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Structural studies, thermochromic luminescent
properties and crystal-to-crystal transformation of
a double-stranded Cu'-I-bisquinoline coordination
polymer

Cristian Pinzon-Vanegas, 2@ Jorge J. Villa-Rivera,® Victor Sdnchez-Mendieta, (2°
Diego Martinez-Otero,” Joaquin Barroso-Flores, (2° Alfredo R. Vilchis-Nestor, (2°

Ginés Lifante-Pedrola, {2 ¢ Pilar Amo-Ochoa {2 % and Alejandro Dorazco-
Gonzalez (2 *2

The development of thermochromic luminescent materials with reversible chemical transformation
capabilities based on earth-abundant metals is a central topic in materials chemistry. While several
stimuli-responsive materials have been reported, compounds that respond to physical stimuli and can
undergo single-crystal-to-single-crystal transformations (SCSC) are still rare. Herein, a new color-
emitting Cu' coordination polymer (CP), P{[Cu(u-N,(L)2]-(CHsCN)}, (L = synthetic ligand, N?N®-
bis(quinolin-5-yl)pyridine-2,6-dicarboxamide), CP1 was prepared, structurally described by single crystal
X-ray diffraction at different temperatures and studied in detail as a multi-responsive luminescent
material to temperature and mechanical force in the solid state. Upon excitation at 413 nm and low
temperature of 97 K, CP1 displays intense orange emission at 618 nm which is linearly quenched up to
191 K, subsequently, its emission is weakened under ambient conditions. The cuprophilic interactions
(dcu—cu- 2.848 A) formed at low temperature are particularly responsible for the intense color emission
as evidenced by crystallographic studies and DFT calculations. Upon mechanical grinding of crystalline
CP1, the amorphous material (CP1-G) presents a bright orange emission at 620 nm with a quantum yield
of 0.51 and bi-exponential lifetime of 7y = 2.17 pus and 11 = 7.62 pus at ambient conditions. Based on
multiple analytical tools (fluorescence, quantum yields, PXRD, IR-ATR, and and SEM
observations, this color emission is attributed to a desolvation process, involving CHzCN molecules’

lifetime)

release and formation of cuprophilic interactions. Mechanochromic luminescence and the crystalline
phase of CP1 can be reversibly restored by exposing the amorphous material to CHsCN vapors.
Furthermore, CP1 exhibits a reversible SCSC transformation whereby the 1D-double-stranded stair
polymer is converted into a 1D zigzag chain P[Cul(L)], CP2, by controlled heating with drastic changes in
the Cu' coordination environment and in the crystal lattice. This work showcases the potential of Cu'-I-
bisquinoline-based materials for new applications.

modifications of physical or chemical environments, such as
temperature, mechanical force or solvents, remains an active
topic of research and an ongoing challenge in materials
chemistry.*™ Among these multi-stimuli-responsive
compounds, those that emit in the visible spectral region are
highly desired in manifold fields of science and technology
owing to a plethora of applications in sensing of chemical-

luminescent molecular
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physical parameters, actuation and optical storage devices.>”
Fluorescent multi-stimuli compounds with mechano-,
thermo- or solvatochromism have been dominated by synthetic
organic crystals, arising from elastic w-conjugated structures
derivative of carbazole,*®*' cyanostyrene,""* helicenes,™ tri-
phenylenes'*** benzofulvene,'® and donor-acceptor fluorescent
dyes.>'”'® Typically, these organic dyes exhibit intense color

© 2026 The Author(s). Published by the Royal Society of Chemistry
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emission in the nanosecond range®*>'®* and display efficient
chromic responses to outer stimuli. However, they still suffer
from some drawbacks such as too laborious synthesis, and
short-live emissions, which may hamper their desired applica-
tions.” In the field of chromic stimuli-responsive materials,
species which display long-lived emission in the microsecond
range are of interest since their emission may be discriminated
readily from scattered light and shorter lived background
settings present in the real enviroments.>** In this line, the
literature features some heavy-metal-based complexes (Au', Pt",
1r'"™) bearing P/N-donor ligands with phosphorescence depen-
dent on temperature and mechanical stress.”**” Additionally,
there are phosphorescent Ln""-based complexes depicting
a sub-group of external conditions responsive materials, such as
thermal, magnetic, conductive, and mechanical parameters.?®**
This class of precious and rare-earth metal compounds have
predominated in the field of inorganic outer stimuli-responsive
photochemical materials. However, their intended applications
are seriously hindered due to their low commercial availability,
high cost and toxic waste in the mining extraction.*® In this
context, molecular strategies for the creation of color emitting
compounds with cheap, low-toxic and earth-abundant metals
capable of modifying their emission by stimuli such as
temperature or mechanical force, are of immerse importance
for sustainable scientific applications.’>**

In recent decades, diamagnetic Cu'-I-based compounds
have emerged as a viable alternative for the development of
chromatic luminescent materials, because they exhibit multiple
color long-live photophysical mechanism?® originated from
excited triplet states derivative of metal-to-ligand charge trans-
fers (*MLCT) and d'°-d"® cluster-centered (*CC) transitions
(Cu', 3d" — 3d°4s").*® The use of I" anion favors the spin-
orbit coupling (SOC), transitions between different multiplici-
ties and the emission properties.* It is well-known that the
color emission properties originated from cuprophilic interac-
tions are strongly influenced by the molecular environment
around the Cu'-cluster, such as solvents, temperature and
mechanical stress.****

Cu'-1 complexes bearing P/N/S-donor ligands (L) have drawn
attention for their appealing structural diversity that include
dimers [Cu,L,L,],**™*  trimers [Cusl;L,],** cubanes
[Cu,L,,L,),**°0%5%°  hexamers [CugleL,],*® single chains
P[CulL,,]«,*** double chains 'P[Cu,I,L,]****** and layered
networks *°[Cu,I,L,,].*>”*"* Closed Cu'---Cu’ interactions have
contributed to achieve innovative structures striking emissive
features.*>”>7

Cu'-1 complexes exhibit a wide set of geometries in the metal
cluster due to the relatively small energy difference between the
polymorphs where the final structure strongly depends on the
synthetic conditions. In this line, the single-crystal-to-single-
crystal transformation is an exciting topic and feasible prop-
erty for these Cu'-I materials; however, to date it has been little
explored, compared to their optical or catalytical properties.>>”*
In general, understanding the photophysical and chemical
mechanisms present in Cu'-I-based chromatic materials that
respond to multiple stimuli in the solid state remains
a challenge.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Recent reports in nanochemistry have shown that [Cu,I,(-
aminopyrazine)]-based on double-chain possess alterations of
distances Cu'---Cu' depending on external mechanical stress.?
So far, the overwhelming majority of staircase double-chain
Cu'-I compounds have been built with ligands containing
only one ring of pyridine or pyrazine as revealed by recent
reviews.>%”*7

Our interest in Cu' coordination chemistry is mainly focused
on self-assembly process with fluorescent bisquinoline ligands
due to the scant research on their structures and their photo-
physical properties.

To our best knowledge, only one CP stair-case Cu'-I with
methylquinoline complex, which has green emission and d*°
cuprophilic interactions.”® Taking this into account, we
surmised that a novel color emitting Cu'-I CP with optical
responses to physical stimuli and the ability to undergo single-
crystal-to-single-crystal transformation (SCSC) can be created
using a ditopic bisquinoline ligand that in principle can amplify
the possibility of metallophilic interactions.”

The results obtained for a novel double-stranded staircase
Cu'-I CP including synthesis, X-ray single crystal structural
studies at different temperatures, its orange-emitting evolution
under thermal and mechanical stimuli in solid state, as well as
a SCSC transformation and theoretical DFT studies are
summarized below.

2 Results and discussion

2.1 Crystal structure, characterization and morphology of
P[Cuy(p-1)5(L),] ., CP1

Cu'-I-based compounds appending a quinoline ring as ligand
have shown rich photoluminescence properties with yellow/
orange emissions (~590-650 nm)’*’®”® and these have been
used as amino acid sensors, and mechanochromic materials.
However, reversible luminescent response to multiple stimuli at
the molecular level and crystal-to-crystal transformations
remain largely unexplored.

For these investigations, a new Cu'-I-bisquinoline
compound, CP1, was synthesized by a solvothermal method
through the reaction of Cul with N?N°bis(quinolin-5-yl)
pyridine-2,6-dicarboxamide (L) in CH3CN using equimolar
amounts (Scheme 1).

L was synthesized by a modification of a previously reported
method®*#*' and it was pure according to 'H, **C, MS-DART(+)
analysis (Fig. S1-S3). Single crystal X-ray diffraction of Cu'-I-
bisquinoline at different temperatures (100, 150 and 293 K,
Table S1, SI) reveals that CP1 crystallizes in the monoclinic C2/c
space group with formula "P{[Cu,(u-1),(L),]- (CH;CN)g gs} o . CP1
is constructed from a double staircase chain with asymmetric
rhombohedral [Cu,(p-I),] dimers and coordinated to ligands (L)
at periphery of staircase (Fig. 1A and S4). Such structure is still
rare, and there are only a few examples, such as,
[Cu,I,(Py)],*c>6557 [Cu,I,(pyrimidines)]* and
[Cu,I,(pyrazine)].#&c°

It is noteworthy that CP1 represents the first example of
a double staircase structure bearing a bisquinoline ligand
(Fig. 1B) where the asymmetric unit involves half of [Cu,(p-I),]

RSC Adv, 2026, 16, 17158-17175 | 17159
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Scheme 1 Synthetic path for CP1. Inset: photographs of single crystals under natural light.

Fig. 1

(A) Perspective view of crystal structure of CP1 in a ball and stick model. (B) 1D double-strained staircase chain formed by [Cuy(u-1),]

cluster along c axis. (C) intermolecular H-bonds (N-H---O, cyan dashed lines) between amide groups and 7t-- -7 stacking interactions (3.731(4)—
3.736(6) A orange dashed lines) measured between the quinoline rings. Hydrogen atoms and solvent molecules are omitted for clarity. (D)
Depiction of void surfaces (gold) for a packing section of CP1 along ¢ axis. Atom codes: Cu (orange), | (purple), C (grey), O (red), N (blue) and H

(white).

cluster and one L unit. Each Cu' atom is coordinated by three I~
anions and one quinoline ring forming a distorted tetrahedral
geometry of [Cul;N] type (see Table S2 for selected distances
and angles around the Cu' atom). The Cu'-I cluster includes two
crystallographically independent I atoms which bridge the
metal centers in p,-I(1) and p,-I(2) coordination modes.

The Cu'-I bond distances ranging from 2.5870(4) A to
2.9025(5) A and Cu'-N bond distance is 2.037(2) A at 100 K. All of
them are within the range of values found in Cambridge

17160 | RSC Adv, 2026, 16, 17158-17175

Structural Database (Cu'~T ~2.66(5) A and Cu'-N ~2.04(3)A).*>7
The shorter Cu'---Cu' distance (2.849(3) A) is close to the sum of
van der Waals radii of Cu' atoms (2.85 A)* suggesting a cupro-
philic interaction, which is favorable to our aims because this
interaction is the cause of the emission in several compounds.
The hydrophobic bisquinoline ligands wrap around the double-
stranded Cu'-1I chain via a Cu-N coordination bonds with one of
the quinoline unit; interestingly, the second quinoline unit
remains uncoordinated. The ligands are tightly packed by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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intermolecular H-bonds between the amide groups (N-H:--O=
C, see Table S3 for H-bonding parameters within crystal
packing) and multiple stacking 7---7 interactions (ranging
from 3.731(4) A and 3.736(6) A) between quinoline rings as
shown in Fig. 1C and S5. Eventually, each one double-stranded
Cu'-1 chain has the shape of half a square prism which is linked
to another chain by 7---7 interactions of the uncoordinated
quinoline arm closing a complete square prism-shape structure
as is depicted in Fig. 1D.

PLATON software calculations® yield a solvent accessible
volume of 6.66% of the total volume, corresponding to 314.7 A*
out of 4734.4(3) A® per unit cell volume available in the crys-
talline structure of CP1. These small channel-shaped voids
(dimensions ~7.5 A x 13.8 A) are occupied by crystallization
CH;CN molecules as depicted in Fig. 1D, S6 and S7. IR-ATR
spectrum of crystalline sample of CP1 (Fig. S8) shows a low-
intensity band (cm ") characteristic for CH;CN at 2254 (C=N
stretching).®® The low band intensity may be a result of the
occupational (0.88) and positional disorders of this molecule
inside the voids. The intermolecular H-bonds between the
amide groups observed in the crystal structure are evidenced in
IR-ATR spectra when compared the bands of CP1 with the free
ligand (Ay(n-n) = 139 cm '). Elemental analysis (C, H, N)
matched perfectly to crystal structure. A comparison of the
powder X-ray diffraction (PXRD) pattern of a bulk sample of
freshly synthesized CP1 with the simulated pattern of the crystal
structure matches well with respect to the main peaks and
intensities (Fig. 2A), confirming the high purity of the phase.
Thus, this crystalline sample was used for further multi-stimuli
experiments and crystal-to-crystal transformation.

The morphology and elemental distribution of crystals of
CP1 were examined by Scanning Electron Microscopy (SEM)
equipped with an Energy Dispersive X-ray (EDS) detector.

SEM analysis revealed that this Cu'-I-based material exhibits
a smooth surface and large block-like morphology at the
micrometer level (Fig. 2B), their growth seems layer-by-layer, as

—— CP1 as-synthesized

j WK_LLMUM VN PR | A B

— CPI1 simulatcd

" AAMA_.
5 10 15 20 25 30
20 (°)
A

Fig. 2
elements showing O, |, C, Cu and N signals.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. S9. Moreover, the elemental distribution observed
in the EDS mapping (inset Fig. 2B) indicates a homogeneous
distribution of all elements throughout the single crystal. The
carbon content obtained from EDS measurements (49.69%)
closely agrees with the value determined from elemental anal-
ysis (C = 49.75%), further confirming the composition and
purity of CP1. The thermal analysis (TGA) of CP1 from 25 °C to
700 °C (Fig. S10) under N, atmosphere shows thermostability
up to 220 °C. After that, a three-steps mass breakdown process
was observed. The first weight breakdown loss (65.83%),
between 240 °C and 430 °C, corresponds to the loss of L (calcd,
66.07%), while the second weight loss (19.51%) through 450 °C
to 580 °C, corresponds to the loss of I atoms (calcd: 20.80%).
Finally, the remaining mass (14.66%) coincides with that esti-
mated for CuO (caled 13.04%).

2.2 Temperature single crystal X-ray diffraction and
thermochromism of CP1

Firstly, single crystal X-ray data for CP1 were collected at three
different temperatures to gain further insight the correlation
between intended luminescent thermochromism and Cu"--Cu'
distances, as well as to detect the potential change in molecular
structure of '°[Cu,(p-1),] cluster. Temperature-dependent X-ray
crystallographic data at 100 K, 150 K and 293 K (Table S1) shows
that cell volumes of the single crystal get considerable smaller
(~146 A3, ca. 3%, Table 1) as the temperature decreases. It is
reasonable to assume that the contraction of the unit cell
shortens the distance between Cu' atoms and the bond
distances of the I /N atoms of the ligands in the core. Upon
cooling at 100 K, the Cu"--Cu' distances are substantially
shorter (~4.2%) compared to those found at 293 K, from
2.970(3) A to 2.8482(8) A as shown in Fig. 3 and Table 1.
Conversely, distances I(1)---1(2) enlarged from 4.309(4) A to
4.385(5) A because of the rhombohedral Cu'-I(1)-Cu'-1(2)
core contraction. On the other hand, the angles Cu'-I-Cu' and

B

(A) Experimental and simulated PXRD (Cu K,) pattern of CP1. (B) SEM images of the as-synthesized CP1. Inset: EDS chemical mapping

RSC Adv, 2026, 16, 17158-17175 | 17161
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Table 1 The Cu'-1/Cu-N bond distances, Cu"--Cu' interactions (A)
and cell volume (A% of the single crystal of CP1 at three different
temperatures

100 K 150 K 293 K
1(1)-Cu(1) 2.5870(4) 2.5812(12) 2.5823(14)
1(2)-Cu(1) 2.6424(5) 2.6478(14) 2.6515(16)
1(1)-Cu(1)#2 2.9025(5) 2.8988(14) 2.9079(19)
Cu(1)-N(3) 2.037(2) 2.034(6) 2.042(16)
Cu(1)-Cu(1) 2.8482(8) 2.885(2) 2.970(3)
1(1)-1(2) 4.385(5) 4.361(3) 4.309(4)
Cell volume 4734.4(3) 4774.7(6) 4880.46(12)

I(1)-Cu'-1(2) are reduced (68.13° — 65.24°) and increased
(110.83° — 113.98°), respectively.

Instead, Cu'-N and Cu'#2-I (adjacent [Cu,l,] units) bond
lengths remain practically constant. Interestingly, at all
temperatures the atoms that form the rhombohedral Cu'-1(1)-
Cu™~I(2) cluster are perfectly coplanar. Despite the known
correlation between bond distances in Cu'-I-based compounds
and their emission properties at different temperatures, very
few studies have reported Cu'-I and Cu"--Cu' bonding trends
from experimental X-ray diffraction data at different tempera-
tures*>”*#* which is crucial for better understanding of ther-
mochromism and other cuprophilic interactions-dependent
phenomena.

From the comparison of these temperature-dependent
structural findings, it is possible to predict that CP1 will
display greater color emitting properties at low temperature. At
room temperature, CP1 is a bright yellow solid with a weak
orange emission under UV light (see Scheme 1). However,
a bright orange emission appears after CP1 manual grinding
(~10 min) or when cooling this compound at N, liquid
temperature, this behavior is displayed in Fig. 4. These photo-
physical phenomena are reversible. CP1 loses its intense color
emission significantly when warmed up to room temperature or
several hours after it was ground.

"
-
=}
(=2}

angle Cu-I-Cu (°)

1175

1174

284+ ; ; , — 1173
150 200 250 300
Temperature (K)

A
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CP1 solid-state UV-vis absorption spectrum under ambient
conditions shows a broad/intense band in the range from
290 nm to 420 nm and a very weak band at 495 nm (Fig. S11).

Upon excitation at 413 nm and at 100 K, the powder sample
of CP1 exhibits an intense emission band centred at 612 nm,
which is consistent with the observed orange emission (Fig. 5A,
watch Video1 SI).

Simultaneously, a higher-energy band around 470 nm is
observed, which is commonly found in quinoline moieties,
ascribed to intraligand (IL) electronic transitions involving m*
orbitals of the unsaturated rings.””

The free ligand L displays only a single high energy blue
emission band centred at 450 nm upon excitation at 360 nm in
the solid state, which is attributed to intraligand n-m*and m—
m*charge transfer.**””

By comparing the emission spectra of L and CP1, it is
reasonable to think that low energy color emission at 620 nm
originates from the Cu'-I cluster and metal-ligand
contributions.

The corresponding excitation spectrum (ley, = 610 nm) of
CP1 at 100 K displays a broad and high-energy band ranging
from 290 to 415 nm with a maximum at 360 nm. At 100 K, the
emission intensity of CP1 at 612 nm shows ~8-fold increase in
intensity compared to its room temperature spectrum (Fig. S12).
This improvement in intensity is sufficient for the orange
emission to be observed with the naked eye. Similar orange
emission bands within range from 570 nm to 630 nm have been
reported by some Cu'-I CPs/dimers with S-/N-donor ligands,
and these are typically assigned to a combination of MLCT and
a metal cluster centered [°MCC, dcy — (S,p)cu]
transitions.>%”7476848% The involvement of cuprophilic interac-
tions in the deep orange emission of CP1 at low temperature is
unambiguously supported by crystallographic studies at 100 K
(vide supra).

Next, temperature-dependent emission spectra (Aex = 413
nm) of CP1 were recorded between 97 K and 221 K to track its
thermochromism (Fig. 5B).

2.849
100

— 176.56

X

o

o 2.885

S 150

©

o 175.42

o

=

}—

Fig.3 (A) Cu'---Cu' distances and Cu—I-Cu angles from X-ray crystal structures of CP1 at three different temperatures. (B) molecular structures

of the Cu'-1 CP1 at 293 K, 150 K and 100 K showing Cu'---Cu' distance.
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Under UV-lamp at A, =365 nm

(A and B) Photos of CP1 at 293 K under natural light and UV irradiation. (C) at low temperature and (D) after grinding under UV light.
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Fig. 5 A) Luminescence excitation (dey, = 610 Nm) and emission (Aex = 413 nm) spectra of CP1 at 100 K. (B) Fragment in the visible range of
emission spectra of CP1 at different temperatures (K). (C) CIE-1931 and (D) intensity at 612 nm at variable temperature. Inset: solid line was

obtained by linear fitting.

At 221 K, the luminescence spectrum displays an unstruc-
tured broad emission band. Conversely, lowering the tempera-
ture to 97 K results in a significant increase in intensity with the
formation of a well-structured band centred at 612 nm. Addi-
tionally, a modest shift (9 nm) towards red of the band
maximum was observed from 603 nm (CIE coordinate, X = 0.30,
y = 0.55) to 612 nm (CIE, X = 0.36, y = 0.54), as illustrated in
chromaticity diagram (Fig. 5C). It is well documented that

© 2026 The Author(s). Published by the Royal Society of Chemistry

a decrease of Cu'---Cu' distances are responsible for red shifting
in a low energy bands (visible region),* particularly at low
temperature, while the increase of the Cu---Cu distance® and/or
contribution from MLCT/LMCT is associated with blue-shift
both in low energy and higher-energy bands closest to UV
region.”®***> Previous theoretical works have demonstrated that
attractive cuprophilic interactions within Cu'-I complexes in
the excited state (LUMO) are of bonding character.” Thus, when

RSC Adv, 2026, 16, 17158-17175 | 17163
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the temperature decreases result in (1) Cu'---Cu' shorter
distances, (2) an increase in the binding character and (3)
energy levels drop.®**

Thus, the energy difference between excited states and the
ground state becomes smaller. Hence, low-energy emission
bands correspond to transition from excited states of shorter
Cu"---Cu' bonds.?*74#

The emission intensity at 612 nm drastically increases as the
temperature decreases as a result of the formation of cupro-
philic interactions at low temperature (see Table 1).

Fig. 5D shows the thermal quenching effect of CP1 at
612 nm. Notably, there was a linear dependence of the lumi-
nescence intensity on the temperature in the range of 97-191 K.
This linear data can be well fitted to eq. Intensity = 22 500-
109.23[T], with a correlation coefficient (R> = 0.9959). Above 200
K the emission intensity is very weak, and it remains practically
constant. From structural X-ray analyses, it is observed that the
Cu-N and Cu'-1 distances practically do not change at different
temperatures; therefore, the increase in emission can be
attributed mainly to the shortening of the cuprophilic
distances.
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2.3 Mechanochromism by grinding

The first evidence of mechanochromic luminescence of CP1 was
obtained by manual grinding (10 min) at room temperature
using a pestle (ground sample named CP1-G). Upon grinding,
a naked eye intense orange emission luminescence is generated
under UV light at 365 nm (Fig. 4). On the other hand, no color
changes were detected in the sample under natural light.

After treatment of CP1-G with CH;CN fuming (10 min), the
orange emission is turned off almost completely returning to its
initial naked eye non-emissive state. This turn-on and off
emission change of CP1 was observed in repeating cycles of
grinding and treating the sample with CH;CN vapors. Fig. 6A
shows the emission spectra (Ax = 425 nm) of starting unground
sample of CP1, and ground sample CP1-G at ambient temper-
ature. Clearly, the color emission intensity centred at 612 nm
turns on after grinding. The absolute quantum yield (&) of
emissive compound CP1-G is 0.51 and upon excitation with
a 405 nm laser at ambient temperature, its emission decay
shows a bi-exponential lifetime (t = 2.17 ps and 7.62 ps),
monitored at 645 nm (Fig. 6B). The us scale for these long-live
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(A) Emission spectra (dex = 425 nm) of CP1 and CP1-G at room temperature. (B) Luminescence decay at room temperature of CP1-G

upon excitation 405 nm laser and monitored at 645 nm. The solid line was obtained by a bi-exponential fitting with a goodness-of-fit parameter
x% = 0.994. The IRF is shown in grey. Inset: residual plot. (C) emission spectra (Aex = 425 nm) of CP1 and (D) emission intensities at 620 nm and ®
in the different states of the cycles of grinding (10 min) and exposure to CH3zCN vapor (10 min).
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emissions are common for Cu’-halide-based clusters involving
triplet states CC which implies presence of cuprophilic
interactions.>**771%4-%7 Indeed, *CC emissions are dependent on
the Cu' cluster cores and are independent of the coordinated
ligands.** Therefore, this lifetime in ps range strongly suggests
the presence of cuprophilic interactions induced in CP1-G.

Conversely, CP1 before grinding shows a very low emission
intensity in the visible region with a @ of 0.03, which is
consistent with the virtually zero color emission of this sample
under the UV lamp. The luminescence decay of CP1 (before the
grinding process) monitored at low energy, particularly in the
color emission region at 645 nm (4., = 405 nm) is almost zero.
The absence of color emission indicates that unground CP1 in
its crystalline state at room temperature does not present
cuprophilic interactions, as proved in its crystallographic
studies at 293 K.

To insight the mechanism of the reversible mechanochro-
mic luminescence of CP1, unground, ground and recovered
samples with CH;CN of three cycles were analyzed by fluores-
cence spectroscopy, quantum yields, IR-ATR, PXRD and SEM.
To avoid misunderstanding, we have named the treated
samples with CH;CN as CP1-R.

Fig. 6C shows the emission spectra of CP1 in different states
of grinding/treatment with CH;CN. In all cycles, the ground
samples (CP1-G) show the intense emission band centred at
612 nm together with @ values around ~0.5, which is consistent
with the intense solid-state orange luminescence visually
perceived under UV light (Fig. 6D).

On the other hand, treated samples with CH;CN fuming
(CP1-R) display a very low intense emission band centred at
610 nm with @ values <0.03. This low intense emission band in
the CP1-R samples is almost the same as that observed in the
spectrum of crystalline CP1 before grinding.

IR-ATR spectra of CP1 during the cycles (Fig. S13) practically
do not show changes in the main ligand bands (yc—n) =
1524 ecm™ !, vc—o) = 1688 em ™' and, y(n_u) = 3324 cm™ ). This
suggests that there are no chemical modifications regarding the
modes of coordination of the ligand with the Cu' atoms.*® After
treating the samples with the solvent (CP1-R), a weak band is
observed at ~2255 cm ™, which can be assigned to the presence
of CH;CN in the CP1 void spaces, as observed in its crystalline
structure (Fig. S6).

Elemental analysis (C, H, N) of unground crystalline sample
CP1 and amorphous CP1-G gave the expected composition
(Table S4) for solvated and non-solvated samples, respectively,
which supports the removal of solvent CH;CN molecules by the
grinding process.

To confirm that the original structural arrangement of CP1 is
maintained during mechanochromism by grinding and subse-
quent treatment with CH;CN, PXRD experiments were caried
out in the different states of the cycles (Fig. 7). Initially, the
grinding practically eliminates the diffraction peaks (CP1-G),
which suggests a very strong reduction in the crystalline
domains.***»*> Upon treating of ground sample CP1-G with
CH;CN vapors, the original diffraction peaks at 6.53, 7.51, 8.86,
9.75, 14.62, 16.43 and 28.81° corresponding to crystalline
structure (CP1) are restored, and no new peaks appear.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PXRD (CuK,) patterns of unground crystalline sample (CP1),
ground samples (CP1-G) and treated samples with CH3CN (CP1-R) for
different states of the cycles. The dashed gray lines indicate the main
diffraction peaks.

However, the recovered CP1-R recovered PXRD peaks are
broader and present some differences in the reflection inten-
sity, which is probably due to (1) a partial reconstitution of the
crystalline phase and (2) an orientation effect in powders as
described for some Cu'-I complexes treated by grinding and
solvation processes.****

SEM observations of CP1, CP1-G and CP1-R are consistent
with a reversible crystalline-to-amorphous-to-crystalline transi-
tion (Fig. 8). As the cycles increase, SEM micrographs show
smaller and less homogeneous crystalline material compared to
the initial crystalline unground sample (Fig. S14). Similar
crystalline-amorphous-crystalline transitions induced by sol-
vatation-desolvatation processes have been recently described
in [Cuyl,(phosphines)]- CH;CN complexes.*

We conclude that the grinding removes CH;CN molecules
from the interior of crystalline CP1, significantly influencing its
emission properties and causing a loss of crystallinity, but
preserving the chemical composition. Subsequently, CP1-G is
able to capture CH3;CN molecules and partially recovering its
crystalline phase along with its initial photophysical properties.

The desolvation/solvation process in CP1 is not unexpected
because its crystal structure shows that CH;CN molecules,
lodged inside the voids, have weak interactions of the type Cy,-
H--N=C-Me (distances, C---N, 3.422(4) A; H--N, 2.719(2) A
and X 131.37°) with fragments of L (Fig. S6). So far, a very few
Cu’-halide complexes with reversible crystal-to-amorphous-to-
crystal phase transformations by grinding and solvent vapors
have been described, some notable examples including di-
imides or pyrazines as ancillary ligands.**

Mechanochromic luminescence in Cu'-I complexes is
commonly associated with an aggregation state change and to
the increased rigidity of the systems.®*'*® However, there are
scarce examples of rigidity based on reversible (de)solvatation
process similar to that observed for CP1.

Considering forementioned outputs, the intense orange
emissive of amorphous CP1-G can be rationalized by (1)
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Fig. 8 SEM micrographs (1.0 pM, 5Kx) of the microcrystalline unground sample of CP1 (left), ground sample CP1-G (middle) and treated sample

with CH3CN vapors, CP1-R (right).

elimination of inherent vibrations to solvent molecules within
the CP1 cavities, disfavoring of non-radiative pathways.>%19171%
(2) compressing of the crystal packing under mechanical force
which favors the cuprophilic interactions and turning on low
energy color emission at 620 nm from triplet states centred
transitions *CC as evidenced by the long-live lifetime in ps
range, >%77176:94-97,104105 preyious theoretical studies of Cu,l,
chains have been demonstrated contraction in Cu'---Cu'
distances as far as mechanical pressure increases without
modification of its structure.?

Interestingly, the emission spectra of CP1 at 100 K and
ground sample CP1-G at room temperature are similar in shape
and maximum (Fig. S15), with the exception that the ground
sample has a higher emission intensity.

This similarity suggests that the origin of the orange emis-
sion is the same for both samples, mainly due to cuprophilic
interactions, as unambiguously demonstrated by low tempera-
ture X-ray diffraction and the higher emission intensity in
CP1-G compared to CP1 at 100 K may be due to the absence of
CH;CN molecules, which thereby eliminates vibrations inside
emissive double-stranded Cu'-I cluster.**103104

The vast majority of mechanochromic materials based on
Cu"-halides quench their emission under mechanical
stress.*®**% To our knowledge, only one green emitting
mechanochromic material based on [Cu,l,(phosphines)] exists
that turns on its emission.** In this context, CP1 represents the
first example of a mechanochromic compound formed by Cu'-1
with a quinoline ligand that turns on an orange emission under
mechanical pressure.

duble-stranded staircase Cu'-I
single crystal, CP1

2.4 Single-crystal-to-single-crystal (SCSC) transformation

An exciting topic in the modern materials coordination chem-
istry is the understanding of solvation phenomena in the SCSC
transformation. In this line, little efforts have been invested in
molecular studies focused on SCSC transformations in Cu'-I
complexes.>>7*1

Interestingly, heating CP1 (~25 mg) in oven at 50 °C gener-
ated a transformation into a SCSC fashion without the need of
solvents, yielding a novel non-luminescent CP with formula
P[Cul(L)]., CP2 (Scheme 2). Since the single crystallinity was
retained during heating process, we were able to obtain the X-
ray crystal structure of the solvent-free product, CP2,
successfully.

X-ray analysis of CP2 reveals that Cu' atoms have an ideal
trigonal planar geometry (2 X (X-Cu-X) = 360°, X =1 or N) of
[Cul,N] type where a quinoline ring and two I" ligands (in p,
environment) are coordinated (Fig. 9A). Such trigonal geometry
still rare among Cu' compounds.'”*® The Cu-N (1.962 A) and
Cu-1 (2.504(3) and 2.532(2) A) bond lengths (Table S5) are
within the range of known values. Ligand units are stacked in
chains by a combination of 7---7 interactions and H-bonds N-
H---O=C between amide groups (Table S6) similar to CP1. CP2
structure grows from a zigzag 1D chain of Cu'-1 units (Fig. 9B).
Conveniently for our purposes, CP2 crystallized in the mono-
clinic space group P2,/c as opposed to the C2/c space group of
CP1. In this SCSC reaction, the cell volume is strongly con-
tracted from 4734.3(3) A to 2226.11(A) with the release of CH;CN
molecules (Fig. 10).

All atoms in the Cu'-I chain underwent significant changes
in bond distances (Table S5). Also, intra-chain Cu':--Cu’

N= N=
J )
o} o}
N N
H 7 H )
N, N
HNTY, HN-
o O
N~ N~
4
I \I \1

single chain Cu'-I
single crystal, CP2

\_/
\_/

-CH5CN
heating 50 ° C
in solid state

=}

recristallization
+CH;CN

Scheme 2 Single crystal structural transformation between CP1-CP2.
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A B

Fig.9 (A) Perspective view of crystal structure of CP2 in a ball and stick model. (B) Single chain of CP2 formed along c axis showing H-bonds (N-
H---O, cyan dashed lines) and 77 interactions (3.917(2) A orange dashed lines) measured between the quinoline rings.

distances in CP2 are longer ~36% (3.895(3) A) compared to To verify the dynamic transformation of CP1 to CP2 by
those found in CP1 (2.8482(8) A). heating, we recorded the in situ PXRD pattern of CP1 at 40 °C

These long distances imply no cuprophilic interactions; (Fig. S17). Interestingly, the main diffraction peaks of CP1 and
hence, it can be predicted that this compound has no color CP2 are present, confirming thus the coexistence of the two
emission. Indeed, CP2 is a non-emitting species even at low crystalline phases.
temperatures or after grinding. This system is the first example of a reversible SCSC trans-

A comparison between the simulated PXRD pattern of CP2 formation that involves double-stranded staircase and zigzag
and PXRD pattern of CP1 after heating are agreed perfectly chain of Cu'-I described by single crystal X-ray diffraction.
(Fig. S16); therefore, the SCSC transformation of bulk sample Additionally, immersing crystalline CP2 sample in CH;CN
seems to be taking place completely. during 10 h restores the starting PXRD pattern of CP1 and IR-

ATR spectra of CP1 and regenerated from CP2 in CH;CN
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Fig. 10 Polyhedrons (top) and view along the c axis of a portion of crystal structures of CP1 and CP2 (bottom).
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(Fig. S18) shows the signal corresponding to CH;CN at
2250 cm™'. This fact indicates a reversible structural trans-
formation upon removal/uptake of CH;CN from CP2 to CP1 by
slow recrystallization.

2.5 Density functional theory (DFT) analysis

In order to gain insight related to the nature electronic transi-
tions of CP1, we used DFT to optimize its geometry (Fig. S19)
using X-ray data at 100 K as input file. All calculations were
carried out with the Gaussian 16 suite of programs'® at the
MO052X/LANL2DZ//cc-pVDZ-PP (basis set and pseudopotential
for iodine) level of theory with the corresponding pseudo-
potentials for Cu' (details in SI). Molecular orbitals (MOs) for
CP1 are shown in Fig. S20. At lower-energy absorptions (>287

m), CP1 exhibits ligand-based LUMO and HOMO based on
Cu™I cluster, where HOMO, through HOMO-1 and HOMO-5
can be described as primarily metal centered, 3d orbitals with
contribution of iodine 5p orbitals (Fig. 11). From the ground
state optimized geometry, the excited state transitions for CP1
were calculated by time-dependent density functional theory
(TD-DFT) with the same model (80 excited states were requested
to properly describe low energy excitations), and the outputs are
compilated in Table S7 including the simulated UV-vis spec-
trum (Fig. S21).

In agreement with experimental UV-vis spectrum, CP1
displays strong, high-energy peaks that have mainly ligand
centered character (at 264 nm, i.e., T-t*) and MLCT (285 nm
and 335 nm, Fig. 11). Also, lower-energy transitions at ~479 nm
are observed with oscillator value of 0.08 which are ascribed to
combination of MLCT and metal cluster-centered (*CC) transi-
tions (i.e., cuprophilic interactions/halide-to-metal transitions).
This calculated band at 479 nm matches very to the experi-
mentally low-intense band at 495 nm.

For the sake of comparison, the same analysis was per-
formed on the CP1 structure collected at 293 K, to which the
same theoretical treatment as for the first structure was given
and the results are collected in Table S7. No Cu'-I orbitals were
involved in the main transitions, all of which occur at high

f/““ ¢§§9 g;

o ¢ &2

vD
LUMO+1 LUMO+2
£=0.5328 £=030
432eV 434¢eV
335.11 nm 285.89 nm
r/» , g ,
f 2 ¥ /J" CC Mol
J {7 7 L
HOMO-5 HOMO-1

Fig. 11 Representation of selected MOs of the [Cux(u-1)5(L),] fragment
of CP1 with oscillator strengths (f) and energy levels. The input file was
built using the X-ray data at 100 K, with structure optimization.
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energies around 200 nm (Fig. S22 and S23) and all these tran-
sitions are of type IL.

Overall, these theoretical results are consistent with
temperature-dependent crystallographic studies and low-
temperature lifetime measurements in microseconds. Taking
together, these results provide compelling evidence that the
origin of the orange emission observed in CP1 at low temper-
ature is due to *CC and MLCT transitions within the Cu'-I
cluster.

For comparison purposes, excited state transitions and the
UV-vis plot were calculated for non-emitting complex CP2
(Table S7 and Fig. S24). CP2 shows two distinct high-energy
bands at 182 nm and 211 nm with only a minor charge trans-
fer contribution to the bright state at 211 nm with oscillator
value of 0.08.

3 Conclusions

In summary, we have developed a new orange-emitting lumi-
nescent 1D-coordination polymer involving a double-stranded
staircase Cu'-I structure with a synthetic ditopic pyridine-2,6-
bisquinoline ligand, CP1, and thermostability up to 220 °C.

In solid state, CP1 exhibits reversible thermo- and mecha-
nochromism as well as SCSC transformation whereby the 1D-
double-stranded stair coordination polymer is converted into
a 1D zigzag chain coordination polymer, CP2 with marked
molecular changes within the coordination environments of
Ccu' and I atoms, in addition to the intra-chain Cu'--Cu'
distances.

The temperature-dependent orange emission band at
612 nm has a linear behavior within the range 97-191 K,
subsequently, the emission becomes very weak at room
temperature. Spectroscopic and crystallographic studies at
different temperatures reveal that the origin of the color emis-
sion at low temperatures hinges on mainly cuprophilic inter-
actions that reach minimum distances of 2.8482(8) A at 100 K.
Based on multiple spectroscopic tools, PXRD and SEM-EDS, the
strong increase in color emission intensity by a manual
mechanical stimulus is the result of a desolvation process of
CH;CN molecules and formation of cuprophilic interactions.

Both the mechanochromism and the crystalline phase can
be reversible built by exposing the amorphous material of CP1
to CH;CN vapors, as evidenced by SEM, PXRD, IR, quantum
yield measurements in repeating cycles.

Furthermore, reversible  single-crystal-to-single-crystal
transformation by heating/recrystallization has been demon-
strated for this Cu'-I-bisquinoline CP with drastic molecular
and crystal lattice changes.

Overall, these results highlight further the utility of a low-
cost and luminescent Cu' coordination compound in the
development of multi-stimuli-responsive materials with SCSC
transformation capacity.

4 Experimental section

All reagents, solvents and instrumentation are described in the
SI.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.1 Chemical synthesis of L

L was synthesized from a modification of the previously re-
ported methodology."® The details of the synthesis are included
in SI.

4.2 Chemical synthesis of polymer Cu'-I-bisquinoline, CP1

CP1 was synthesized from the self-assembly reaction between
the salt Cul (10.47 mg, 0.05 mmol) and L (20.95 mg, 0.50 mmol)
in 6.0 mL of degassed CH3;CN. The reaction mixture was stirred
for 1 h at room temperature, thus the yellow solid product was
filtered and then washed with CH;CN hot (yield 86.90% based
on Cu). The crystallization of CP1 was achieved by putting this
compound in a 25 mL Teflon-lined stainless-steel container at
110 °C for 6 h, subsequently, slowly cooled down with
a temperature ramp of 10 °C h™" until room temperature. After
the system cooled down, yellow single crystals with prismatic
shape of CP1 were obtained. The crystals were filtered and
washed with 4 mL of CH;CN hot. Elemental analysis (%) caled
for X-ray crystal sample C,5H;,CuIN;sO,, C, 49.23; H, 2.80; N,
11.48. Found, C, 49.17; H, 2.90; N, 11.81. FT-IR (ATR) (cm™%):
3347.97 »(N-H); 3240-2957 »(C-H)y; 1978.24-1754.98 »(C=
C)ar; 1681.81 »(C=0); 1546.27 »(C=N). T (°C): 323.

4.3 Crystallographic investigations

The crystallographic data and refinement details for CP1,4ok,
CP1,50k, CP1,93x and CP2,,5x are summarized in Table S1 (SI).
Data for a CP1,40x and CP1,5,x were collected on a Bruker APEX
II CCD Diffractometer at 100 K and 150 K using Mo-Cu K,
radiation (k = 0.71073 A) from an Incoatec Imu$S sources and
Helios optic monochromator.™* Single crystals were coated with
hydrocarbon oil, picked up with a nylon loop, and mounted in
the cold N, stream of the diffractometer. Frames were collected
using « scans and integrated with SAINT.™> Multi-scan
absorption correction (SADABS) was applied.*> The structures
were solved by direct methods and refined using full-matrix
least-squares on F> with SHELXL-2018 (ref. 113) and SHELXLE
GUL"™ The structure for CP1;90x and CP1;50x presented posi-
tional disorder in the CH;CN solvent, which was modeled using
the SIMU, RIGU and SAME instructions implemented in
SHELXLE GUIL' For CP1,40k the proportion of all positions of
solvent was refined using free variables, obtaining a total
occupancy of 88.3% distributed in 4 different positions, 3
orientations in general position and one orientation in special
position. The structure for CP1,50k also presented a positional
disorder in CH3;CN solvent. The occupancy was constrained to
unity and distributed over four different positions using a free
variable. The structure of CP1;50x was refined as a non-
merohedral twin with a 60 : 40 ratio between the two domains.
The hydrogens of N-H moiety were founded in the map of
residual density, and their position was refined with Uy, = aUcq
(where a is 1.5 for -CH; and -NH moieties and 1.2 for others).

Data for CP1,4; and CP2 were measured using  scans of 0.5°
per frame for 0.1 s with CuK,, radiation. The diffraction pattern
was indexed, and the total number of runs and images was
based on the strategy calculation from the program CrysAlisPro

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(Rigaku). The maximum resolution that was achieved was ® =
79.020° (0.79 A) for CP1,4; and ® = 68.288° (0.83 A) for CP2. The
total number of runs and images was based on the strategy
calculation from the program CrysAlisPro (Rigaku), likewise the
unit cell was refinedon 17 217 reflections.

A gaussian absorption correction was performed using Cry-
sAlisPro 1.171.43.144a (Rigaku Oxford Diffraction, 2024)
Numerical absorption correction based on gaussian integration
over a multifaceted crystal model Empirical absorption correc-
tion using spherical harmonics, implemented in SCALE3
ABSPACK scaling algorithm.

The structures were solved with a space group C2/c for CP1,93
and P2,/c for CP2 and determined by the ShelXT"® structure
solution program using Intrinsic Phasing and refined by Least
Squares using version 2018/3 of ShelXL 2018/3.**° All non-
hydrogen atoms were refined anisotropically. Hydrogen atom
positions were calculated geometrically and refined using the
riding model. Special details: a solvent mask was calculated,
and 154 electrons were found in a volume of 716 A® in 1 void per
unit cell. This is consistent with the presence of 1 molecule of
CH;CN per asymmetric unit which accounts for 176 electrons
per unit cell.
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CCDC 2489658 for compound CP1 at 100 K, 2489659 at 150 K,
2489660 at 293 K and 2489661 for compound CP2 at 275 K
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paper‘117afd
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