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Abstract: A study of high-pressure single-crystal X-ray diffraction and luminescence experiments
together with ab initio simulations based on the density functional theory has been performed for
two isomorphous copper(I) halide compounds with the empirical formula [CgHgCuy X,N»] (X = Br, I)
up to 4.62(4) and 7.00(4) GPa for X-ray diffraction and 6.3(4) and 11.6(4) GPa for luminescence,
respectively. An exhaustive study of compressibility has been completed by means of determination
of the isothermal equations of state and structural changes with pressure at room temperature, giving
bulk moduli of K = 14.4(5) GPa and K’y = 7.7(6) for the bromide compound and Ky = 13.0(2) GPa
and K'g = 7.4(2) for the iodide compound. Both cases exhibited a phase transition of second order
around 3.3 GPa that was also detected in luminescence experiments under the same high-pressure
conditions, wherein redshifts of the emission bands with increasing pressure were observed due to
shortening of the Cu—Cu distances. Additionally, ab initio studies were carried out which confirmed
the results obtained experimentally, although unfortunately, the phase transition was not predicted.

Keywords: equation of state; luminescence; high pressure; phase transition; copper halides

1. Introduction

Coordination complexes based on copper(l) halides with N-donor ligands have been
some of the most attractive and widely studied complexes over the last three decades [1-8].
This has been due to the variety of physical and chemical properties exhibited by the
copper(l) halide complexes, such as photo- and electroluminescence, nonlinear optics,
and electrical conductivity. In particular, the electrical conductivity properties lead to
many potential technological applications [9-17], such as light-emitting diodes (LEDs) [18],
organic light-emitting diodes (OLEDs) [19-22], simpler light-emitting electrochemical cells
(LECs) [23-27], biosensors [28], or solar energy conversion [29-31].

Systems based on these copper(I) halide complexes are very interesting because copper
(Cu) is more abundant and less expensive than noble or rare earth metals. Copper halides
also exhibit remarkable structural diversity [2,4,32]. Specifically, the d'° electron configura-
tion of Cu! does not lead to a pre-defined spatial configuration of the ligands; rather, the
coordination sphere is determined by molecular mechanics and electrostatic factors. The
halide ions exhibit four pairs of electrons in the outer shell and can therefore coordinate
with four Cu! ions. When a nitrogen-centered Lewis base is added to a Cu! halide, the
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coordination number of the halide ions is reduced, resulting in a cluster of Cul salt (CuX)y.
This can give rise to interesting geometries such as mononuclear copper(I) complexes [33],
square dimers [34], cubane tetramers [35], or polymers in one or two dimensions [36-39].

Regarding the photo-physical properties of metal complexes, they are intimately
related to the electronic configuration of the metal center and the ligands around it. Cu'
with a d'0 electronic configuration has a completely filled d-subshell, which excludes the
possibility of d—d electronic transitions. Therefore, the luminescence of these d'° copper(I)
complexes arises from other types of electronic transitions, including metal-to-ligand
charge transfer (MLCT), ligand-to-metal charge transfer (LMCT), and ligand-to-ligand
charge transfer (LLCT). The presence of other types of interactions is also possible. For
example, transitions involving the CuX cluster core, whereby a combination of halide-
to-metal charge transfer (XMCT) and metal-cluster-centered d' — d’s! (MCC) charge
transfer occurs due to the weak attractive d'°-d'0 interactions between the Cu! ions in the
cluster. In this latter case, known as cuprophilic interaction, the intensity of the interaction
is directly connected with the Cu-Cu distances, which play an important role. Cuprophilic
interaction has been observed experimentally in systems which exhibit luminescence for
Cu—Cu distances shorter than twice the Cu van der Waals radius (2.8 A). In addition, the
d' configuration favors tetrahedral four-coordinate environments of the ligands around
the metal center Cul! [40]. Pressure is a valuable thermodynamic variable which can be
used as a tool to induce, in a continuous way, changes in the crystal structure and the
immediate coordination complex environment, thereby provoking changes in the emission
spectra [41,42]. Therefore, high-pressure techniques allow us to relate structural changes
with optical properties.

Despite the large number of studies into copper(I) halides, there has historically been a
deficit of research into these systems under extreme conditions of temperature or pressure,
with still fewer publications utilizing ab initio studies for comparison with experimental
results. Pressure and temperature are external stimuli which both affect intermolecular
interactions, molecular packing, and structural parameters, thereby affecting emergent
physical and chemical properties. Knowledge of how the properties of copper(I) halide
complexes are affected by these different external stimuli is essential for technological
applications [15,43]. In recent years, this situation seems to be changing with the publi-
cation of studies into how temperature [12,44,45] and pressure [31,36-39,46,47] affect the
luminescent properties of Cu! iodide complexes.

In this work, we present the pressure-induced changes in the crystal structure and
luminescence properties of the 2D isomorphous coordination polymers [(CuX),(Quin)]
(X =Br, I and Quin = quinoxaline) at room temperature.

2. Materials and Methods
2.1. Synthesis of [(CuX),(Quin)] with X = Br, I

The compound [(CuBr),(Quin)] was prepared by mixing an equimolar amount of
CuBr (0.1 g, 6.9 mmol) dissolved in 20 mL of acetonitrile with quinoxaline (0.09 g, 6.9 mmol)
dissolved in 10 mL of acetonitrile. A red-orange precipitate immediately formed. The
precipitate was filtered off. This powder was recrystallized from acetonitrile, and orange
single crystals suitable for X-ray diffraction were obtained by slow evaporation of the
solvent over 1 week. The compound [(Cul),(Quin)] was prepared from Cul (0.2g, 1.05mmol)
and quinoxaline (0.13g, 1mmol) following the same procedure as described above for the
equivalent bromine compound [(CuBr),;(Quin)].

Elemental analysis. [(CuBr),(Quin)] Found: C, 22.9; H, 1.4; N, 6.6%. Calcd: C, 23.0; H,
1.5; N, 6.7%. [(Cul)>(Quin)] Found: C, 18.5; H, 1.2; N, 5.4%. Calcd: C, 18.8; H, 1.2; N, 5.5%.

2.2. X-ray Diffraction Measurements

At ambient conditions, we used an Agilent SuperNOVA diffractometer equipped
with an EOS detector (CCD) and a Mo radiation micro-source. Data were collected and
processed using CrysAlisPro software [48]. The structures for both compounds were solved
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and refined using the SHELXT and SHELXL programs [49,50]. The PLATON program [51]
was used for geometric calculations.

For high-pressure (HP) X-ray measurements, we used the Agilent SuperNOVA diffrac-
tometer for the bromine compound [(CuBr),;(Quin)]. The equivalent iodine compound
[(Cul)2(Quin)] was measured at the MSPD beamline at ALBA synchrotron with a focused
beam of 15 x 15 um? (FWHM) and a Rayonix SX165 CCD detector (Figure S1 in Supporting
Information). The synchrotron X-ray energy used was 38.9 keV (A = 0.3185 A), selected
from the La absorption K-edge. The sample-to-detector distance (240 mm), beam center,
and detector tilt were calibrated from LaBg (NIST) diffraction data measured under the
same experimental conditions as the HP experiments. For each pressure, data collection
was performed by rotating the DAC around the omega axis in small steps (0.2°) from —30
to 30°. The data were processed using CrysAlisPro software through Esperanto conversion.

For both samples, a single crystal of the compound was placed into a Diacell Bragg-
Mini diamond anvil cell (DAC) from Almax-EasyLab (Figure S2 in Supporting Information),
with an opening angle of 90° and anvil culets of 500 pm in diameter. The DAC was
fitted with a stainless gasket of 60 um thickness containing a hole of 200 pm in diame-
ter. A small ruby sphere was placed next to the sample on one of the diamond anvils
(diffraction side) as a pressure sensor and measured using the ruby R; fluorescence
line [52]. A methanol-ethanol-water mixture (16:3:1) was used as the pressure-transmitting
medium (PTM). This PTM remains hydrostatic in the range of pressures used in our
experiments [53,54], thereby minimizing deviatoric stresses which can cause incorrect
values for the bulk modulus to be determined [55].

Structures were refined using results from the previous pressure as a starting point,
and they were refined on F? by full-matrix least-squares refinement using the SHELXL
program. Due to limitations of the opening angle of our DAC, it was only possible to
observe about 30% of the reflections which were observed outside of the DAC at ambient
conditions. In general, structure refinements were performed with isotropic displacement
parameters for all atoms except for the heavy atoms (Cu, Br, or I) that were refined with
anisotropic displacement parameters whenever they did not become non-positive. In
the case of the [(CuBr),(Quin)] compound, constraints were introduced to maintain the
planarity of the organic ligand as well as to adjust certain thermal factors influenced by
the quality of the intensities measured during the HP experiment, which significantly
decreased after the phase transition. Hydrogen atoms were included in the final procedure
in the same way as for ambient conditions.

2.3. High-Pressure Optical Measurements

Two different setups were used to obtain the high-pressure emission spectra. The first
setup consisted of a 375-nanometer continuum diode laser as the excitation source and a
0.75-m single grating monochromator (Spex 750 M) equipped with a cooled photomultiplier
(PMT) (Hamamatsu 928b) for detection. The second setup consisted of a 532-nanometer
diode laser as the excitation course and a commercial scanning confocal Raman instrument
(Renishaw InVia) with a cooled CCD for detection, where a 20 x SLWD objective was used
to achieve a laser-spot diameter of less than 5 um. The luminescence of the [(CuBr),(Quin)]
compound was obtained with the second setup, while for the [(Cul);(Quin)] compound,
both setups were used. All the spectra have been corrected for the instrument response. A
miniature DAC (Figure S2 in Supplementary Information) designed at the University of
Paderborn (Germany) was used for high-pressure experiments using the same hydrostatic
pressure-transmitting medium and pressure sensor as for the high-pressure X-ray diffrac-
tion experiments. Lifetime measurements were carried out by exciting with an Optical
Parametric Oscillator (OPO) (EKSPLA /NT342/3UVE). The emission was focused onto a
0.32-m monochromator (Jobin Yvon Triax 320) coupled with a cooled PMT (Hamamatsu 928P)
and recorded and averaged using a digital storage oscilloscope (LeCroy WS424).
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2.4. Computer Simulations

Combining ab initio simulations with experimental studies of materials under high
pressure has proven to be a very powerful technique [56]. In this work, we have performed
first principles simulations in the framework of density functional theory (DFT) using the
Vienna ab initio simulation package (VASP) [57-59]. A generalized gradient approximation
(GGA) with the Perdew—Burke-Ernzerhof (PBE) functional [60] was used to describe
the exchange-correlation energy. We have also included the van der Waals dispersion
energy correction employing the Grimme D3 method [61] to take into account the weak
interactions. Interactions among the core and the valence electrons were treated with
pseudopotentials through the projector-augmented wave scheme (PAW) [62] to solve the
Schrodinger equation. A plane wave basis with an energy cut-off of 520 eV was used,
which assures high accuracy in the results. The integration over the Brillouin zone (BZ)
was performed with a Monkhorst-Pack scheme [63] grid of 8 x 2 x 2, which ensures high
accuracy in the results since we are working with a primitive cell of 80 atoms in general
positions. The structural parameters of the crystalline structures and the atomic positions
have been relaxed at selected volumes. During the process of relaxation and optimization
of the structures, it was required that the forces on the atoms were less than 0.003 eV /A,
and the stress tensor was diagonal with differences below 0.1 GPa, to ensure hydrostaticity.

3. Results and Discussion
3.1. Structural Analysis

The main single-crystal X-ray diffraction data and structure refinement parameters at
ambient conditions for [(CuBr),(Quin)] and [(Cul)2(Quin)] are reported in Table 1. Only
the structure of [(Cul);(Quin)] has been previously reported [2,32]. Both compounds are
mutually isomorphous and can therefore be described using the iodide compound as the
reference. The asymmetric unit is shown in Figure 1. When expanded, the asymmetric unit
results in polymeric 2D layers with a staircase motif as copper bromide/iodide is situated
parallel to the g-axis (Figure 2).

Q"
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c3
o2 N1l
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Cul é - I1 °N

-9

Figure 1. Thermal ellipsoids plot (50%) and labeling scheme for compound [(Cul);(Quin)] at ambi-
ent conditions.
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Table 1. Summary of single-crystal X-ray diffraction crystal data and structure refinement parameters
for [(CuBr);(Quin)] and [(Cul),(Quin)] at ambient conditions.

[(CuB1)2(Quin)] [(Cul)2(Quin)]
Formula C8H6N2CUZBI'2 C8H6C11212N2
Dygre/g cm™3 2.806 3.164
p/mm~! 12.355 9.678
Formula weight 417.05 511.03
Color Dark orange Dark yellow
Size/mm? 0.14 x 0.05 x 0.03 0.07 x 0.03 x 0.02
T/K 293(2) 293(2)
Crystal system Monoclinic Monoclinic
Space group P2y /n P21 /n
a/A 4.1080(2) 4.3722(2)
b/A 17.6594(7) 17.7218(7)
c/A 13.6139(9) 13.8630(5)
w/° 90 90
B/° 91.496(6) 92.886(4)
v/° 90 90
V/A3 987.28(9) 1072.79(8)
V4 4 4
Wavelength/A 0.71073 0.71073
Radiation type Mo K, Mo K,
Oin/° 1.889 1.867
Omax/° 29.163 26.370
Measured refl’s. 4422 4010
Independent refl’s. 1974 2199
Refl’s1 > 2 o(I) 1629 1835
Rint 0.0236 0.0292
Param./Restr. 127/0 127/0
Largest peak 0.658 0.684
Deepest hole —0.798 —0.795
GooF 1.138 1.057
wR; (all data) 0.0699 0.0638
wRy 0.0656 0.0598
R (all data) 0.0529 0.0517
Rq 0.0386 0.0376
= e 4 ™ 4
r{ »;} y x o ) -t?'- _Qf;) {} /q\‘;a € A ’j Dy
-t - 'J;) ﬁ’ - X / 7‘5 . 4 ‘-. o 9=
Vo e L ¥ et v o S
a ¢ X . -
na fzi) P 5) x 'ﬁf;.ﬁ:} QJ \b/ ”;;_Qf
--SQ‘Q__ ] = ) - =
ST e B G, SoU Lo

Figure 2. Cont.
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Figure 2. View of the stacking 2D layers along the c-axis (upper) and view of the staircase motif
parallel to the a-axis (lower) for the complex [(Cul),(Quin)].

Each Cu' atom is coordinated to three adjacent halogen ions over a range of 2.4584(8) A
to 2.5942(11) A for [(CuBr),(Quin)] and 2.6275(10) A to 2.7030(10) A for [(Cul)z(Quin)].
In both cases, the Cu' atom is also coordinated by one of the nitrogen donors from the
quinoxaline ligand, which bridges the adjacent Cu-X staircase, resulting in the formation of
2D sheets. Typically, a single geometric index [64] called 14 is used to describe the shape
of this four-fold coordination environment, which takes a range of values from 1.0 for
perfect tetrahedral configuration to 0.0 in the case of perfect square planar configuration.
In this study, the 74 values were 0.88 (for Cul) and 0.93 (for Cu2) in [(CuBr),(Quin)] and
0.87 (for Cul) and 0.92 (for Cu2) in [(Cul)>(Quin)], indicating a distorted trigonal pyramidal
configuration. The quinoxaline adopts an arrangement in order to maximize the -7
interactions. Neighboring 2D sheets are related by inversion symmetry and are separated
by half the c-axis.

The geometric parameters for the [(CuX),(Quin)] at ambient conditions agree with
the values obtained in a search in the CSD (v5. 43) [65] for similar structures. The average
values found in the CSD for Cu-Br, Cu-I, and Cu-N were 2.50(8) A, 2.63(5) A, and 2.06(7) A,
respectively. Similarly, the Cu-Cu distance was 2.9(3)A when bromine atoms were involved
and 2.8(3) A when iodide atoms were involved. According to the structural analysis of the
present work, all values fall within the expected ranges: 2.53 A (Cu-Br), 2.02 A (Cu-N), and
2.83 A (Cu—Cu) for [(CuBr);(Quin)], and 2.68 A (Cu-I), 2.05 A (Cu-N), and 2.79 A (Cu—Cu)
for [(Cul)z(Quin)].

The bond angles determined in this work are also consistent with those reported in the
literature. The average value for the [-Cu-N angle calculated from the CSD was 110(7)°. In
this work, it was found to be 111.3(2)° and 112.2(2)° for [(CuBr),(Quin)] and [(Cul),(Quin)],
respectively. In the case of X-Cu-X (with X = Br, I), the range found in the CSD is between
93 and 120°, and all values for both compounds fall within this range.

With respect to the intermolecular interactions, the perpendicular stacking distance
between quinoxaline layers was around 3.33 A (4.1080(3) A for [(CuBr),(Quin)] and
4.3722(2) A for [(Cul)z(Quin)] Cg—Cg distance), indicating weak 7— interactions.

High-pressure experiments were conducted at room temperature. The dependence of
the unit cell parameters on pressure is shown in Figure 3. Although the behavior of the
volume does not show any discontinuity, there was a significant change in the behavior of
the angles in the unit cell parameters, where the « and y angles differed from their original
values of 90° at around 3.5 GPa for [(CuBr),(Quin)] and 3.2 GPa for [(Cul),(Quin)], with
the B angle increasing smoothly with pressure. Therefore, it can be concluded that there
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was a phase transition of second order, since there is no discontinuity in the dependence of
volume with pressure, where the sample transitioned from a monoclinic phase (P2;/n) to a

triclinic phase (P-1).
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Figure 3. Pressure dependence of the cell parameters and volume for [(CuBr),(Quin)] (top) and
[(Cul)2(Quin)] (bottom). The dashed magenta line marks the phase transition zone. Error bars are

smaller than their respective symbols.

Cu—Cu interactions are shown in Figure 4. In the low-pressure monoclinic phase
(P21 /n), we observed three different Cu—Cu interactions imposed by the symmetry (red,
black, and dashed blue lines). In the high-pressure triclinic phase (P-1), the number
of different Cu—Cu interactions increased up to five (red, black, green, magenta, and
dashed blue lines). A similar situation occurred with the other bond distances (Cu-I and
Cu-N, Figures S3 and S4 in Supplementary Information). Regarding the bond angles,
the N-Cu-X (X = Br, I) angles presented the most significant changes after the phase
transition (Figure 5). The other parameters produced only a slight distortion (gliding
movement) of the Cu-X staircases which is associated with a slight decrease in the space
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between the quinoxaline ligands, which maintained their planarity and orientation, with
an additional small displacement of the ligands relative to one another (Figure S5 in
Supplementary Information).

o —
4.20 4.50
i G--G-“'@ mﬂ.*. 000
roo] w | © ©-o-g- g
~ 3.80 . 4.00-
< =
w w
83'60_ . 1
= 4 =
w i
©3.40 2 3.504“1.‘.
= =
; | .'\i\.\.\“\.\. B0 Z V»V'-\_r’nv‘-v_‘_v_“v
Y3204 o o - Bag
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Fme
“ 3.00 v U3_007 B
2.80 | M gt AT
- 1 ﬁ—
“\‘*MH B O G0-o-g
260 — T 77T 250 ——7— 77T 1111
0 1 2 3 4 o 1 2 3 4 5 6 7

Pressure (GPa) Pressure (GPa)

Figure 4. Variation in Cu—-Cu distances with pressure for [(CuX);(Quin)] (X = Br, I). Upper plots cor-
respond with the scheme of distance variation before and after the phase transition: monoclinic (left)
and triclinic (right). Different colored arrows correspond to different Cu—Cu interactions. The bottom
part of the figure shows the Cu—Cu distances for [(CuBr),(Quin)] (left) and for [(Cul);(Quin)] (right)
as a function of pressure. Error bars are smaller than respective symbols. Colored lines correspond
with the different Cu—Cu interactions shown in the upper part of the figure.
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Figure 5. Variation in N-Cu-X (X = Br, I) angles with pressure for [(CuBry(Quin)] (left) and
[(Culz(Quin)] (right). In the right-hand figure, the label ‘Staircase (I)’ corresponds to the Cul atoms,
while “Staircase (II)" corresponds to the Cu2 atoms.

3.2. The Equation of State Analysis

The determination of the variation in volume with hydrostatic pressure at a fixed
temperature is known as isothermal equation of state (EoS) analysis, whereby the volume
variation is characterized by the bulk modulus (K) and its pressure derivatives (K’, K”, ... ).
We calculated such parameters for both compounds using a Birch-Murnaghan (BM) EoS
model using EoSFit7-GUI software [66,67]. In order to assign the correct order to be used in
the fitting, we have to represent the normalized pressure (F) against finite strain (f) (i.e., f-F
plot). In both cases, we can observe a linear behavior with a positive slope, indicating that
volume can be fitted with a third-order BM EoS, as can be seen in Figure 6.

The bulk modulus (Kj) and its first derivative (K'g) were 14.4(5) GPa and 7.7(6) for
[(CuBr),(Quin)] and 13.0(2) GPa and 7.4(2) for [(Cul),;(Quin)], respectively.
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Figure 6. Cont.
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Figure 6. f-F plots and EoS BMS3 fit for volume variation for [(CuBr);(Quin)] (upper) and
[(Cul)2(Quin)] (lower). Dashed red curves represent the EoS fitting results. Orange curves are
the DFT simulations using the PBE + D3 model.

In general, this type of compound has a very anisotropic compression, especially when
the compounds crystallize in monoclinic or triclinic systems. From Figure 3, we can observe
this phenomenon, whereby the c-axis is substantially softer than the b- and a-axes. The bulk
modulus obtained for both compounds falls in the range of 10-20 GPa, which is typical
for organometallic compounds [68]. A quite similar case is the 2D coordination polymer
with the formula Cuyl;(2-aminopyrazine) [36], where the bulk modulus (Ky) and its first
derivative (K'g) were 14.1(3) GPa and 7.4(2), respectively, using the same EoS model (BM3)
in the fitting calculations. For similar staircase polymers of Cu' iodides (1D), the bulk
moduli were slightly smaller at around 10 GPa [37,46], and the exceptionally small bulk
modulus of 7.5(4) GPa for Cul(3,5-dichloropyridine) [38] was probably due to the existence
of a phase transition of the first order at 6 GPa. For 0D cases, such as a Cuyly cluster with
different organic ligands [47], the trend is that the bulk modulus is even smaller (K around
9 GPa or less). Therefore, we can conclude that the coordination dimensionality in this type
of compound influences the compressibility values. In cases where the compressibility is
high, this can be attributed to the deformability of the intermolecular interactions.

Unfortunately, the simulations carried out in this investigation (not only with the
PBE + D3 functional but also with other commonly used functionals such as PBESol)
have not reproduced the phase transition that was experimentally observed in both com-
pounds. The simulation study shows us that in both compounds, the most favorable energy
configuration is the monoclinic one rather than the triclinic one, as can be seen in Figure 7.

-496.0

496.2+
496.4+

—496.6

Energy (eV)

—496.8

—497.0

J — Monoclinic
== Triclinic

T T T T
3.0 3.5 4.0
Pressure (GPa)

4.5

493.0

—493.5+

Energy (eV)

—494.0

— Monoclinic
==+ Triclinic

T
1
1
1
1
1
1
1
'
1
|
1
1
1
1

.
q
|
1
1
1
1
1
1
|
1
1
1
1
t

2.0

2.5 3.0 3.5
Pressure (GPa)

4.0

Figure 7. Energy curves of DFT simulations for [(CuBr),(Quin)] (left) and [(Cul),(Quin)] (right)

considering monoclinic or triclinic phases.



Crystals 2023, 13, 100

11 of 19

3.3. Luminescence Properties under Pressure

In both samples, asymmetric emission bands were observed, exhibiting their multi-
component character. To follow the pressure-induced evolution of the peak maxima of the
emission bands, the center of gravity (centroid) (N1) was used, defined as follows:

TS AI(A)dA

= e @)
—+o00
o2 I(A)dA
The [(CuBr),(Quin)] emission spectra with increasing pressure were recorded up to
6.3 GPa, with an excitation source wavelength of 532 nm (Figure 8 left). The spectra consist
of a single asymmetric band that can be deconvoluted into three Gaussians (see Figure S5
in Supplementary Information).
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Figure 8. Pressure dependence of luminescence spectra of [(CuBr),;(Quin)] compound obtained at RT
under 532 nm laser excitation (left), and pressure evolution of the centroid (right).

At ambient conditions, the centroid of the band was around 720 nm, and when the
pressure was increased, two different behaviors were observed (Figure 8 right) in the
pressure interval from ambient to 6.3 GPa. In the first interval (0-3.2 GPa), a linear redshift
was obtained with a slope of around —89 cm~!/GPa. This tendency drastically changed
in the interval of 3.2-6.3 GPa with an opposite behavior, giving rise to a linear blue shift
around 149.2 cm~!/GPa. Upon releasing pressure, the original peak positions were almost
recovered.

A similar behavior was observed in the pressure evolution of the emission intensity,
with a pressure-induced decrease in intensity observed at pressures higher than 3.2 GPa up
to 6.0 GPa. The initial intensity was almost recovered after releasing pressure (see Figure 9).

In the [(Cul);(Quin)] compound, two different excitation wavelengths were used to
obtain the emission spectra, resulting in similar observed behaviors.

Under 375 nm excitation, the spectra consisted of two bands: one asymmetric band
centered at 750 nm, denoted as the low-energy band (LE), and another more symmetric
band centered at 510 nm, denoted as the high-energy band (HE). The LE band could be
deconvoluted into two Gaussian profiles (Figure S5). It is important to point out that in this
setup, the limit imposed by the response of the photomultiplier was around 850 nm, which
precluded measurements at higher wavelengths.
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Figure 9. Integrated intensity pressure dependence of the [(CuBr),(Quin)] compound.

Upon compressing the copper(I) halide coordination complexes, two different regimes
could be distinguished. The first regime is in the pressure interval between ambient and
2.9 GPa, where both the integrated intensity and the centroid of the band only exhibit slight
changes of 20% and —49 cm~!/GPa, respectively. The second regime is in the pressure
interval between 3.0 and 5.4 GPa, where a progressive decrease in the integrated intensity of
the band occurs until it is no longer observable beyond 6 GPa along with an enhancement
of the redshift rate up to —209 cm~!/GPa. These pressure-induced behaviors are depicted
in Figure 10, where clear changes can be seen around 3.0 GPa in the slopes of the peak
positions and in the integrated intensities (Figure 11). Upon decompression, the emission
behavior was almost fully recovered.
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Figure 10. Pressure dependence of luminescence spectra of [(Cul),(Quin)] compound obtained at
ambient temperature under 375 nm laser excitation.
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Figure 11. Integrated intensity pressure dependence of the [(Cul),(Quin)] compound.

Concerning the luminescence measurements obtained using an excitation wavelength
of 532 nm, similar pressure behavior was found, with bands that can be deconvoluted
into two Gaussian profiles (see Figure S5 in Supplementary Information). In this case, a
change in tendency was observed around 4.0 GPa. Initially, a linear redshift of around
—66 cm~1/GPa was found up to 4.0 GPa; then, up to 11.6 GPa, an increase in the redshift to
—112 cm~! /GPa was observed (Figure 12). Due to the 532 nm excitation, it was impossible
to observe the HE band appearing with 375 nm excitation.
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Figure 12. Pressure dependence of luminescence spectra of [(Cul),(Quin)] compound obtained at
ambient temperature under 532 nm laser excitation.

Additionally, the decay curves of [(CuBr);(Quin)] and [(Cul)2(Quin)] at ambient
conditions with an excitation wavelength of 375 nm were also obtained, showing non-
exponential behaviors, as expected (Figure 13), that can be related to the multicomponent
character of the emission bands. For comparison purposes, an average lifetime (<t>) was
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considered according to Equation (2), and values of 0.7 us and 0.3 ps for [(CuBr),(Quin)]
and [(Cul)2(Quin)] were found, respectively:

- O L(4)dt o
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Figure 13. Decay curves of [(CuBr),(Quin)] (red) and [(Cul),(Quin)] (black) obtained at ambient conditions.

The average lifetime obtained for the emission bands, around the order of microsec-
onds, allows us to consider the luminescence process as phosphorescence, which reflects
the triplet character of the emitter state [69].

In previous studies, the correlation between the structure of Cu! halide complexes and
their luminescent properties has been demonstrated [31,36-39,41-43,46,70].

As commented on in the Introduction section, the electronic configuration for Cu'
corresponds to d19. Therefore, since the d—d electronic transitions are excluded, charge
transfer transitions can be the only mechanisms responsible for the electronic transitions.
On the basis of DFT calculations, the HE band observed in the Cu!-based complexes is
usually ascribed to a mixed triplet metal-to-ligand charge transfer and triplet iodide-to-
ligand charge transfer transition 3(M + X)LCT. Moreover, the LE band is connected with
transitions in the CuX cluster core, exhibiting a combination of halide-to-metal >XMCT
and metal-cluster-centered *MCC) 40 — @°s!, which is independent of the nature of
the ligands.

The presence of structure in the emission bands reveals their multicomponent character
and clearly indicates the contribution of different excited states involved in this mechanism.
From the high-pressure X-ray experiments, some important information on luminescent
properties can be inferred. Firstly, at around 3.5 GPa and 3.0 GPa, a second-order phase
transition from monoclinic (P27 /n) to triclinic phase (P-1) took place for the [(CuBr),(Quin)]
and [(Cul),(Quin)], respectively. In the low-pressure P2;/n phase, three different Cu—-Cu
distances were observed, of which only one was equal to or shorter than the minimum
distance required for so-called cuprophilic interactions, established as 2.8 A for the Cu(I)
ions [70]. This is depicted by solid red diamond symbols in Figure 4, with distances
at ambient conditions of 2.8293 A and 2.7869 A for [(CuBr),(Quin)] and [(Cul),(Quin)],
respectively. The pressure evolution of the Cu-Cu distances consisted of shortening at
different rates depending on the sample and the pressure range. For [(CuBr);(Quin)],
the change in Cu—Cu distance was —0.0396 A /GPa for the low-pressure P2;/n phase
(0-3.5 GPa), which then stabilized or showed a slight increase in the high-pressure P-1
phase (Figure 4, left). Unfortunately, the X-ray diffraction pressure measurements were
limited to 4.5 GPa. For the [(Cul)2(Quin)] sample, the change in Cu—Cu distance in the
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P2; /n phase (0-3.0 GPa) was around —0.0289 A/ GPa and was around —0.0134 A /GPa in
the P-1 phase (3.2-7.0 GPa), thereby revealing the same tendency over the whole pressure
range studied.

The redshift of the emission bands with the shortening of the Cu—Cu distances is one
of the main features of the cuprophilic interaction, since from molecular orbital theory, it is
known that the Cu-Cu distances in the lowest unoccupied molecular orbital (LUMO) have
a bonding character [71] which increases with the shortening of the Cu—Cu distances. In
this context, some correlation with the observed experimental results can be drawn. For
example, the [(CuBr),;(Quin)] complex in the low-pressure P2; /n phase showed a redshift
of the emission centroid concurrently with shortening of the Cu-Cu distances of around 5%
in the 0-3.5 GPa pressure interval. In the high-pressure P-1 phase, the opposite tendency
was observed—that is, a blueshift occurred while the Cu—Cu distances stabilized or even
increased. The latter behavior can be connected with the rigidochromism effect, which is
observed when the environment becomes more rigid and is connected to metal-to-ligand
charge transfer (MLCT) excited states [72] and consists of a blue shift of the emission band.
It seems that in the [(CuBr),(Quin)] compound, at least two independent excited states
are competing: the metal-cluster-centered (*MCC) d'* — d°s! transition and the SMLCT.
Considering the fact that the emission data have been interpreted using the centroid, which
is itself an average value, it can be interpreted that in the P2;/n phase, the MCC state
predominates over the >MLCT state, and that in the P-1 phase, the roles are reversed.

For the other complex, [(Cul)2(Quin)], the same tendency was observed over the whole
pressure interval (0 GPa to 11.5 GPa). In the P2; /n phase, as can be seen in Figure 4, the
variation in the Cu—-Cu distances was less than 5% in the 0.0-3.0 GPa interval. Accord-
ingly, small differences in the shifts of the centroids of the emission bands were observed
(—49 cm~1/GPa and —70 cm~!/GPa) in this interval for excitations at 375 nm and 532 nm,
respectively, that were more pronounced in the triclinic (P-1) phase (—209 cm~'/GPa and
—100 cm ! /GPa) in the 4.0~7.0 GPa interval. Unfortunately, beyond 7.0 GPa, there is no
information about the Cu—Cu distances since X-ray diffraction data were not acquired at
these pressures, although the evolution of the emission spectra characterized by redshifts
suggests a progressive shortening of the Cu-Cu distances. These distances correspond
to the blue closed and open square symbols in Figure 4, which suggest that the Cu-Cu
distances decrease below 2.8 A for pressures over 7.0 GPa since decreases of around 14%,
from 3.5105 A (AC) to 3.0306 A (7 GPa), were already observed. Therefore, in this complex,
the metal-cluster-centered (*MCC) d'° — d%s! transition is expected to be the dominant
charge transfer mechanism.

4. Conclusions

We have performed a structural and luminescence study of a 2D polymeric staircase
copper(l) halogen (halogen = bromine or iodine) with quinoxaline as an organic ligand.
The high-pressure X-ray diffraction showed a phase transition of second order at around
3.3 GPa for both compounds whereby the cell parameters changed from the monoclinic to
the triclinic crystal system. The compressibility study determined similar values in both
compounds for the bulk modulus and its first derivate. The geometric changes revealed that
the main structural variations occurred in the distortion of the ladder, with predominantly
gliding versus folding movements affecting the Cu—-Cu interactions. In general, the lumines-
cence spectra showed asymmetric bands that reflect their multicomponent origin relating to
the excited states involved in the transitions. The non-exponential decay curves confirmed
this hypothesis, with averaged decay time data on the order of microseconds indicating the
triplet character of the emitter states. Different behaviors of the pressure evolutions were
observed for both compounds. With regard to [(CuBr),(Quin)], a change in the tendency of
the emission centroid from redshift to blueshift was observed around 3.5 GPa, which agrees
with the phase transition pressure from the monoclinic P2;/n phase to the triclinic P-1
phase. From this, a combination of metal-cluster-centered (*MCC) d'* — d°s! (cuprophilic)
and 3MLCT excited states were considered competing emitter states. In the 0-3.5 GPa



Crystals 2023, 13, 100 16 of 19

interval, the former dominated, but after the phase transition, the rigidochromism effect
became more important. In the [(Cul);(Quin)] compound, the same tendency (redshift)
was observed over the whole pressure range studied (0-11.5 GPa), although different rates
were observed around the phase transition. In this case, metal-cluster-centered (®MCQ)
d9 — @°s! transition seemed to be the dominant mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13010100/s1, Figure S1: Instrumental setup used for HP
experiments. On the left, a SuperNOVA diffractometer with EoS CCD detector. On the right, HP
Station in MSPD-BL04 (ALBA Synchrotron) with Rayonix SX165 CCD Detector; Figure S2: Bragg-Mini
DAC (Almax EasyLab company) with 500 um diameter in the culets of diamonds (top). Paderborn
Mini DAC with 400 um diameter in the culets of diamonds (bottom); Figure S3: Normalized distances
for Cu-N for (CuX)2-Quin (X = Br, I) compounds; Figure S4: Normalized distances for Cu-X for
(CuX)2-Quin (X = Br, I) compounds; Figure S5: Room temperature emission spectrum fitted to three
Gaussian profiles for (CuBr)2-Quin (top) and (Culr)2-Quin (bottom) compounds; Table S1: Crystal
data and structure refinements for (CuBr),-Quin sample at different pressures (0.00-4.67GPa) at room
temperature; Table S2: Crystal data and structure refinements for (Cul),-Quin sample at different
pressures (0.00-7.00GPa) at room temperature.
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