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1. Introduction

Metallophilicity-assisted piezochromism in a
rhodium() dicarbonyl Schiff-base complex:
structural, energetic, electronic and spectroscopic
investigations under high pressuref

Vishnu Vijayakumar-Syamala,® Patryk Borowski,? Lerato Bosman,”

Kinga Potempa, (2@ Damian Paliwoda, (2 ¢ Krzysztof P. Korona,® Piotr taski,?
Radostaw Kaminski, ¢ Dumisani V. Kama, (2 Andreas Roodt, (2° Alice Brink () *°
and Katarzyna N. Jarzembska (=) *®

For the development of piezochromic materials, it is critical to understand their structure—property rela-
tionships under high-pressure (HP). In this contribution, we report the experimental HP behaviour of a
luminescent and nearly square-planar rhodium() dicarbonyl Schiff-base complex (Rh-4-Br) in the solid
state, complemented by theoretical calculations. The crystal structure of Rh-4-Br is primarily governed by
Rh---Rh metallophilic and C-H---O hydrogen-bond-type interactions. Both interaction types show
notable structural, electronic, and energetic sensitivities to elevated pressures. HP single-crystal X-ray
diffraction studies conducted between ambient pressure and ~10.5 GPa revealed metallophilic interaction
enhancement with the Rh---Rh distance shortening by ~0.60 A. HP-induced structural changes
additionally affected the electronic properties. For instance, the electron density (o(rgcp)) at the Rh---Rh
interaction bond critical point (BCP) increased by 0.155 e A=3, whereas a higher delocalization index (9)
and ratio of 1 < [V(rgcp)l/Glracp) < 2 (V & G — local potential & kinetic energy densities) indicated partial
covalency of this interaction at the highest pressures. Strengthening of the metallophilic interaction under
HP influences molecular orbitals contributing to the lowest-energy electronic transitions. Consequently, a
reversible piezochromism (yellow-to-orange-to-red) under compression—decompression cycles with a
bathochromic shift of ~75 nm (in the range up to 7 GPa) and Raman blue-shift of the vgp.. rn band by

1

~19 cm™" (in the range up to 5.4 GPa) were observed. These findings align closely with the results of

periodic density functional theory modelling under isotropic external pressures.

components in solution.” These molecular self-assemblies are
primarily driven by intermolecular interactions, such as n---n

Over the past decade, there has been a growing interest in
developing transition-metal based luminescent materials due
to their diverse applications in light-emitting diodes (LEDs),
electroluminescent devices, photo-switches, photoluminescent
sensing and imaging.! Self-assembled entities of these com-
plexes often exhibit distinct and sometimes enhanced photo-
physical properties compared to their individual molecular
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stacking, sigma-hole interactions, hydrogen-bonds, and/or
metallophilic interactions.” Metallophilic interactions are com-
monly observed in transition-metal complexes with closed-shell
d" or pseudo-closed-shell d® metallic centres. These are
metal- - -metal interactions, which can be either homometallic
or heterometallic, with a weak yet attractive nature and the
interaction distances are typically shorter than the sum of the
van der Waals radii of the interacting metal centers.* Despite
their prominent significance, the exact nature and strength of
metallophilic interactions still remain obscure.” While mole-
cular orbital (MO) analysis and energy decomposition analysis
(EDA) usually suggest favourable electrostatic and weakly cova-
lent orbital interactions, recent studies have highlighted the
role of strong Pauli repulsion and repulsive MO interactions
due to relativistic effects.® The first identified and most exten-
sively studied subclass of metallophilic interactions are the

This journal is © The Royal Society of Chemistry 2025
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aurophilic interactions (Au'---Au').” In some cases, the inter-
action energy of such interactions has been estimated to be
comparable to that of moderate hydrogen-bonds,® whereas in
other gas-phase calculations this has been found to be nearly
negligible,” marking its ambiguity as a structure-directing
synthon. Analogous investigations were also extended to other
metallic centres, such as AgI, cu', Rh, pt", pd" HgII and
NiH.4C'10

Metallophilic interactions, when present, play a crucial role
in shaping the spectroscopic properties of transition-metal
complexes."* Due to their relatively weak nature, these interac-
tions can be readily modified by external stimuli, such as
pressure, temperature, pH, or light.'> Pressure is particularly
useful for exploring structure-property relationships, as it may
induce gradual geometrical changes in a crystal structure
resulting in modifications of the crystal packing and intermo-
lecular interactions, which can be further correlated with the
corresponding spectroscopic behaviour."® For instance, in
piezochromic materials, the emission colour and other optical
properties can be modulated by applying hydrostatic or non-
hydrostatic pressure. Non-hydrostatic methods, such as grinding,
pressing, or stretching, however often lead to microfractures,
structural deformations, or phase transitions in materials, which
complicate controlled studies of structural changes under
pressure.'* In contrast, hydrostatic pressure, typically applied
using a diamond-anvil cell (DAC), provides a more precise and
controlled platform for systematic investigations."

Square-planar geometries in transition-metal complexes
with d® and/or d'° metal centres often facilitate the formation
of almost linear metal- - -metal chains due to a combination of
dispersion forces, relativistic effects and orbital overlap, particularly
involving the d,> and p, orbitals of the interacting metal centres. In
contrast, more significantly distorted square-planar geometries
often yield discrete molecular dimers with metal- - -metal contacts,
involving also other types of interactions.'® Pressure-induced struc-
tural changes affecting these interactions can lead to significant
variations in corresponding photoluminescent properties.'” While
transition-metal complexes involving Au', Pt", and Pd" metal

(a)

Fig. 1
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centres have commonly been investigated in this context,
case studies involving (nearly) square-planar Rh' coordination
compounds remain limited, thus their luminescent properties
are largely unexplored. Our interest in the potential drug
and electronic applications of salicylidene group 7 and 9
complexes'® resulted in our recent report of a nearly square
planar rhodium(r) complex (Rh-4-Br), featuring a mono-
charged bidentate ligand, namely (N,0)-salicylidene p-
bromoaniline, and two carbonyl ligands coordinated to the
Rh' metal centre.'® In the solid state, this complex forms
discrete molecular dimers with strong Rh- - -Rh metallophilic
interactions and exhibit light-yellow luminescence ((Zem)max =
566 nm) under ambient conditions. These Rh---Rh interac-
tions appeared to play a major role in the photoexcitation
process. Hence, in the current work, we examine the relation-
ship between the HP evolution of metallophilic interactions
and the luminescent properties of Rh-4-Br. To this end, we
have structurally investigated Rh-4-Br single crystals under
hydrostatic pressures ranging from 0.00(5) to 10.45(5) GPa,
and complemented these results by high-pressure (HP) lumi-
nescence and Raman spectroscopic analyses as well as by
theoretical computations, in an attempt to provide a compre-
hensive understanding of structural factors governing these
principles.

2. Results and discussion

2.1. Crystal structure description at ambient conditions

Rh-4-Br crystallises in the monoclinic P2,/n space group with
one molecule in the asymmetric unit (Fig. 1(a), Table S1 in
ESIt). The complex consists of two carbonyl (C=0) and one
(N,0)-salicylidene p-bromoaniline (SPA) ligands covalently
bonded to the Rh centre through electron-donating N, O and
C atoms. The Rh' coordination sphere adopts a distorted
square-planar geometry, with the CO ligands and Rh atom
positioned slightly out of the plane defined by the N1, C9, C3,
and O3 atoms (Fig. S1a, ESIT). Additionally, the 4-bromophenyl

-=====. C-H++:O — DimerB
0-H-C

,,,,,, CC

...... C-+H-C — DimerD

(b)

(@) The asymmetric unit of Rh-4-Br with atomic thermal motion represented as ellipsoids at the 50% probability level for non-hydrogen atoms.

For clarity only non-hydrogen atoms are labelled. (b) The most significant molecular dimers (dimer A-D) constituting the crystal packing of Rh-4-Br. The
reference (x, y, z) molecule is shown with elemental colours, while neighbouring symmetry-generated molecules in different uniform colours.
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ring in the SPA ligand is rotated by ~49° (referred to as ¢)
relative to the remaining molecular framework (Fig. S1b, ESIT).

The energetic ranking of molecular dimers (Table S6, ESIT)
revealed that dimer A is best stabilised with a total interaction
energy (Ein:) of —87.8 k] mol™" (Fig. 1(b) and Fig. S2a, ESIY).
This dimer is composed of two centre-of-symmetry-related
molecules held by the metallophilic Rhi1---Rh1 (dgp..rn =
3.4571(4) A) interaction and several centrosymmetric C15-
H15---03 hydrogen-bond-type (HB) interactions. Energy
decomposition analysis indicates that dimer A is equally stabi-
lised by electrostatic (—78.1 k] mol ') and dispersive
(~73.3 k] mol™ ") contributions. The electrostatic stabilisation
arises from both the HBs and Rh- - -Rh interactions, while the
dispersive component is primarily attributed to the metallophi-
lic interactions, highlighting their critical role in stabilising the
crystal packing of Rh-4-Br. These Rh- - -Rh interactions further
propagate along [128] or [128] crystallographic directions
(Fig. S2c, ESIt). The second most significant dimer motif,
dimer B, is characterised by Ej,. of —37.5 k] mol™*, which is
less than half of that of dimer A. This dimer also exhibits
inversion symmetry and is stabilised by a pair of C12-H12---O1
HBs (Fig. 1(b) and Fig. S2b, ESIt). For these and two other
notable molecular dimers, dimer C and dimer D (Fig. 1(b) and
Fig. S3, ESIY), the primary component of interatomic inter-
action vectors is oriented along the crystallographic Z axis.

Additionally, six other molecular dimers are present within
the molecular shell of 3.80 A (Table S6, ESI+), though they have
minor contributions to stabilising the Rh-4-Br crystal structure,
as reflected by their Ey, values being lower than —20 kJ mol .
The primary components of the interatomic interaction vectors
for these dimers are mostly oriented along other crystallo-
graphic directions (ESIt). Overall, the crystal packing of Rh-4-
Br exhibits significant anisotropy in intermolecular interac-
tions at ambient conditions. This anisotropic packing suggests
that the crystal may exhibit variable compressibility along
different crystallographic axes when subjected to external pres-
sure, which could have important implications for the mechan-
ical and physical properties of Rh-4-Br.
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2.2. Crystal-structure description at high-pressure

Rh-4-Br was subjected to HP single-crystal X-ray diffraction (HP-
SCXRD) experiments, conducted from 0.00(5) up to 10.45(5) GPa
(referred to as exp1) at the ID15B high-pressure beamline of the
European Synchrotron Radiation Facility (ESRF), and from 0.00(5)
up to 5.71(5) GPa (referred to as exp2) using an in-house diffract-
ometer with Mo-K, X-ray source (Section S1 and Tables S3, S4,
ESIt). Additionally, theoretical HP optimisations were performed
using isotropic external pressures ranging from 0 to 11 GPa
(referred to as theor) (Section S2 and Table S5, ESIT). For all three
data sets the unit-cell volume evolution with pressure is mono-
tonic and does not show any particular discontinuities. Thus, it
allowed to obtain a smooth fit of the 3rd-order Birch-Murnaghan
equation of state (EOS)'® using the EOSFIT7-GUI software® within
the whole pressure range for all considered data sets (Fig. 2(a)).
Also, this monotonic evolution of the volume rules out the
possibility of any phase transitions in Rh-4-Br under HP. The
exp1 set revealed ~29% overall reduction in the unit-cell volume.
The fitting parameters, B, = 8(1) GPa (bulk modulus) and Bj =
9(1) (1st pressure derivative of B,), align well with the values
previously reported for rather soft molecular crystals.”! Mean-
while, exp2, which is limited to a maximum pressure of
5.71(5) GPa, showed a reduction of ~22% in the unit-cell volume,
which is comparable to that in expl at a similar pressure range.
The EOS fitting parameters, B, = 7(1) GPa and B; = 12(2), are in
good agreement with expl. This suggests a coherent response of
Rh-4-Br to pressure regardless of the different pressure-
transmitting medium used. To further validate these experimental
findings, EOS of the theor dataset was also analysed. It showed a
reduction of ~28% in unit cell volume up to 11 GPa, with the
fitting parameters B, = 7(1) GPa and Bj = 12(1). This demon-
strates a good agreement with the experimental results. All the
three datasets exhibited similar evolution behaviour in the unit-
cell volume and EOS parameters up to ~ 5.7 GPa (pressure limit of
exp2). Minor discrepancies between the experimental and theore-
tical EOS could be attributed to temperature effects not accounted
for in theoretical calculations.

: O (alag)eyp O (b/bg)eps O (C/Co)axpr
1450.0 *— expl @ exp2 @ theor 100_% O (alag)ep2 O (b/bg)eypz O (ClCodexpz
1400.0 \ 88a & (alag)peor & (b/Do)peor & (Clehmear
' % 0B By
¥ R O,
Bs00 - o Xel Ty S0,
¢ 0.95 \ 2080 o i S SN
s 1300.0 . V, = 1447(12)/1458(9)/1431(12) \A - Po-a
< ’ $ & W y
g 12500 \y B,=8(1)/7(1)/7(1) 8 S58-abp
y A
2 12000 - iy, B,=9(1)/12(2)/12(1) 0.90 4 N
S N o0 A
> 11500 ¢ g :
—
1100.0 | ey, Y 0.85 -
M o ‘e
1050.0 - —_—— a
* .. * O
1000.0 | . . . 0801 . i . . :
4 1
0 1.0 20 30 40 50 60 70 80 90 100 110 ° e 6 8 0 12

Pressure (GPa)

(a)

Fig. 2

Pressure (GPa)

(b)

(a) Evolution of the unit-cell volume fitted as a function of pressure with 3rd-order Birch—Murnaghan equation of state (EOS) for expl, exp2 and

theor data sets (small circles — data points, line — EOS fitted curve). V - initial volume, By = bulk modulus and Bj, - 1st pressure derivative of Byg. (b)
Relative variation of unit-cell dimensions as a function of pressure. Lines connecting the data points are included as a visual guide, error bars are smaller

than the symbols used.
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The relative changes in the unit-cell parameters as a func-
tion of pressure revealed distinct compressibilities along dif-
ferent crystallographic axes, suggesting that anisotropy in
intermolecular interactions induces anisotropic strain under
pressure (Fig. 2(b)). All three unit-cell dimensions decreased
with increasing pressure, with the ¢ parameter exhibiting the
highest compressibility, followed by b and then a. Relative
compressibility values (AX/X, where AX = X(Pmax) — XoGpas
XoGpa — parameter for 0 GPa and X = q, b or c) were calculated
for each unit-cell parameter. As expected, along the Z direction,
closest to the averaged direction of metallophilic interactions,
showed the highest values of 19% for exp1, 18% for exp2 and
15% for the theor data sets. This was followed by the Y
direction, with compressibility values of 8% for exp1, 9% for
exp2, and 5% for theor, thus indicating more pronounced
strain along the Z direction compared to Y. The X direction
exhibited the least compressibility, with values of 6% for both
expl and exp2, and 5% for theor, highlighting greater rigidity in
this direction. Notably, exp2 displayed minor fluctuations in
the unit-cell dimensions, particularly at 2.06(5) GPa, but these
variations balanced out and resulted in a smooth overall
evolution of the unit-cell volume. A comparison of exp1l and
theor data with exp2 revealed higher compressibility during the
initial phase of pressure increase (up to ~6 GPa), followed by a
slower compression rate. Despite some differences, the experi-
mental and theoretical datasets showed good agreement in
compressibility trends. The relative change in the monoclinic
angle (B/p,) also decreased with increased pressure, though the
rate of decrease was very gradual (Fig. S7, ESIT).

To gain deeper insights into the HP behaviour for Rh-4-Br,
the principal axes of compression and the associated compres-
sibility values were determined using the PASCAL (principal
axis strain calculator) web tool (Table 1).>> The first principal
axis of compression (X;) predominantly aligns with the crystal-
lographic Z direction, exhibiting compressibility values (K;) of
12.4(1) TPa ' and 10.6(1) TPa " for the exp1 and theor datasets,
respectively. The 2nd (X,) and 3rd (X;) axes are approximately
oriented along the [010] and [100] crystallographic directions,

Table 1 Principal axes of compression (X) and their corresponding
compressibility values (K;), along with the estimated standard deviations,
are reported for three data sets: expl (1st row), exp2 (2nd row), theor (3rd
row)

Components of X; along the
crystallographic axes/TPa ™"

Principal Compressibility,

axis no., i  K;/TPa ' X Y VA

1 12.4(1) —0.0309 0.0 0.9995
22(1) 0.0189 0.0 0.9998
10.6(1) —0.1384 0.0 0.9904

2 5.2(1) 0.0 1.0 0.0
8(2) 0.0 1.0 0.0
4.5(2) 0.0 1.0 0.0

3 3.1(1) 0.9719 0.0 0.2354
6(2) 0.9782 0.0 0.2078
3.11(4) 0.9565 0.0 0.2916

This journal is © The Royal Society of Chemistry 2025
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with compressibility values less than half of K;. In contrast,
exp2 shows slightly higher K; (i = 1, 2, 3) values, likely due to
differing pressure limits and noticeable non-monotonic fluc-
tuations in the unit-cell parameters, reflecting relatively lower
data quality. The corresponding compressibility indicatrix plots
display similar shapes across all datasets, with exclusively
positive compressibility values in all directions (Fig. S8, ESIT).
Additionally, multi-temperature SCXRD experiments were con-
ducted on Rh-4-Br over a 100-300 K temperature range (Section
S1 and Table S2, ESIt). The expansivity indicatrix plot, along
with the evolution of unit-cell parameters, reveals only minor
thermal changes in the crystal structure (Table S7, ESIt), in
contrast to the significant variations observed under HP.

The molecular geometry of Rh-4-Br also underwent signifi-
cant HP-induced modifications. Specifically, the angle ¢
between the plane of the 4-bromophenyl ring in the SPA ligand
and the plane of the rest of the molecule decreases (~16°) as
pressure increases (Fig. S9, ESIT). This observation suggests a
tendency for the molecule to adopt a more planar conformation
at higher pressures (ESIT).

2.3. Variation of intermolecular interactions with pressure

Intermolecular interactions are highly sensitive to external
pressure, often leading to significant modifications, or even
structural rearrangements that affect materials’ properties
under extreme conditions.>® Thus, the evolution of Rh---Rh
metallophilic and C-H- - -O HB interactions within dimer A has
been systematically analysed as a function of pressure. The
interatomic distance between Rh atoms clearly decreases with
increasing pressure (Fig. 3(a)). In exp1, the Rh---Rh distance
shortens from 3.4717(16) A at 0.00(5) GPa to 2.8718(17) A at
10.45(5) GPa, indicating progressively stronger metallophilic
interactions under HP by ~17% contraction of the interaction.
Notably, at ~9 GPa the interatomic distance approaches the
sum of the covalent radii of Rh atoms (2.90 A), suggesting the
potential formation of a partially covalent bond. In theor, a
similar trend is observed, with the Rh- - -Rh distance decreasing
from 3.385 A at 0 GPa to 2.770 A at 11 GPa (~ 18% contraction).
However, in this dataset, the interatomic distance falls below
the sum of the covalent radii as early as 6 GPa. This discrepancy
could be attributed to the slight underestimation of the theo-
retically calculated Rh---Rh distances compared to the experi-
mental values from exp1, particularly at pressures above 5 GPa.
It should be noted here that theoretical approaches, especially
when modelled molecular systems contain heavy atoms and
additionally external factors such as pressure, are concerned,
still have significant limitations. The shortcomings of
computational models used may lead to some artefacts in the
optimised geometries (especially near borderlines of various
approximations, or when multiple local energy minima are
closely spaced). Naturally, the experimental structural models
are not ideal either, mainly due to the challenges associated
with high-pressure data collection. Thus, one needs to be
careful to not overinterpret the obtained results. In the case
of exp2 the limit of the Rh---Rh covalent radii is not reached
due to the limited pressure achieved during in-house

J. Mater. Chem. C, 2025, 13, 15634-15644 | 15637
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Fig. 3 Evolution of (a) Rh---Rh interatomic distances and (b) the energy difference parameter (AE) for dimer A, as a function of pressure.

measurements (Rh- - -Rh distance decreases from 3.4626(16) A
at 0.00(5) GPa to 3.018(12) A at 5.71(5) GPa; ~ 13% contraction).

A similar trend is observed for the C-H---O interactions,
where the interatomic distance also decreases with elevated
pressure, while the HB angle deviates further from linearity
(Fig. S10, ESIf). In expl, the C-H---O interaction distance
becomes reduced from 2.26 A at 0.00(5) GPa to 1.97 A at
10.45(5) GPa (~13% contraction). Concurrently, the interaction
angle decreases from 170 to 142°. Similarly, in theor, the distance
shortens from 2.13 A at 0 GPa to 1.85 A at 11 GPa (~13%
contraction), with a slightly higher angle of 149° at the highest
pressure. This behaviour is also consistently observed in the exp2
dataset. Given the quality of the data and the applied pressure
range, subsequent analyses are focused exclusively on the expl
and theor datasets.

The evolution of intermolecular interaction energies of
individual dimers were analysed as a function of pressure using
CRYSTALEXPLORER. The extent of stabilisation or destabilisa-
tion at each pressure point x was quantified using the energy
difference parameter AE = E(x) —E(0). The AE versus pressure
plot (Fig. 3(b) and Fig. S11, ESIt) reveals that dimer A under-
goes the most significant change in Ej,, under pressure, with
AE reaching —26.8 k] mol ™" for the exp1, and —17 kJ mol ™" for
the theor data sets. Both data sets show an initial decrease in
AE up to ~7 GPa, followed by an increase, although the
theoretical data exhibit some fluctuations. This trend may
suggest that attractive forces dominate at lower pressures,
while repulsive forces become increasingly significant at higher
pressures due to the close proximity of the molecules. In
turn, other dimers exhibit much smaller variations in
AE (<6 k] mol ") compared to dimer A (ESIf).

The effect of temperature on these intermolecular interac-
tions is minimal (Fig. S12, ESIf). The Rh---Rh distance
decreases slightly from 3.4618(4) A at 300 K to 3.3676(2) A at
100 K (~3% contraction). Similarly, the C-H---O distance

15638 | J Mater. Chem. C, 2025, 13, 15634-15644

decreases marginally, while the HB angle shows negligible
non-monotonic deviations from its initial value.

Under increasing pressure, other non-covalent interactions
within the crystal packing also significantly shorten, and new
interactions emerge as molecules are drawn closer in space,
which is well illustrated as more intense and numerous red
spots are observed under elevated pressure on the respective
Hirshfeld surfaces®® (Fig. S13, ESIt). Correspondingly, the
Hirshfeld fingerprint plots show notable shape changes, shift-
ing towards the lower d.-d; region at higher pressures due to
the compression of contacts.

2.4. Variation of charge density properties at BCPs with
pressure

To explore the electronic characteristics of individual inter-
actions and their modifications under HP, the Rh- - -Rh metal-
lophilic and C-H---O HB interactions within dimer A were
analysed using the Bader’s quantum theory of atoms in mole-
cules (QTAIM) methodology based on the theoretical wavefunc-
tion and electron density distribution generated at the
DFT(PBEO)/LANL2DZ level of theory (DFT - density functional
theory; ESIt). The analyses focused on key local electronic
properties, such as the electron density (¢) and its Laplacian
(V?0) at the BCPs, as well as energetic descriptors, like the ratio
of the local potential energy density to the local kinetic energy
density (|V|/G) at BCPs of these interactions. Furthermore,
the delocalization index (6) was employed to characterise these
interactions, providing a quantitative measure of the number of
electron pairs shared between two atoms.>® The § offers critical
insights into the degree of covalent bonding in an interaction.
Changes in ¢, V%, |V|/G and § for the Rh---Rh metallophilic
interaction under pressure are presented in Fig. 4 and
Tables S8, S9 (ESIT). These parameters reveal strengthening of
the Rh- - -Rh interaction with increasing pressure, as evidenced
by the steady rise in ¢ at BCP. In the case of experimental

This journal is © The Royal Society of Chemistry 2025
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geometries, ¢ increases from 0.080 e A~ at 0.00(5) GPa to
0.235 ¢ A~ at 10.45(5) GPa (Ag of 0.155 e A™%). Theoretical
data in general exhibit a similar trend, with ¢ increasing from
0.091 e A at 0 GPa to 0.281 e A% at 11 GPa (A¢ = 0.189 e A™?),
demonstrating good agreement with experimental results. It
should be noted, however, that again the observed changes in
the electron density distribution along with the pressure
increase are less smooth for the theoretical geometries than
those derived for the experimental structures. The more sudden
inflection/change in slope in the metal --metal distances
around 1.5 GPa and 4.5 GPa noted earlier (Fig. 3(a)) translate
into sharper changes in electronic properties at these pressure
points, as can be seen in Fig. 4. Nevertheless, based on the
obtained results and theoretical calculations for dimer A, as
well considering different methods’ limitations, no binding
conclusions can be drawn here.

As expected, the increase in ¢ is accompanied by a propor-
tional rise in V¢ at BCP. Experimentally, Vo increases by
1.696 e A~°, while the theoretical dataset shows a corresponding
change of 2.018 e A™°. Interestingly, the |V|/G parameter
indicates a transition of the Rh---Rh interaction from non-
covalent to partially covalent character. Experimentally, |V|/G
begins at 0.918 at 0.00(5) GPa, surpasses the threshold of 1.0
(where potential energy density dominates over kinetic energy
density) at 2.03(5) GPa,>® and reaches 1.176 at 10.45(5) GPa
(A(JV]/G) = 0.258). This indicates the emergence of partial
covalency beyond 2.03(5) GPa, with increasing covalent character
as pressure rises further. The theoretical dataset mirrors a

This journal is © The Royal Society of Chemistry 2025

similar trend, with |V|/G increasing from 0.929 at 0 GPa to
1.228 at 11 GPa (A(|V]|/G) = 0.299), and the transition to partial
covalency occurring at ~3 GPa. The  parameter also provides
evidence for increasing covalent degree in the Rh---Rh inter-
action. Experimentally, J rises from 0.116 at 0.00(5) GPa to 0.263
at 10.45(5) GPa (A = 0.147), while theoretically, it increases from
0.126 at 0 GPa to 0.290 at 11 GPa (AJ = 0.164). Overall,
topological analysis not only underscores the progressive
strengthening of the Rh---Rh metallophilic interaction under
HP but also highlights its transition from non-covalent to
partially covalent character beyond 2-3 GPa. Structural studies
revealed that the Rh---Rh distance falls below the sum of the
covalent radii above 8.72(5) GPa experimentally and 6 GPa
theoretically. This finding suggests that relying solely on struc-
tural distances is insufficient for accurately characterising the
covalent nature of intermolecular interactions.

The topological analysis was also extended to the C-H---O
interaction (Fig. S14 and Tables S8, S9, ESIt). Based on the
charge-density parameters, at the lowest pressure, this inter-
action is stronger than the Rh- - -Rh interaction, with ¢ values of
0.092 e A=® (experimental geometry) and 0.126 e A~> (theoretical
geometry). By 10.45(5) GPa, experimental ¢ increases to 0.189 e A
(Ag = 0.097 e A=%), while the theoretical ¢ reaches 0.244 e A= (Ag =
0.118 e A~%) at 11 GPa. However, these values remain lower than
those for Rh- - -Rh at the corresponding pressures. This reversal in
significance occurs above 4.55(5) GPa experimentally and above
6 GPa theoretically. Similarly, V% for C-H---O increases with
pressure, with A(V?g) values of 1.405 e A~° (experimental) and
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1.582 e A™° (theoretical). Despite higher initial ¢ values, |V|/G for
C-H: - -O remains lower than for Rh- - -Rh interaction due to greater
G component, which depletes electron density. Experimentally, |V]/
G for C-H:--O increases to 0.957 (A(|V|/G) = 0.132), while the
theoretical values reach 1.012 (A(|V]/G) = 0.130), indicating com-
paratively weaker covalency at higher pressures. Similarly, é for C-
H---O increases experimentally from 0.048 to 0.073 (Ad = 0.025)
and theoretically from 0.061 to 0.091 (Ad = 0.030) over the studied
pressure range. Notably, 6 for C-H---O at the highest pressure
remains lower or comparable to ¢ for Rh---Rh at the lowest
pressure, highlighting the lower covalency of C-H:--O under HP.
Moreover, all the changes (Ay) in the analysed parameters (y = o,
V2, |V|/G or §) for the C-H.--O interaction, are considerably
smaller than those for the Rh---Rh contact. This indicates that
the Rh---Rh metallophilic interaction is far more sensitive to
pressure than the C-H---O HB, with the observed changes in the
crystal packing properties under HP being predominantly driven by
the metallophilic interactions.

The non-covalent interactions within dimer A were also
visualised using 3-dimensional non-covalent interaction (NCI)
surfaces and 2-dimensional reduced density gradient (RDG)
scatter plots®>” (Fig. S15 and S16, ESIt). The transition of both
Rh---Rh and C-H- - -O interactions from moderate to stronger
interactions under HP were effectively captured with this colour
code representation (see ESIt for more details).

2.5. Electronic transitions and piezochromism

Our previous study demonstrated that the luminescence of
Rh-4-Br primarily arises from the lowest-energy singlet-singlet
(So — S1) electronic transition.'® This transition is a combi-
nation of 1 — m* excitation, metal-to-ligand charge transfer and
metal-to-metal bond charge transfer. Time-dependent DFT
(TDDFT) calculations performed at the DFT(PBEO)/LANL2DZ
level of theory reveal that this electronic transition occurs at
~400 nm and involves multiple molecular orbitals (Table S10,
ESIt), the detailed composition of which depends to some
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extent on the applied level of theory.?® This is in close agree-
ment with the absorption peak observed experimentally from
the powdered Rh-4-Br sample (Fig. S17, ESIT). It should also be
stressed that the calculations were performed for dimer A,
which served only as a simplified model system. Nevertheless,
it is worth noting that the involved occupied MOs exhibit anti-
bonding character between the Rh atoms, whereas the respec-
tive unoccupied MOs display bonding character (Fig. S18, ESIf).
A similar but more intense S, — S; electronic transition is also
seen at ~370 nm, involving the same kinds of MOs, while the
lowest singlet-triplet (S, — T,) electronic transition seems to
be significantly red-shifted. Since MOs involved in these elec-
tronic transitions have substantial contributions from the Rh
atoms, it is anticipated that the strengthening of the metallo-
philic interaction under HP will alter the positioning of these
MOs. Consequently, this modification is likely to narrow down
the HOMO-LUMO gap (HOMO & LUMO - highest occupied &
lowest unoccupied MO), affecting the absorption and emission
properties of Rh-4-Br. To validate this hypothesis, TDDFT
calculations were performed on dimer A extracted from the
crystal structures determined at different pressures (ESIt). For
the experimental dataset, the calculated HOMO-LUMO gap
decreases monotonically from 3.94 eV at 0.00(5) GPa to
3.43 eV at 10.45(5) GPa, indicating a gap narrowing of 0.51 eV
(Fig. S19, ESIt). This reduction is primarily driven by the
energetic destabilisation of the HOMO under pressure, which
outweighs the stabilisation of the LUMO. Note that such results
were also observed, for example, for gold(r) complexes sub-
jected to high-pressure studies.?® As anticipated, this narrowing
of the energy gap leads to changes in the theoretically calcu-
lated UV-Vis absorption spectra, showing a red-shift toward
longer wavelengths across all three sets of peaks observed (Fig.
S20, ESIf). Although minor fluctuations are observed in the
relative positions and intensities of peaks at successive pres-
sure points, an overall red shift is clearly visible. Additionally,
MOs undergo significant changes in shape and relative

Fig. 5 Optical microscopy images of the Rh-4-Br single crystal illustrate its piezochromic behaviour. The corresponding pressure values (with e.s.d.s. of
0.05 GPa) are indicated in each image. Images labelled with the suffixes “_c” and “_d" correspond to those captured during the compression and
decompression processes, respectively. The small ruby sphere used for in situ pressure estimation is visible in the top left corner of the pressure chamber.
Note that, fractures were observed in the crystal at higher pressures which is mainly due to the size of the crystal and to some extent could be caused by

PTM behaviour at highest pressures (Section S1.3.4, ESI1).
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contributions to individual electronic transitions, showing
more plausible overlap between Rh atoms at higher pressures
(Fig. S21 and Table S11, ESIt). Similarly, a comparable narrow-
ing of the HOMO-LUMO gap by 0.50 eV (from 3.84 eV at 0 GPa
to 3.34 eV at 11 GPa) is observed in the theoretical dataset
(Fig. S19, ESIt). The reduction in the HOMO-LUMO gap and
the red-shift of absorption peaks under HP results in the
piezochromic effect observed for Rh-4-Br single crystals. The
crystal changes its colour from light yellow to orange to red as
pressure increases from 0.00(5) GPa to 6.42(5) GPa (Fig. 5),
which is reversible under decompression.

The HP luminescence spectra of Rh-4-Br align well with the
changes observed in its optical colour and absorption spectra,
with the emission displaying a red-shift as pressure increases.
The spectrum contained a few peaks, which was difficult to
resolve, so the position of maximum of the strongest emission
band, (Aem)max Was analysed. Under ambient conditions, (Zem)max
was reported at 566 nm (2.19 eV)."® Once a crystal was placed in
the Merrill-Bassett DAC (MB-DAC) and a small pressure of
0.63(5) GPa was applied, a red-shift of (Zem)max to 580 nm
(2.14 eV) was already observed (Fig. 6(a), Fig. S22 and Table S12,
ESIt), along with a ~4-fold decrease in emission intensity com-
pared to measurements outside the DAC. A non-homogeneous
emission profile was measured across the crystal surface. Despite
these challenges, luminescence spectra were consistently
recorded at high-intensity region on the crystal surface. As pres-
sure increased, the peak shifted down to 1.94(2) eV ((Zem)max =
640 nm) at 6.93(5) GPa (a bathochromic shift of ~75 nm; with
respect to the value reported earlier at ambient conditions). Linear
approximation of the changes in the range up to 7 GPa gives the
pressure coefficient (slope of the fitted straight line)

% = —28(1) meV GPa™'.
The emission spectra showed reversibility upon decompression,
with all spectrum features returning to their initial value. Unlike
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some previous reports, emission intensity exhibited a non-
monotonic behaviour, likely due to weak luminescence within
MB-DAC at higher pressures, non-homogeneous crystal response
and potential pressure-induced defects. At 0.63(5) GPa, a shoulder
peak observed at ~602 nm (~2.05 eV) alongside the main peak at
580 nm, becomes more prominent and red-shifted to ~680 nm
(~1.82 eV) at 6.93(5) GPa. Above 5 GPa its emission intensity
weakened significantly. This could suggest that a potential emis-
sive excited state becomes accessible at lower pressures and then
subsequently quenches at higher pressures (and is also reversible
on decompression). Linking with the changes observed in the
topological parameters, this behaviour may be attributed to a
pressure-stabilised more metallophilic in the native excited state,
associated with a change of the Rh- - -Rh interaction parameters at
~2 GPa. The quenching observed at ~4.2 GPa could result from
enhanced intermolecular metal- - -metal orbital overlap, which
activates non-radiative decay pathways.

Additionally, Raman spectroscopy is a well-established
experimental probe for investigating the HP evolution of inter-
and intramolecular interactions.*° In Rh-4-Br, reversible mod-
ifications in Rh---Rh metallophilic interactions during a com-
pression-decompression cycle were traced using HP Raman
spectroscopy. At ambient conditions, the Rh---Rh stretching
mode (Vrn.. rn) Observed at ~36 cm™ ", is a characteristic low-
frequency band for metallophilic interactions (Fig. S23a, ESIf).
Structural and electronic analyses previously confirmed an
enhanced Rh---Rh interaction at HP, corroborated with the
HP Raman spectra showing a linear blue shift of vz, . g from
~37 cm ™! at 0.00(5) GPa to ~55 cm™ " at 5.34(5) GPa, with an
overall wavenumber change of Av ~ 19 cm™* with respect to
ambient conditions (Fig. 6(b)). The Raman intensity of the
Vrh. . .rh peak exhibits a non-monotonic trend, initially increases
up to 1.74(5) GPa and decreases later on with potential attenua-
tion at the highest pressures. This behaviour may reflect non-
monotonic polarizability changes of the Rh- - -Rh contact under
pressure. However, a definitive conclusion is challenging due to

— . - ,’ - —_————— _— =
R e T S et S S m———]
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20t — T~ — ]
’
oy I ——
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(a) HP luminescence spectra of Rh-4-Br at selected pressure points (see ESIf for more information, Fig. S22 and Table S12), and (b) HP Raman

spectra recorded during compression process, black dashed lines indicating the progressive shift in peak maxima.
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various other factors that could influence Raman intensity and
peak broadening, including anharmonic effects, phonon-pho-
non interactions, optical path distortions, and sample defor-
mation at extreme conditions. Importantly, the blue shift
and intensity changes are fully reversible upon decompression
(Fig. S23b, ESI}).

3. Conclusions

This study explores the HP behaviour of a nearly square-planar
transition-metal salicylidene complex Rh-4-Br in the crystalline
state, where the crystal packing is predominantly driven by the
Rh---Rh metallophilic and C-H---O HB interactions. These
interactions exhibit pronounced structural, electronic, and
energetic sensitivities under HP conditions. Interestingly, HP-
SCXRD studies reveal that the Rh- - -Rh distance falls below the
sum of the covalent radii at ~9 GPa, suggesting the potential
formation of a partial covalent bond. This observation is
supported by electronic analysis performed within the QTAIM
framework, where the evolution in the |V|/G parameter at BCP
indicated partial covalency in Rh---Rh at ~2.03(5) GPa. These
findings underscore the importance of integrating structural
and electronic analyses for an accurate description of inter-
molecular interactions. In addition, the Rh-.--Rh metallophilic
interaction demonstrates greater sensitivity to pressure com-
pared to C-H---O HBs, as evidenced by relative evolution in
their local electronic and energetic parameters. Single-crystals
of Rh-4-Br also exhibit reversible piezochromism, with the
colour transitioning from light yellow to orange to red, accom-
panied with a bathochromic shift of ~75 nm in (lem)max
between ambient and 6.93(5) GPa. These reversible optical
changes are attributed to pressure-induced modifications in
the metallophilic interactions, which alter the emissive states
and narrow down the HOMO-LUMO gap. Reversible modifica-
tions of the Rh- - -Rh interaction were further traced with the aid
of HP Raman spectroscopy which showed that the vgp...rn
stretching mode exhibits a blue shift of ~19 cm™" between
ambient pressure and 5.34(5) GPa. The Raman intensity initi-
ally increases and then decreases, likely reflecting changes in
the polarizability of the Rh---Rh interaction under pressure,
however, a concrete conclusion is challenging. These experi-
mental results are corroborated by theoretical HP periodic
calculations, which align closely with the experimental findings
and effectively capture the structural, electronic, energetic, and
optical changes induced by pressure. Such theoretical
approaches could provide deeper insights into the physical-
electronic properties and are invaluable when experimental
data are limited.

This study highlights the potential of metallophilic interac-
tions as structural synthons for the development of piezochromic
materials. Transition metal complexes with (nearly) square-planar
geometries around d® or d'° metallic centres are particularly
promising, as they facilitate strong metallophilic interactions.
These interactions enable precise tuning of structural, energetic,
electronic, and optical properties under external pressure,
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establishing robust structure-property correlations. The reversible
behaviour of these properties under compression-decompression
cycles makes such materials promising candidates for pressure
switches, sensors and optoelectronic applications. Further studies
focusing on the HP behaviour of square-planar Rh' complexes
forming metal- - -metal chains rather than molecular dimers are
underway, which may further expand the understanding and
utility of these systems.
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