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Tunable aurophilic aggregates as the basis of
mechano- and thermochromism in gold(i) ethynyl
complexes

Juan Carlos Pérez-Sanchez, (22 Jessica Camara,® M. Carmen Blanco, (P
Lucia Aloras-Perun,? Maria Gil-Moles, (2 Rosa M. Gomila, (2 © Antonio Frontera
and M. Concepcion Gimeno (2 *?

C

Mechanochromic materials that change colour in response to mechanical stimuli hold promise for appli-
cations in sensors, data storage, and smart materials. Here we report the mechanochromic and thermo-
chromic behaviour of a systematic isostructural series of gold() ethynyl-pyridine complexes, where the
position of the pyridine nitrogen atom is varied and compared to a phenyl analogue. All compounds
display striking luminescence changes upon mechanical grinding and thermal treatment, with emission
consistently shifting to a common green state (520-540 nm). These transformations are reversible upon
solvent-vapour exposure and are also retained in PMMA films. Structural (PXRD) and photophysical ana-
lyses reveal that these spectral shifts arise from packing-dependent modulation of two accessible
excited-state manifolds: a higher-energy ILCT state and a lower-energy state whose stabilization is highly
sensitive to aurophilic aggregation and local microstructure. Mechanical grinding disrupts long-range
order and generates disordered microdomains that favour this aggregated CT-type excited state and
enhance its radiative efficiency, contributing to the strong green mechanochromism. These results
demonstrate how subtle ligand variations can direct supramolecular packing and excited-state balance to
achieve robust, reversible chromic responses, providing general design principles for next-generation
stimuli-responsive Au() luminescent materials.

interactions,"> ' and linear coordination geometry, which col-

lectively facilitate triplet-state phosphorescence and solid-state

Mechanochromic materials, compounds that change colour in
response to mechanical stimuli, have attracted significant
attention due to their potential in diverse applications, such as
sensors," data storage,” or smart materials.”> These colour-
changing properties arise from alterations in the molecular
structure, intermolecular interactions, and crystalline packing
when subjected to pressure or shear force.” In this context,
metal complexes offer a modular platform for tuning photo-
physical responses through both ligand design and supramole-
cular assemblies.®'® Among them, gold() complexes stand
out," ™ due to their high spin-orbit coupling constant (¢ =
5100 cm™),"* propensity for aurophilic  (Au---Au)
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self-organization. Among these complexes, gold() alkynyl com-
plexes are attractive for their low-energy n-n*(C=CR) tran-
sitions and charge transfer transitions between the alkynyl
ligand and the metal center (Fig. 1a).>°">® Moreover, their two-
coordinate linear geometry promotes the formation of supra-
molecular aggregation via Au---Au interactions,® which can be
modulated through subtle ligand changes.”® Although a
handful of alkynyl-based gold(i) systems exhibiting mechano-
chromic behavior have been reported,””*”>° these remain iso-
lated examples, and the field continues to be dominated by
studies on gold(i) isocyanide analogues.’**' Given the geo-
metric and electronic similarity between the alkynyl and iso-
cyanide groups, gold(i) alkynyl complexes remain an underex-
plored yet promising scaffold for stimuli-responsive materials.
Within this framework, pyridine-based alkynyl ligands offer
an appealing strategy to modulate electronic distribution and
intermolecular interactions. Their n-deficient character and
significant dipole moments enhance conjugation and
n-stacking potential, thereby influencing both supramolecular
packing and the photophysical response.*>*° Subtle structural
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(a) Previous work: Luminescent phosphane alkynyl gold(l) complexes
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(b) This work: Mechano- and Thermochromic Properties
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Fig. 1 (a) Previous examples of gold() phosphane—alkynylpyridine
compounds with luminescence properties.?*323335 (b) This work and
schematic depiction of the mechanochromism process, showing the
structural changes of the molecular packing when a mechanical stress is
applied over a compound.

variations, such as the position of the nitrogen atom on the
pyridine ring, can profoundly affect Au---Au contacts and
crystal packing, offering a rational route to control mechanore-
sponsive behaviour.

In most known Au(1) mechanochromic systems, mechanical
grinding typically induces a red shift associated with the
strengthening of aurophilic contacts.’’° In contrast, our
study reveals a distinct and counterintuitive mechanism:
grinding triggers a bathochromic shift not through enhanced
Au---Au contacts, but via a packing-driven reorganization of
the aurophilic assemblies into a disordered emissive state with
a different emissive character. This behaviour underscores the
critical, yet often overlooked, role of supramolecular packing
beyond simple Au---Au distance correlations.

Despite significant progress, previous research has largely
centered on individual compounds or families interpreted
through  simplified  structure-emission  relationships.
Systematic investigations unravelling the interplay of packing,
aurophilicity, and emission behavior remain scarce. Moreover,
dual mechano- and thermochromism, as well as the incorpor-
ation of such responsive systems into polymer matrices, have
received limited attention, despite their importance for func-
tional applications.
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In this contribution, we present a comprehensive study of
an isostructural series of pyridyl-ethynyl gold() complexes
(6-9), all of which exhibit reversible dual mechano- and ther-
mochromism. Mechanical grinding or embedding in PMMA
consistently drives the emission to a common green state
(520-540 nm), which can be restored to the original color by
solvent-vapor annealing. Combined PXRD, luminescence, and
DFT analyses reveal that the optical transformations arise from
a packing-controlled reorganization of aurophilic aggregates
rather than direct modulation of Au---Au distances. By eluci-
dating this mechanism and establishing structure-response
correlations across a controlled series, this work introduces
new design principles for Au(r) alkynyl mechanochromic
materials and demonstrates a generalizable route toward
tunable, stimuli-responsive luminescence.

Results and discussion
Synthesis and characterization

Firstly, all synthesized complexes share a common preparation
route: the reaction of a gold(i)-alkynyl polymer with a dppa
ligand. These polymeric complexes are readily obtained by
treating the respective alkynyl derivative (R = 2-py, 3-py, 4-py
and Ph) with [AuCl(tht)] in dichloromethane using a
1:1 molar ratio and NEt;, leading to the immediate precipi-
tation of the gold(i) complexes 2-5 (Scheme 1). These polymers
are obtained as air stable yellow to green solids, insoluble in
most solvents.*® Subsequent treatment of these intermediates
with dppa 1 in a 1:2 molar ratio results in the formation of
complexes 6-9 (Scheme 1).

The "H NMR spectra of complexes 6-9 display the expected
signals for the aromatic protons of both the phosphane and
aryl ligands (see the SI). The *'P{'"H} NMR spectra display
broad singlets at dp ranging from 10.5 to 15.6 ppm represent-
ing a substantial downfield shift from free dppa (6p =
-32.5 ppm).** Notably, the full width at half maximum (Av;,)
of the *'P{'H} peaks is notably broadened across the series
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[AuCI(tht)] / =—H e 4 =
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n
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Scheme 1 Synthesis of dppa gold()) complexes 6-9.
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(Avy, = 52-446 Hz), suggesting dynamic exchange between
coordination environments, particularly between the mono-
meric and dimeric forms.** IR spectroscopy further confirms
the presence of both alkynyl fragments, with »(C=C) bands
consistently observed around 2100 cm™'. Single-crystal X-ray
diffraction analysis reveals that complexes 6-9 adopt dimeric
structures in the solid state, stabilized by intermolecular auro-
philic contacts with Au---Au distances ranging from 2.9932(4)
to 3.0735(3) A (Fig. 2a). However, the geometry of the dimeric

P

V PTR Aut
/45 Au2 99
Al Al

DOAQ

LOOY

Fig. 2 (a) Single crystal X-ray diffraction showing the molecular struc-
tures of complexes 6-9; yellow: gold, orange: phosphorus, blue: nitro-
gen, grey: carbon (50% displacement ellipsoids, hydrogen atoms have
been omitted for clarity). (b) 3D crystal packing of complexes 6-9
viewed along the a*-axis; yellow: gold, light blue: ethynyl fragment,
blue: nitrogen, magenta: dppa fragment.
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units differs across the series. Complexes 6 and 9 exhibit an
orthogonal arrangement of monomeric units, with the dipho-
sphane ligands oriented nearly perpendicular to each other. In
contrast, complexes 7 and 8 display an offset face-to-face geo-
metry, characterized by a laterally shifted n-stacking of the
monomers. These differences in dimer orientation translate
into distinct crystal packing motifs, where 6 and 9 share an
identical arrangement, distinct from the common packing
observed for 7 and 8 (Fig. 2b). The packing architectures are
further stabilized by weak non-covalent interactions. Moreover
CH---n contacts involving the alkyne or phenyl n systems are
observed in all structures, while complex 8 also features
CH---N interactions involving the pyridyl nitrogen, and 9 lacks
these interactions. Notably, 8 crystallizes in a space group (P2,/
¢) different from that reported for the same species (P1) by
Ferrer et al. and exhibits distinct luminescence. We ascribe
this to polymorphism, whereby altered crystallization con-
ditions afford an alternative packing motif (offset face-to-face
dimers with Au---Au contacts and CH---N interactions) that
modulates the emissive properties. The PXRD results of the
bulk material match the simulated pattern from our SC-XRD
model, confirming the phase purity of this polymorph and
rationalizing the photophysical differences observed. These
supramolecular interactions, along with the dimer geometry,
define the extended packing and are consistent with the
observed mechanochromic response.

Additional geometrical parameters are listed in Table S9
and are in good agreement with this type of structure.’* The
structural divergence among dimers correlates with the differ-
ences observed in photophysical behaviour, providing a solid
basis for interpreting the origin of the luminescent response
as a function of packing and Au---Au interaction geometry.
Thermogravimetric analysis (TGA) of complexes 6-9 reveals
initial weight losses below 5% near 100 °C (Fig. S26-S33), con-
sistent with the release of approximately two equivalents of
adsorbed water per formula unit. At elevated temperatures,
distinct decomposition events are observed. Complexes 6 and
8 display an initial mass loss of ~10% with Toneee values at
289 °C and 262 °C, respectively, attributable to the elimination
of one ethynylpyridine moiety. Above 350 °C, all complexes
undergo major weight loss, ascribed to the decomposition of
the dppa backbone, leading to residual gold-containing
species. Notably, ground samples exhibit Tonser values for the
main decomposition event approximately 10 °C higher than
those of their pristine counterparts, indicating enhanced
thermal stability. This shift suggests a mechanically induced
phase transformation, likely accompanied by rearrangement of
molecular packing or modification of intermolecular contacts.

Photophysical properties: mechano- and thermochromism

A mechanochromic response was first observed serendipi-
tously for complex 6, where scratched areas displayed green-
yellow luminescence under UV light (4 = 365 nm), contrasting
with the weak blue emission of the pristine solid. This led to a
systematic evaluation of the luminescence properties of com-
plexes 6-9 under mechanical stimulation, confirming mechan-
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oresponsive behaviour across the series (Fig. 3), likely arising
from a crystal-to-amorphous or crystal-to-crystal phase tran-
sition induced by shear force.'* Thus, to gain further insights
into potential structural changes upon mechanical stimu-
lation, powder X-ray diffraction (PXRD) analyses were con-
ducted on both pristine and ground samples of each com-
pound (Fig. 3). For clarity, “pristine (unground) powder”
denotes the bulk microcrystalline powder as isolated and
packed without intentional grinding; “ground powder” refers
to the same material after manual grinding with an agate
mortar. Mechanical grinding induced notable changes in the
PXRD patterns of all four complexes, including attenuation
and broadening of reflections and, in some cases, the dis-
appearance of characteristic peaks, indicating partial loss of
long-range order and formation of an amorphous phase.
Among the series, 9 showed the highest residual crystallinity,
suggesting that its molecular packing resists amorphization
more effectively. To assess the reversibility of this structural
disruption, the ground powders were exposed to CH,Cl, vapor.
PXRD analysis revealed almost complete recovery of the initial
diffraction patterns, with the reappearance of key reflections
and sharpening of peaks, consistent with recrystallization.
This reversible structural transformation correlates with the
luminescence behaviour: grinding disrupts the ordered
arrangement, including Au-Au contacts, modifying emission
properties, while vapor exposure promotes partial restoration
of the original packing and emission profile. These results
confirm that the mechanochromism arises from a reversible
solid-state phase transition governed by changes in the inter-
molecular organization of the dimers formed within the pris-

View Article Online
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tine solids.*’ In addition, Raman spectroscopy provides an
independent probe of the structural changes induced by
mechanical stimulation. For complex 7, the alkynyl stretching
region, ¥(C=C) ~ 2100-2130 cm ", shows a marked decrease
in band intensity in the ground powders relative to the pristine
microcrystalline solids (Fig. S14B). This attenuation is consist-
ent with a loss of long-range order, increased microstructural
heterogeneity, and a greater degree of orientation averaging of
the Raman tensor, likely arising from partial reorientation or
distortion of the alkynyl fragments upon grinding.** Taken
together with PXRD data, these Raman trends support a scen-
ario in which mechanical grinding disrupts the crystalline reg-
istry yet creates locally aggregated/disordered domains where
effective aurophilic proximity is maintained or reinforced.

In their pristine form, all complexes exhibit emission in the
blue region. The excitation spectra show broad, vibronically
unresolved bands between 250 and 365 nm, with excitation
maxima ranging from 330 to 365 nm. At room temperature,
the emission maxima are located between 377 nm and 426 nm
(Fig. 4a). Lifetime measurements reveal notable differences,
with average values ranging from 12.2 ps (9) to 296.4 ps (7),
while the photoluminescence quantum yields (PLQYs) are
modest (<4.6, in case of 9) Upon cooling to 77 K, excitation
spectra shift toward higher energies, typically by 20-30 nm
(Fig. S35). The emission spectra undergo slight blue shifts
and, in some cases, display increased vibronic resolution
(Fig. S35), attributed to the ground-state phenyl ring defor-
mations and C=C stretching frequencies (Table 1).*®

These results point to significant temperature-dependent
modulation of the photoluminescence properties. When
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Fig. 3 PXRD patterns of complexes 6-9, simulated pattern from the XRD structure (blue), experimental pattern of the pristine powder (green),
experimental pattern of the ground powder (violet), experimental pattern of the ground powder after addition of drops of CH,Cl, (yellow) and
photographs of the powders showing their reversible behaviour.
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Fig. 4 (a) Emission spectra of complexes 6-9 as pristine solids at room

temperature. (b) CIE chromaticity diagram (CIE 1931) showing emission

colour variance for pristine, ground solids and PMMA (5% w/w) films of 6—9. (c) Photographs of compound 6 upon scratching the right half, under
365 nm UV light (up left), under room light (up right) and compound 6 as a PMMA film under 365 nm UV light (bottom center).

Table 1 Photoluminescence data for complexes 6—9 as solid powders in pristine, ground and film forms

Pristine solids Ground solids PMMA films

Complex Ta j’ex b ﬂem b Tav ¢ ¢PL 4 Ta j'ex b /1em b Tav ¢ ¢PL 4 Ta j-ex b j'em b Tav ¢ (DPL 4

6 rt 365 422 42.3 <1 rt 400 535 960 1.0 rt 380 520 1.7 4.4
77 314 436 34 850 n.d. 77 370 520 32900 n.d.

7 rt 347 426, 586 296.4 1.0 rt 400 540 158 6.0 rt 380 520 1.1 7.7
77 340 436, 526 30000 n.d. 77 335 525 4210 n.d.

8 rt 340 420, 585 95.8 2.1 rt 400 530 133.8 7.7 rt 380 520 1.2 9.0
77 334 416, 528 13.2 n.d. 77 380 525 10.7 n.d.

9 rt 330 377 12.2 4.6 rt 413 5.2 11.6 5.6 rt 385 520 11.1 3.1
77 343 426 16.6 n.d. 77 375 530 15.1 n.d.

T, temperature (in K), rt, room temperature (293 K). ” 1., excitation maxima (in nm), Ay, emission maxima (in nm). ° Lifetime average values
(in ps) fitted to a double or triple exponential equation (see the SI).  Photoluminescence quantum yield at room temperature (in %). n.d., not

determined.

ground, the emission spectra of 6-9 shift markedly toward
lower energy (Fig. 4a), with new unstructured bands appearing
around 530-540 nm (Fig. S34) resulting in a yellow-green emis-
sion (Fig. 4b and c). Excitation maxima also red-shift to
370-413 nm. This bathochromic shift observed upon grinding
reflects changes in molecular packing. Since Au---Au inter-
actions govern the formation of self-assembled dimers in the
solid state for the entire series of complexes, we hypothesize
that the observed shift arises from a change of these inter-

This journal is © the Partner Organisations 2026

actions. This possibility is further explored in the theoretical
analysis presented below. Notably, similar behaviour has been
previously reported for gold clusters with strong Au(i)---Au(r)
interactions,*® in which grinding-induced bathochromic shifts
were attributed to transitions from crystalline to amorphous
phases, resulting in altered aurophilic contacts. These spectral
changes are accompanied by a pronounced increase in both
emission lifetimes and PLQYs. The highest efficiency is
observed for 84ouna; While 9grouna, although less affected in
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lifetime (11.6 ps), reaches a PLQY of 5.6%. At 77 K, all ground
samples show further lifetime enhancement, with emission
maxima around 520-530 nm (Fig. S35). Variable temperature
measurements (6grouna aNd 9grouna) had minimal impact on
emission wavelength but induced hypsochromic shifts in exci-
tation (~20-30 nm, Fig. S37).

To clarify the origin of the intricate luminescence patterns
in this family, we concentrated our efforts on complex 7. While
compounds 6 and 9 show a straightforward single-band emis-
sion in the pristine solid (although with a long tail), complexes
7 and 8 display a characteristic dual emission, immediately
suggesting the coexistence of two emissive species or excited
states. In the pristine solid state, 7 exhibits two bands at ca.
426 and 586 nm (436 and 526 nm at 77 K), consistent with a
higher-energy ILCT-type state that is weakly sensitive to
packing, and a lower-energy, environment-dependent charge
transfer state stabilized by the aurophilic contacts present in
the offset dimers. The markedly larger temperature depen-
dence of the latter (586 — 526 nm) supports its attribution to
an excited state strongly perturbed by metallophilic coupling
and lattice relaxation. This dual behavior is mirrored in solu-
tion: at high concentration, 7 shows two emissions at ca. 415
and 545 nm, closely resembling the solid-state pattern
(Fig. S44). The disappearance of the 545 nm band upon
dilution confirms that this lower-energy component originates
from emissive aggregates or transient dimers that retain
Au---Au interactions, whereas the higher-energy band around
385-415 nm persists in all environments and therefore rep-
resents an intrinsic ILCT excited state accessible to both mono-
meric and aggregated species.

The behavior of 7 under mechanical stimulation is fully
coherent with this assignment. Upon grinding, the low-energy
emission shifts to ca. 520 nm and becomes significantly more
intense. This response is best rationalized by recognizing that
grinding disrupts the long-range crystalline order while gener-
ating numerous locally aggregated, disordered microdomains
in which short Au---Au contacts are maintained or newly
formed. These microenvironments stabilize the same aurophi-
lically perturbed CT transition responsible for the 586 nm
(pristine solid) and 545 nm (concentrated solution) bands, but
with reduced structural relaxation and slightly weakened CT
stabilization, leading to the observed blue-shift to 520 nm. At
the same time, the mechanical disruption restricts intra-
molecular motions and suppresses nonradiative decay,
increasing both the population and radiative efficiency of the
emissive aggregates. As a result, the 520 nm band becomes the
dominant emissive channel in the ground sample. Altogether,
the evolution 586 — 545 — 520 nm across pristine solid, con-
centrated solution, and ground material reflects the progress-
ive modulation of Au---Au interactions and CT stabilization,
which contribute to the dual emission and mechanochromic
behaviour of complex 7. A similar rationalization can be
extended to complexes 6 and 9, although in these systems the
low-energy, aurophilically perturbed CT emission is much
weaker, almost negligible, in their pristine solids, indicating
that their crystal packing either disfavors or only minimally

1834 | /norg. Chem. Front,, 2026, 13, 1829-1839
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stabilizes the emissive aggregated states that dominate in 7
and 8.

To further probe the impact of disrupted packing, com-
plexes 6-9 were embedded in PMMA films (5 wt%), with emis-
sion profiles closely resembling those of the ground powders
(Fig. 4a—c and S36), with maxima at ca. 520 nm. While PMMA
films exhibit shorter lifetimes than ground solids, their
quantum yields are comparable or even higher, up to 9.0% for
8gim- Notably, grinding enhances PLQYs across the series, with
up to six-fold increases for 6grouna and 7grouna- A high varia-
bility in lifetime data was found between batches, and it likely
reflects microstructural inhomogeneities (e.g., amorphous/
crystalline domains, aggregation and monomer/dimer ratios).
These trends map onto two packing families: orthogonal
dimers (6 and 9, C2/c space groups) and offset face-to-face
dimers (7 and 8, P1 and P2,/c space groups, respectively) and
correlate with the photophysical properties: 7 and 8 show dual
emission and more facile loss of long-range order upon grind-
ing, whereas 9 exhibits a smaller lifetime gain. Time-resolved
data and PXRD thus indicate that pyridyl ortho, meta and para
substitution tunes the dimer/monomer ratio and packing
rigidity, which controls the threshold and magnitude of
mechanochromic response.

To further understand how these complexes behave in solu-
tion, we selected 6 for detailed photophysical analysis. In
CH,Cl, at 298 K, it displays structured emission at ~450 nm.
Upon cooling to 77 K, a broader, unstructured band emerges
at 500 nm. Notably, an intermediate yellow emission
(~550 nm) appears under UV excitation at temperatures
between 298 and 77 K, indicating thermochromic lumine-
scence (Fig. 5).” Emission spectra were recorded across a
range of temperatures for compound 6 (Fig. 5a, S38-S40 and
Tables S1, S2). The recorded data for the excitation and emis-
sion maxima reveal four distinct transitions at 380, 450, 550,
and 500 nm.

The yellow band (550 nm) grows below 216 K and is
replaced by the blue band (500 nm) below ca. 136 K. Notably,
this hypsochromic shift was absent for complex 6 in the pris-
tine form when the emission profiles were recorded at varying
temperatures (Fig. S37a). This sequential emission shift is
reversible and solvent-independent, occurring similarly in
acetone and THF. For 9, analogous behaviour is observed,
although the transitions occur at slightly higher temperatures
(Tables S2 and S4).

These bands never appear simultaneously, but intermediate
emissions were observed at certain temperatures. Both emis-
sions exhibit similar profiles and nearly identical excitation
spectra, suggesting a shared excited state. Since the 550 nm
band emerges above the freezing points of the solvents
(178-165 K), molecular aggregation is likely initiated before
complete freezing, leading to aurophilic interactions between
solute molecules. Analogous behaviour has been reported in
gold carbene complexes, where aurophilic aggregation in
frozen media triggers new emission bands.*® In our case, the
gradual hypsochromic shift from 550 to 500 nm is consistent
with rigidochromism: as the matrix becomes more rigid upon
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Fig. 5 (a) Emission spectra (lex = 365 nm) of complex 6, in CH,Cl,, (5 x 10~* M) at different temperatures and details of these emissions in the
range of 296-136 K. (b) More intense emissions of complex 6: 550 nm emission band (yellow) and 500 nm emission band (blue); temperatures are

illustrative.

cooling, solvent reorientation around the excited-state dipole
is hindered, leading to emission from a less stabilized excited
state.**~>!

reversible upon repeated cycles of freezing-warming.

This thermochromic behaviour was found to be fully

Theoretical calculations

The photophysical properties of the Au---Au dimers of com-
pounds 6 and 9 were investigated. The excitation to the S;
state originates mainly from the H — L transition (90% for 6
and 93% for 9). The higher excited states (S,-Ss) exhibit nearly
zero oscillator strength (f < 0.07) and therefore contribute
minimally to the absorption spectrum (Table 2).

The calculated S;-T; energy gaps for compounds 6 and 9
are 0.75 eV and 0.63 eV, respectively. These relatively small
energy splittings promote intersystem crossing (ISC) by enhan-
cing the spin-orbit coupling efficiency.

Consequently, ISC is moderately favoured in both systems,
with compound 9 exhibiting a slightly stronger driving force
due to its narrower gap. The S, « T, vertical emission energies

are 2.43 eV and 2.45 eV for 6 and 9, corresponding to wave-
lengths of 510 nm and 506 nm, respectively. Inspection of the
Natural Transition Orbitals (NTOs, see Fig. 6) confirms a tran-
sition dominated by an intraligand charge transfer (ILCT,
n-n*) character, with significant involvement of the C=C triple
bond and the aromatic ring. Furthermore, a minor metal-to-
ligand charge transfer (MLCT) character is also observed, as
the hole orbital exhibits a small contribution from the d-orbi-
tals of the Au(1) metal centers.

Thus, the transition is essentially ligand based but metallo-
philically perturbed. Hence, we then evaluated the role of auro-
philic interactions in modulating the emissive properties of
the complexes, using compounds 6 and 9 as representative
models. To assess the strength of these interactions, we
employed a literature-based approach that estimates inter-
action energies from the electron density (p) at the bond criti-
cal point (BCP) of the Au---Au contact: E (kcal mol™") =
—688.65 X p (a.u.) + 10.03.>> QTAIM analyses (Fig. 7) confirm
the presence of BCPs and bond paths between the Au atoms in

Table 2 TD-DFT study of the dimers of compounds 6 and 9 at the B3LYP-D4/def2-TZVP level of theory

Complex Trans. Comp. Aabs f S1-So S:-T, So-T4

6 So— Sy H — L (90%) 343 0.169 3.61 0.75 2.86
ILCTmajor & MLCTinor

9 So— S H - L (93%) 356 0.187 3.48 0.63 2.85
ILCTmajor & MLCTyinor

Absorption wavelength (4,ps) and energies for S, — S;, S;-T4, and the vertical T; energy (So-T;) are given in eV. Oscillator strength (f) and orbital
composition (only contributions > 5% are indicated). The So-T; values represent the vertical transition energy, whereas the emission energies dis-
cussed in the text (2.43 and 2.45 eV) correspond to the S, < T; vertical emission from the optimized T; geometry.

This journal is © the Partner Organisations 2026

Inorg. Chem. Front., 2026, 13,1829-1839 | 1835


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi01858g

Open Access Article. Published on 01 December 2025. Downloaded on 5/3/2026 12:37:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

3.8 S S
1 -

E

(ev)| 381 6 243 348 9 (245

oo ——_____ e [ —
So So

Fig. 6 (Top/middle) Natural transition orbitals (NTOs) to the first triplet
transitions of the dimers of compounds 6 and 9, respectively. (Bottom)
Schematic energy level diagram calculated at the TD-DFT/B3LYP-D4/
def2-TZVP level.

Fig. 7 QTAIM analysis of the dimers of 6 (top) and 9 (botton). Only the
bond critical points (BCPs, small red spheres) connecting the Au-atoms
are shown for clarity. The density values at the BCPs are given in a.u.
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the dimers of 6 and 9, yielding estimated aurophilic inter-
action energies of —4.7 and —5.2 kcal mol ™", respectively.

Furthermore, we computed the phosphorescence emission
wavelengths of monomeric models of compounds 6 and 9 that
lack aurophilic contacts. As a result, we observed hypsochro-
mic shifts of 12.5 nm and 17.6 nm with respect to the dimers
for 6 and 9, respectively. This supports the hypothesis that
changes in molecular packing caused by mechanical grinding,
likely due to altered Au---Au and n-stacking interactions in the
solid state, affect the energy gap between the excited and
ground states. Briefly, when the conjugation within the
complex remains unaltered, the emissions are primarily attrib-
uted to ILCT transitions. However, upon grinding, the mole-
cular packing and long-range order of the crystal are disrupted,
leading to changes in the electronic structure that extend
beyond the influence of the ligands alone. This mechanical
stimulus could facilitate the formation of new aurophilic
(Au---Au) interactions, indicating a more pronounced partici-
pation of the gold centers in the excited-state transitions. As a
result, the emission may no longer be dominated by simple
ILCT transitions but instead involve significant contributions
from the gold atoms. This structural change apparently led to
the deactivation of a non-radiative decay pathway present in
the pristine solid, causing the observed increase in the
measured PLQYs. The additional CH---N contacts in 8 and the
absence of N in 9 rationalize their distinct packing resilience,
PXRD evolution, and quantum-yield trends, underscoring pos-
itional isomerism as an effective lever to program packing-
dependent luminescence.

Conclusions

In summary, this study demonstrates that subtle ligand and
positional modifications in gold(r) ethynyl-pyridine complexes
provide powerful control over supramolecular organization
and, consequently, their mechano- and thermochromic
responses. Across the series, luminescence arises from two
accessible excited-state manifolds: a higher-energy ILCT-type
state and a lower-energy state whose energy and efficiency are
highly sensitive to aurophilic aggregation and local microstruc-
ture. The relative population and stabilization of these states
depend strongly on crystal packing, the extent of metallophilic
interactions, and the rigidity of the surrounding environment.

Mechanical grinding induces pronounced chromic shifts by
disrupting long-range order and generating numerous locally
aggregated, disordered microdomains in which short Au---Au
contacts persist or are newly formed. These microenvironments
favor the lower-energy CT transition emissive state and simul-
taneously restrict intramolecular motions, leading to enhanced
emission intensity and the characteristic green mechanochro-
mism. The process is fully reversible: solvent-vapor annealing
restores the original packing arrangement and selectively re-
establishes the higher-energy emissive pathway.

Thermal stimuli operate through a related mechanism,
where lattice rigidification, altered packing relaxation, and

This journal is © the Partner Organisations 2026
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changes in the local dielectric environment modulate the ener-
getic balance between the two emissive states, giving rise to
distinct thermochromic behavior. Positional isomerism in the
pyridyl ligands further tunes packing rigidity, aurophilic align-
ment, and aggregation propensity, enabling predictable
control over chromic thresholds, emission efficiency, and
solid-state sensitivity.

Overall, this work offers a unified structure-property frame-
work linking aurophilic assembly, supramolecular packing,
and excited-state modulation in gold(i) alkynyl systems. The
demonstrated reversibility, dual-state emission, and robust
chromic responses highlight these complexes as promising
candidates for stimuli-responsive luminescent materials,
reversible optical memory, and adaptive photonic devices.
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