave as wide-gap semiconductors, which perfectly agrees
with the experimental low values obtained for the electrical conductivities. On the other
hand, the comparison between the band-diagrams for the 3 and 3LT cases shows a reduction
of the gap from L7to R7 conditions of around 0.25 eV, as well as a noticeable shift toward
lower energies of both the conduction band (CB) and the subsequent upper state in energy
(named as CB+1), which breaks its degeneracy w.r.t. the 3LT case. This behaviour should
have a significant effect in the excitation spectrum (see below). Figure 7b shows the 3D
orbital isodensities (all of them computed with a value of 104 e"A-3) for the compounds 1, 2
and 3LT for their valence and conduction bands (VB and CB), and for the energetically
lower and upper bands (VVB-1 and CB+1). For all the cases it is possible to appreciate a
similar spatial distribution morphology: VB-1 and VB are composed of atomic contributions
mostly located onto the metal chains, whereas the CB and CB+1 are composed of atomic
contributions tending to be located mostly on the external ligands. Consequently, VB-1/
VB—CB/CB+1 leads to the expected chain/ligands transitions as the lowest energy
electronic transitions.

Figure 7a shows the experimental spectra measured in solid state of all the compounds. At
LT these spectra show prominent peaks located at around 658, 575; 613 and 544 nm for the
compounds 1, 2 and 3 respectively. In particular, at L7 compound 1 exhibits a two-peak
structure formed by a less intense peak located at around 575 nm that tends to vanish with
the increasing temperature and a primary peak located at around 658 nm. Interestingly, for
all the cases these prominent peaks show a slight broadening and a shift toward higher
wavelengths as the temperature increases. In the attempt to rationalize the excitations
involved in the L7 experimental spectra of all the compounds we have carried out (as
explained above) DFT-based calculations of their many-body excitation spectra. For that
purpose, we have computed the oscillator strengths of the major transitions contributing to
the excitation spectra at that wavelength range, resulting those corresponding to VB-1/
VB—CB/CB+1. In Table 2 we show the oscillator strengths (in a.u.) for those four
transitions for all the 1, 2 and 3 compounds at L7 conditions, and for 3 at /7. Regarding the
values of the Table 2, for the three first cases we conclude that the most important transitions
are the VB-1—CB+1 and the VB—CB+1, with values of 0.1032 and 0.1847 a.u. at 556.3
and 581.1 nm, respectively for 1 (to be compared with the experimental threshold value of
575 nm), 0.1438 and 0.2742 a.u. at 543.5 and 572.7 nm, respectively for 2 (to be compared
with the experimental threshold value of 615 nm), and 0.1132 and 0.2247 a.u. at 522.3 and
531.7 nm, respectively for 3 (to be compared with the experimental threshold value of 545
nm). In order to mimic the experimental spectral resolution, on the basis of these excitations
we have constructed the excitation spectra for the different compounds by assigning a
Lorentzian broadening of 500 cm™1 to each one of the four contributing excitations.

As we can observe, the comparison between the experimental and the computed spectra is
quite reasonable, even capturing some of the ordering in wavelength of the most pronounced
peaks for the different systems at L7 conditions.
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Additionally, for the 7 compound 3, with a structural transition experimentally evinced, we
have computed the excitation spectrum in the same way. For this case, as commented, the
noticeable shift toward lower energies of both the CB and CB+1 (which breaks its
degeneracy), has its reflection in the excitation oscillator-strengths and wavelengths
obtaining for VB-1—CB+1 and VB—CB+1, values of 0.1465 and 0.1041 a.u. at 548.4 and
597.1 nm, respectively.

The spectrum constructed from these excitations reveals, indeed, the observed shift toward
higher wavelengths and the appearance of a secondary shoulder-peak above 600 nm, which
is also visible in the experimental spectrum for 3 at /7 conditions. This may be explained in
terms of the effect that the structural transition has in the electronic features of the
compound 3, where the reduction of the gap and the splitting of the band CB+1 towards
lower energies induce the appearance of the secondary features in the excitation spectrum.
This is also noticeable for the rest of the spectra at higher temperatures than L7.
Unfortunately; this effect has been only computed for the compound 3 for which the
structural transition is observed by X-ray diffraction. Additionally, we have computed the
CI-NEB transition energy barrier between the compounds 3 and 3LT, obtaining a value of
AE15=0.08 eV, which justifies from a theoretical point of view the structural transition for 3
from L7to RT conditions.

Conclusions

Three new 2D coordination polymers with general formula [CuzX(HT),], (X=Cl, 1; Br, 2;
I, 3) have been synthesized by solvothermal reactions between copper(l) halides and 4-
mercaptophenol. While 1 and 2 are isostructural, 3 shows slight differences since the iodine
act as pu-bridging ligands while in 1 and 2 the halides coordinate as pz-bridging ligands. The
three structures shows Cu,XS,4 arrangements that represent a new structural motifs for
copper(l) coordination polymers. Their electrical properties have been studied, showing
moderate conductivity values of 4x107, 3.9x109 and 2x107" Scm™! for 1-3 respectively.
These values can be rationalized based on a detailed structural analysis of distances and
angles that affect to the metal-ligand orbitals overlapping along the coordination sheets, and
agree with the calculated electronic gaps. Interestingly, the study of their luminescent
properties show reversible thermochromic luminescence, with strong orange emission for
compounds 1 and 2 and weaker for 3 at room temperature and changes to stronger yellow
(1-2) and green (3) emission upon cooling at 77 K. To get more insight into the nature of the
observed thermochromism, variable temperature experiments have been carried out and
theirs structure were also solved at 110 K. The results obtained seems to indicate that there
are direct evidence that luminescent thermochromism of these compounds is caused by
temperature-dependent Cu---Cu distances and these Cu—Cu interactions are the key
parameters that influence the luminescent properties. According with this, the higher color
change with temperature observed for 3 is due to the structural transition that takes place of
the room temperature to the low temperature (110 K), resulting in higher shortening in the
Cu;—Cus, distances than in 1-2. This is supported by DFT-based calculations, where the
comparison between the experimental and the computed spectra is quite reasonable.
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In summary, these news compounds represent a series of novel interesting multifunctional
two-dimensional coordination polymers showing moderate electrical conductivity but a
significant reversible luminescent thermochromism.

Experimental Section

Materials and Methods

All the reagents were purchased from Sigma-Aldrich and used as received. FTIR spectra
(KBr pellets) were recorded on a Perkin-Elmer 1650 spectrophotometer. C, H, N, S
elemental analyses were performed by the Microanalysis Service of the Universidad
Auténoma de Madrid on a Perkin-Elmer 240 B microanalyser. Powder X-ray diffraction
experiments were carried out on a Diffractometer PANalyticalX'Pert PRO theta/2theta
primary monochromator and detector with fast X'Celerator. The samples have been analysed
with scanning theta/2theta. Direct current (DC) electrical conductivity measurements were
performed on different single crystals of compounds 1-3 between two carbon paint contacts.
The samples were measured at 300 K applying an electrical current with voltages form +10
to -10 V. Steady-state photoluminescence spectra were recorded with a Jobin-Yvon Horiba
Fluorolog FL-3-11 spectrometer using band pathways of 3 nm for both excitation and
emission. Phosphorescence lifetimes were recorded with an IBH 5000F coaxial nanosecond
flashlamp. Fluorescent lifetimes with a Data station HUB-B with a nanoLED controller and
DASG software. The lifetime data were fitted with the Jobin-Yvon software package.
Measurements at variable temperature were done with an Oxford Cryostat Optistat DN. The
lifetime data were fitted using the Jobin-Yvon IBH software DAS6 v6.1. The quantum
yields were measured in a Hamamatsu Photonics KK in solid. Computational Details. In
order to rationalize the experimental photoemission results obtained for the different
compounds, we have carried out first-principles DFT-based calculations of the many-body
excitation spectra for the 1-3 [CuzX(HT),], polymers. For that purpose we have applied
many-body perturbation theory via the Quasi-particle approximation GW correction[15] to
conventional DFT, combined to the Bethe—Salpeter equation (BSE)[16] as follows: i) first,
the ground-state electronic structure of the different polymers was obtained with the
QUANTUM ESPRESSO code[17] by using an LDA XC—functional[18] and norm-
conserving pseudopotentials;[19] ii) second, electronic quasi-particle corrections were
calculated within the GW approximation to the XC self-energy;[15] and iii) finally, the BSE
was solved for coupled electron-hole excitations[20] thereby accounting for the screened
electron-hole attraction and the unscreened electron-hole exchange. Steps ii) and iii) were
performed with the YAMBO simulation package[21]. The GW+BSE formalism: i) accounts,
by construction, for excitonic effects, which turn into significant in highly correlated
systems; ii) combines the excellent performance of the GW+LDA on the ground-state
electronic structure calculations with the high accuracy of the BSE for the calculation of
excitations; and iii) it is able to distinguish the response to each individual light-polarization
component for each particular excitation. In all the simulations we have used the structures
obtained by X-ray diffraction. For all the polymers, the residual forces acting on each atom
in all the calculations were below 0.1 eV/A, which is low enough to guarantee perfectly
converged and realistic results for such complex systems from a computational point of
view. Besides, a structural transition for the [Cuzl(HT),],, compound has been
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experimentally evinced from low temperature (L7) to R7 conditions. To obtain the
transition-state energy barrier between both structural configurations we have used the CI-
NEB approach,[22] implemented within the QUANTUM ESPRESSO package,[17] where
the initial, the final, and 12 intermediate image-states were free to fully relax.

Single Crystal X-ray Data Collection and Structure Determination. The X-ray diffraction
data collections and were done at 296(2) K and 100(2) K on a Bruker Kappa Apex Il
diffractometer using graphite-monochromated Mo-Ka radiation (A=0.71073 A). The cell
parameters were determined and refined by a least-squares fit of all reflections. A semi-
empirical absorption correction (SADABS) was applied for all cases. All the structures were
solved by direct methods and refined by full-matrix least-squares on F2 including all
reflections (SHELXL97).[23] Relevant data acquisition and refinement parameters are
gathered in Tables S1-S6. Crystal structured have been deposited at the CSD with deposition
numbers CCDC 1491209-1491214. Compound 3 crystallised in perfect inversion twins, and
although many attempts were made to select an untwinned single crystal, structures 3 and
3LT had to be solved from one of the two-domain inversion twins.

Synthesis of [CuzCI(HT)2], (1)

A solution of 4-mercaptophenol (130 mg, 1.00 mmol) in EtOH (10 mL) was mixed with
CuCl (150 mg, 1.50 mmol) in 5 mL of CH3CN and the mixture was sealed in a 23 mL
Teflon-lined stainless steel autoclave. The reactor was heated at 120 °C for 20 h followed by
slow cooling to room temperature. Bright yellow block crystals of 1 were obtained, washed
with CH3CN and Et,0, and dried on air (96 mg, 40% yield based on Cu). Anal. Calcd (%)
for C1oH1gCICu30,S,: C, 30.25; H, 2.12; S, 13.46. Found (%): C, 30.17; H, 2.25; S, 13.24.
IR (KBr, cm™1): 3160 (w), 1581 (m), 1490 (m), 1456 (s), 1436 (s), 1376 (m), 1280 (w), 1228
(s), 1159 (s), 1085 (s), 1009 (s), 825 (s), 811 (s), 632 (W).

Synthesis of [CuzBr(HT)2], (2)

The compound was synthesized as described for 1, except using CuBr (219 mg, 1.50 mmol).
Yellow block crystals of 2 were obtained (111 mg, 43% yield based on Cu). Anal. Calcd (%)
for C1oH1gBrCu30,S,: C, 27.67; H, 1.94; S, 12.31. Found (%): C, 27.21; H, 2.12; S, 12.19.

IR (KBr, cm™1): 3168 (w), 1581 (m), 1488 (s), 1444 (s), 1374 (m), 1280 (w), 1228 (s), 1159
(m), 1085 (m), 1009 (m), 824 (s), 810 (s), 632 (w).

Synthesis of [Cusl(HT)2]n (3)

The compound was synthesized as described for 1, except using Cul (291 mg, 1.50 mmol).
A pale yellow powder was obtained (87 mg, 31% yield based on Cu). Anal. Calcd (%) for
C12H10ICu305S,: C, 25.38; H, 1.77; S, 11.29. Found (%): C, 24.82; H, 1.89; S, 10.77. IR
(KBr, cm™1): 3158 (w), 1584 (s), 1491 (m), 1469 (s), 1379 (m), 1237 (s), 1161 (m), 1097
(m), 1085 (m), 1009 (m), 815 (s), 807 (s), 632 (m). Bright yellow crystals of 3 suitable for
single-crystal X-ray diffraction were obtained by using an excess of Cul (240 mg, 1.25
mmol) with 4-mercaptophenol (65 mg, 0.50 mmol) in 15 mL of a EtOH:CH3CN mixture
(2:1 in volume). The reactor was heated at 120 °C for 48 h and then slowly cooled down to
room temperature at a rate of 5 °C per hour.
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Figure 1.
Lateral view along the caxis of two adjacent layers in 1. Crystallographically different

copper atoms Cul and Cu2 are depicted in light blue and dark blue, respectively.
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Figure 2.
View of the inorganic part of one layer in the structure of 1 at room temperature (a);

coordination environments within the layer for copper atoms Cul (b top, in light blue) and
Cu2 (b bottom, in dark blue); and lateral view of the layer along the ¢ direction (c). Images
d, e and f show analogous views in the structure solved at 110 K (1LT).
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Figure 3.
View of the inorganic part of one layer in the structure of 3 (a), coordination environments

of copper atoms Cul (b top, in light blue) and Cu2 (b bottom, in dark blue); and lateral view
of the layer along the a direction (c).
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[CuCI(HT);],  [CusBr(HT);], [Cu,l(HT),],

| .

Figure 4.
Photographs of 1-3 as solid samples at 298 K and 77 K under the UV-lamp (A = 365 nm).
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Figure 5.

Normalized excitation (dotted line) and emission (continuous line) spectra of 1 (green), 2
(red) and 3 (blue) at 298 (a) and 110 K (b).
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Experimental photoemission spectra for the compounds 1 (a), 2 (b) and 3 (c) at different

temperatures (Aexc = 375 nm).
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Figure 7.
a) Quasi-particle GW+BSE-corrected DFT band-structure diagrams for the compounds 1, 2,

3(LT) and 3(RT) along the symmetry line I—;Z—ZY. b) 3D orbital isodensities (10
eA-3) for 1, 2 and 3(LT) for VB-1, VB, CB and CB+1.
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Figure 8.

Quasi-particle GW+BSE-corrected DFT excitation spectra for: (top) compounds 1, 2 and 3
at L7 conditions, and (bottom) compounds 3 and 3LT.
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Deviation average values of the bond angles of the copper atoms regarding 120°, and distance of the copper
atoms to the plane formed by sulfur and coordinated halides.

Compound Average deviation 120-a. (°)  Distance Cu-plane (A)
1 Cul 9.22 0.000
Cu2 4.76 0.114
2 Cul 10.86 0.029
Cu2 6.77 0.217
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Excitation wavelengths and oscillator-strengths within the Quasi-particle GW+BSE corrected DFT formalism
for the transitions VB-1/\VB—CB/CB+1 excitations for 1, 2, 3 and 3LT.

Transitions Wavelenght (nm)  Oscillator Strength (a.u.)
Compound 1

VB-1—CB 560.5 0.0827
VB-1—CB+1 556.3 0.1032
VB—CB 576.8 0.0245
VB—CB+1 581.1 0.1847
Compound 2

VB-1—CB 554.8 0.0564
VB-1—CB+1 543.5 0.1438
VB—CB 565.5 0.0673
VB—CB+1 572.7 0.2742
Compound 3

VB-1—CB 538.9 0.0327
VB-1—CB+1 548.4 0.1465
VB—CB 568.2 0.0345
VB—CB+1 597.1 0.1041
Compound 3LT

VB-1—CB 530.6 0.0327
VB-1—CB+1 522.3 0.1132
VB—CB 543.5 0.0345
VB—CB+1 531.7 0.2247
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