W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202400420

www.chemphyschem.org

Optical and Supramolecular Properties of Cyclometalated
Palladium Nanostructures with Tumor Targeting Properties
in Living Mice: A Quantum Mechanics Interpretation.

Costantino Zazza,*™ Nico Sanna,™® Stefano Borocci,”™ © and Felice Grandinetti

The recent discovery that metallophilic interactions between
cyclometalated palladium supramolecular nanostructures -
with efficient tumour accumulation rate in a skin melanoma
model — maintain excellent photodynamic properties even in a
hypoxic microenvironment has inspired the present study
focused on the theoretical predictions of optical properties of
the bis-cyclometalated palladium compound in different con-
texts. More specifically, structural and UV/Vis absorption proper-
ties of both monomeric and dimeric forms of this anticancer
drug are well reproduced with a Time-Dependent Density
Functional Theoretical (TD-DFT) approach based on Exchange-

1. Introduction

Organometallic compounds are well established pivotal players
in current chemistry."? lllustrative examples include the (half—)
sandwich compounds also known as piano stool complexes,®™!
the transition metal carbenes with ferrocene,”® and the Grubbs-
type catalysts.”® In the last decades, compounds like these
have found vast applications in catalysis and biosensing with a
wide use in commercial reactions and related processes.” "
Organometallic compounds are also largely applied nowadays
as medicinally-relevant drugs, belonging essentially to three
classes: 1) antimicrobial organoarsenicals; 2) antimalarial and
anticancer ferrocene-containing compounds; 3) anticancer cata-
lytic organometallic complexes.">™¥ In this respect, traditional
chemotherapy applications, characterized by the use of small
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Correlation (XC) hybrid functionals in conjunction with con-
ductor-like and polarization solvation effects. A further novelty
is represented by a fine investigation of the supramolecular
interactions between the different subunits of the drug via
dispersion force correction and Quantum Theory of Atoms in
Molecules (QTAIM). This contribution while supporting the
photoexcitation properties derived in laboratory following the
self-assembly of monomeric units when passing from dimethyl
sulfoxide (DMSO) to a H,O0/DMSO mixture at 298 K, shed some
light on the nature of the chemical interactions modulating the
formation of nano-size aggregates.

organic molecules, have undoubtedly made significant strides
in cancer treatments.'"*"! However, the non-selective nature of
many chemotherapeutic agents often leads to severe side
effects, compromising the quality of life for patients."®'! In
some cases, catalytic anticancer metallodrugs result active even
at low doses minimizing potential side-effects and, at the same
time, are found to introduce novel mechanisms of action
against resistance towards anticancer-drug activities.'"® The
integration of metals into therapeutic compounds brings forth
a diverse range of mechanisms of action, allowing for tailored
approaches to combat the heterogeneity of cancer. Metal
complexes can interfere with essential cellular processes, such
as DNA replication and repair, induce apoptosis, or modulate
signaling pathways critical for cancer cell survival."™ The unique
electronic and structural properties of organometallic com-
pounds offer a platform for the design of agents with enhanced
selectivity and reduced toxicity, marking a paradigm shift in the
landscape of antitumor drug development? The precise
understanding of the factors governing the stability and
reactivity of organometallic complexes remains a subject of
intense investigation. The exploration of new synthetic method-
ologies and the design of compounds with tailored properties
are also posing exciting avenues for further researchers. This
aspect actually has open up the routes for the development of
intriguing approaches to cancer therapy. Among these fascinat-
ing applications, a further strategy has emerged to treat tumors
based on tumor-targeting (covalently or supramolecularly)
nanocarriers which enhances drug delivery to the tumoral cells
in clinical applications.”’* Another intriguing approach to
cancer therapy involves the use of relatively small-molecule
drugs that self-assemble into supramolecular nanostructures
without the assistance of nanocarriers***! In this respect,
although these systems can be synthesized quite easily, the

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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non-covalent forces driving the self-assembly among individual
molecules should be able to guarantee the survival of these
nanostructures in living organism under physiological condi-
tions. Such Drug Self-Delivery Systems (DSDSs) must be then
optimized in terms of a complex balance between hydrophobic
forces, supramolecular contacts and/or Metal-Ligand (M-L)
coordination patterns. In a recent study, Zhou et. el first
proposed cyclometalated palladium-based (PdL, see Scheme 1)
supramolecular nanostructures, which show efficient tumour
accumulations rates (up to 10.2% ID g~' and circulation time
peaks at 12 h in living mice) in a skin melanoma, e.g. A375, in
living mice. The proposed organometallic compound results
from the interaction of a mixture of bis(3-(pyridin-2-
yl)phenyl)amine, reported in literature as H,L, with Palladium(ll)
acetate, Pd(OAC),. It was shown™ that the PdL supramolecular
aggregates maintain excellent photodynamic properties even in
hypoxic tumour microenvironment.”’?® The surprising observa-
tion that green light irradiation of PdL nanostructures leads to
tumour destruction due to photodynamic type-l reactivity
in vivo strongly suggest potentially relevant applications in
clinical photodynamic therapy (PDT).*? A light-activated
anticancer drug such as PdL with a remarkable selectivity and
long circulation time offer a patient-friendly alternative to
traditional chemotherapy while reducing side effects by a
selective irradiation of tumour tissue.

The PdL complexation generating photo-responsive
supramolecular nanostructures in living mice is supposed to be
driven by metallophilic interactions involving the Pd atoms.
Metallophilic interactions are, generally, defined as non-cova-
lent forces between d® and d'° transition metal ions such as
Pd(ll), Pt(ll), Au(l), Ag(l)) and Cu(l) actually enhanced by
relativistic effects and electron correction of the closed-shell
constituents.’”>" In these interactions the repulsive metal-
metal Pauli component is de facto suppressed by the linear
coordination geometries of the complexes; this brings to
relatively close M--M distances shorter than the sum of the van
der Waals radius. Particularly for PdL, the role of metallophilic
interactions (modulated also by solvation effects) in driving
one-dimensional assembly during dimerization (see Scheme 1)
is highlighted by the X-ray structures in DMSO/H,0 mixtures of
the PdL-Dimer, (PdL),, featuring Pd—Pd distances of 3.518 A,

PdL

Scheme 1. Chemical structure of the PdL organometallic compound (mono-
meric and dimeric form). In pure DMSO, PdL (100 uM) was observed mostly
in the monomeric form while in the presence of DMSO/Water mixtures
~10%, e.g. 1/9, the formation of Pd--Pd supramolecular contacts in solution
is preferred as observed by Transmission Electron Microscopy (TEM) and
emission spectroscopic measurements at room—temperature.m’]
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and a short interplanar average distance of ca. 3.4 A This
finding reinforces the expectation that metallophilic interac-
tions play a major role in driving the supramolecular assembly
of nanoarchitectures in multi-component systems under differ-
ent environments.¥

In the present study, we performed ab-initio®" and density
functional theory (DFT)®® calculations to investigate the
structure and spectroscopic properties of both naked and
solvated PdL and (PdL),. The bonding situation of these systems
was also assayed by different methods of bonding analysis. The
obtained data favorably compare with experimental measure-
ments and previous calculations, and at the same time shed
some new light on the structural and electronic properties of
these intriguing organometallic systems.

2. Theoretical Methods and Computational
Details

DFT calculations were performed using three different gradient
corrected approximation-based (GGA) functionals®: the pure
exchange-correlation Perdew-Burke-Ernzerhof (PBE)
functional,®® the hybrid PBEO functional® mixing the PBE
exchange energy and Hartree-Fock (HF) exchange energy in a
3:1 ratio, along with the full PBE correlation energy, and the
hybrid  Becke  3-parameters  Lee-Yang-Parr  (B3LYP)
functional.**? We also used with any functional the Grimme’s
dispersion with the original D3 damping function which adds
an empirical function akin to the Lennard-Jones potentials and
systematically improves the description of van der Waals
systems.®® The H, C, and N atoms were treated with the
Dunning’s correlation consistent-polarized cc-pVTZ basis sets,*"
and the Pd atoms were treated with the corresponding basis
developed in conjunction with effective core pseudopotential
(PP) (cc-pVTZ-PP)."! Both these basis sets will be henceforth
denoted as VTZ. Full electron calculations with a relativistic
Hamiltonian were also performed within the second-order
Douglas-Kroll-Hess (DKH2) approximation.*®*” The investigated
systems were relaxed by applying a redundant-based internal
coordinates algorithm in dilute solution mimicking the dimethyl
sulfoxide (DMSO) and water solvent effects by using the
popular Conductor-like Polarizable Continuum Model (C-PCM)
decomposition.”® The taken reaction-field approach allows to
maintain a DFT picture of PdL and (PdL), while introducing
solvation and polarization effects in a self-consistent way within
the Kohn-Sham equations. The C-PCM/[PBE;B3LYP;PBEO]/VTZ
geometries were then employed to calculate the UV-Vis
absorption spectra - in the range 290-800 nm — by combining
vertical excitation energies with oscillator strengths and using
gaussian broadening functions having a full width at half
maximum (FWHM) of 3000 cm™ (i.e. the Av’,). The formula
employed by the GaussSum software” used to convolute the
computed absorption spectra is given below:

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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where f (the oscillator strength under the transition dipole
length approximation) and v’._; (the vertical excitation energy in
wavenumbers, cm™') are both extracted from quantum me-
chanical calculations at TD-DFT level of theory.® The oscillator
strength is related to the transition dipole moment, M._; by the
equation:

8 m,
3 e2h?

8axm,c

CAE. - M. P=
i—f | Hf' 3 e2 K2

fir= Vi M ()

where m, and e are the mass and the charge of the electron,
respectively, h is Planck’s constant and c is the speed of light.

The energy difference (AE;_ ) between these states is related
to the frequency v, the wavelength A and the wavenumber v’ of
absorbed or emitted light by the equation:

c

AEi‘,f:h‘V,;,f:h‘ 7

=h-c Vig 3)

i—f

The results of a TD-DFT calculations may be then con-
voluted using gaussian-type curves to create UV/Visible spectra;
more specifically, each electronic transition is associated with a
gaussian curve accordingly to the expression of the £(v) value
which provides an estimation of the molar absorption coef-
ficient, in M™' cm™', as reported in Equation (1). Next, the
emerging curves are summed along a one-dimensional grid,
composed by 500 points in the range between 290-800 nm, to
generate the overall spectrum. Moreover, the molecular orbitals
involved in the Franck-Condon excitation processes were
characterized in terms of electronic hypersurfaces superim-
posed to the optimized structures. All the calculations were
performed with the Gaussian 16 code (Rev. C01),*" using the
VMD software® to depict the molecular geometries.

The bonding analysis of the (PdL), was accomplished using
the Baders theory of atoms in molecules (AIM).5¥ The
employed method was the Moller-Plesset perturbation theory
truncated at the second order (MP2)®¥ used in conjunction with
the VTZ basis set. The analyzed functions include the electron
density p(r), the electron energy density H(r) and its kinetic and
potential components G(r) and V(r), respectively and the
reduced density gradient (RDG) s(r). The p(r) is defined by the

equation®:

p(r) :Zﬂf‘(/’f(’)‘z (4)

where 7; is the occupation number of the natural orbital ¢, in
turn expanded as a linear combination of the basis functions.
The H(r) is the sum of the kinetic energy density G(r) and the
potential energy density V(r):
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The presently-employed definition® of the G(r) is given by
the equation:

1
G(r) = 5 > mlVe(r)P ©
i=1

where the sum running over all the occupied natural orbitals ¢;
of occupation numbers #,. The potential energy density V(r) is
evaluated®™ from the local form of the virial theorem:

1
V(r) = 7 Vip(r) — 2G(r) @)

The RDG - coming from the density and its first derivative -
is defined by the equation®>*®

s = POl (8)
2(372)3 x p(r)s

Low-value s(r) isosurfaces (typically 0.3-0.6) appear among
atoms undergoing any type of interaction, the Non-Covalent
Interactions (NCls) emerging, in particular, by considering the
spatial regions of low p(r) (typically at around 0.05 e-a, ). The
low-s(r)/low-p(r) isosurfaces are, in turn, mapped in terms of the
sign(A,)xp(r), A, being the second eigenvalue (1, <1,<4;) of the
Hessian matrix of p(r). In essence, the sign of 1, is used to
distinguish between attractive (1,<0) and repulsive (1,>0)
interactions, and the value of p(r) is exploited to rank the
corresponding strength. Thus, the NCls are conveniently
visualized in a 2D plane by plotting the RDG vs the colored
sign(A,)xp(r), and in 3D space by plotting a chosen low-value
isosurface of the s(r), colored by the sign(i,)xp(r) (standard
employed colors range from blue to red for highly attractive to
repulsive interactions, respectively). The analysis was done with
the Multiwfn program (version 3.8.dev)®” using the wfx files
generated with Gaussian 16 code.®"” The 2D and 3D plots of the
s(r) vs sign(A,)xp(r) were produced with the VMD software®”
setting sign(A,)xp(r) between —0.050 e-a, (blue) and 0.010
ea, > (red). The MP2/aVTZ electrostatic potential energy
surfaces (ESP) were also calculated using the wavefunctions
generated by the Gaussian code, and by applying the Libreta
algorithm®® integrated into Multiwfn program. At last, we also
investigated the (PdL), system in its lowest-energy triplet spin
multiplicity with the target of addressing structural changes
activated by relaxation dynamics along electronic excited
states.

3. Results and Discussion
3.1. Optimized Structures and Optical Properties

The structures of the (PdL), obtained with our three employed
DFT methods [B3LYP(D3), PBEO(D3) and PBE(D3)] were com-
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pared with the X-ray crystallographic data and with previous
calculations at PBEQ/TZP level.”® A benchmark parameter in this
regard is the Pd—Pd distance. The crystallographic value of
3.52 A is underestimated as 3.26 A by previous calculations in
methanol dilute solution.”™ Our obtained values are, instead,
closer to the experimental one. The best-performing level is the
B3LYP/(D3)/VTZ, which predicts a Pd—Pd distance of 3.54 A in
vacuum, and 3.60/3.61 A in DMSO/water (see Figure 1a and b).
The PBEO predicts a Pd—Pd distance of 3.68 A in DMSO and
3.67 A in water, and the pure PBE furnishes a value of 3.72 A in
both DMSO and water. The ESP of PdL and (PdL), are given in
Figure 1c-e. Electrophilic sub-units in DMSO are represented by
blue color indicating negative regions and are located - as it
would have been expected - on more electronegative atoms.
Positive portions (red color) instead correspond to nucleophilic
regions suggesting- on average — a lack of electrons. The
highest potential energy region, with a value of +0.16 a.u., is
located around the N—H group which makes this position prone
to nucleophilic attack. The observed trend also highlights that
ligand loses planarity due to the repulsion between N-C—H—
H—C—N intramolecular moieties. As a consequence, for both the
systems, the ESP surface in proximity of these two terminal
portions reflect a reduced electrophilic reactivity if compared
with the remaining planar region of the PdL ring. In this respect,
the perfectly planar structure (C; symmetry) is slightly less stable
by 0.16 kcal/mol (at C-PCM/B3LYP(D3)/VTZ level of theory in
DMSOQ). This ESP-based characterization of PdL in terms of
electron-rich and -deficient regions provides a self-consistent
prediction about its interaction with encircling solvent mole-
cules. Also, we obtained a similar result introducing the PdL
and (PdL), molecules in water.

Monomer

Figure 1. Geometrical structures of the two organometallic systems. a) the
PdL molecule (C atoms are in gray, Pd in yellow, N in blue and H in white
colour, respectively); b) the PdL molecule forming the dimer with the Pd—Pd
distance reported in A. The structures depicted are extracted from optimized
geometries at B3LYP(D3)/VTZ level of theory in DMSO dilute solution
simulated by C-PCM implicit model. At the same level of theory the
molecular electrostatic potential (ESP, isodensity value of 0.03 a.u.) surfaces
are also reported for the monomeric (c) and for the dimeric form (d and e) in
DMSO; the blue and red points represent the local minima (—0.9 a.u.) and
maxima (0.16 a.u.) values of the ESP surface, respectively.
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As a next step, we focused on the UV/Vis absorption of PdL
and (PdL), in DMSO and water, explicitly investigated by Zhou
et. al.” In DMSO, the experimental spectrum includes — in the
range 300-800 nm - three absorption bands with a maximum
at 343 nm (£=25.8x10°M~"'cm™") and two signals at longer
wavelengths centered at 405 nm (€=52x10*M"'cm™") and
481 nm (€=3.7x10° M~'cm™), respectively. TD-DFT/PBEO/TZP/
COSMO calculated spectra of PdL in methanol dilute solution®
essentially suggested that in pure DMSO only the monomer
should be present, but unfortunately, the predicted absorption
patterns resulted confined at excitation wavelengths lower than
390 nm. The observed discrepancy between measured and
estimated spectra intrigued as. The same authors also observed
that supramolecular dimerization shifts the lowest-energy
absorption band from 383 nm to 502 nm. However, the
observed trend strongly suggested that, at PdL concentration
within 100 uM, the organometallic complex in DMSO tends to
avoid aggregating towards supramolecular nanostructures
driven by metallophilic interactions. As a result, a spectral
region of the UV/Vis spectra of the PdL molecule still should be
further clarified. To this end, in Figure 2 we show the calculated
UV/Vis absorption patterns both for monomeric and dimeric
form of PdL in a DMSO dilute environment. As for the
monomer, PBEO and B3LYP functionals feature excitation wave-
lengths close to the experimental measurements (see Figure 1,
upper panel). When the PdL is dissolved in DMSO, the PBEO
functional predicts a lowest-energy signal at 466 nm (€=
4.1x10° M~'cm™") accompanied by a second absorption peak at
400 nm (€=3.3x10*M~"'cm™") and a prominent band centered
at 336 nm (£=35.1x10°M"cm™"). The molecular orbitals
involved in the excitation process are depicted in Figure 3a.

The electronic transition at 466 nm reflects a 'n—n*
character mainly being a HOMO(H)—LUMO(L) (96 %) excitation.
Afterwards, we observe that also the signal detected at 400 nm
features a valence 'm—mw* excitation character [i.e., H—L+1
(95 %)]. At last, the main absorption band centered at 366 nm
results essentially from the convolution of a H-3—L (44%), H-
2—L (24%), H—L+3 (28%) excitation with an oscillator
strength (f) of 0.27 a.u. and a H-1—L (58%), H—L+2 (37%)
second excitation with f=0.13 a.u. We are, indeed, again mainly
referring to a valence 'n—n* absorption band. The same signals
result estimated at 489 nm (€=3.8x10°M~'cm™), 425 nm (€=
2.5x10°* M~'em™), and 352 nm (€ =30.6x10° M~ cm™) by using
the hybrid B3LYP functional. It is worth noting that, similar
results were obtained using an all-electrons approach with a
relativistic Hamiltonian: an absorption at 494nm (€=
3.1x10°M'em™), a second band at 421nm (E=
29x10°M'cm™") and a prominent peak at 350nm (€=
27.3x10* M'cm™"). On the other hand, the pure PBE functional
provides a different shape of the spectrum, including two
absorption bands, and overestimates the excitation wave-
lengths. The lowest-energy absorption is centered at almost
660 nm (€E=3.1x10° M 'cm™") and the main signal at 436 nm
(€E=19.1x10* M~"ecm™). As a next step, in Figure 3b we report a
comparison between the computed absorption pathways and
the experimental ones in DMSO at 298 K. The agreement
between computations and experiments is very good in all the
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Figure 2. UV/Vis absorption spectra for the monomeric (upper panel) and dimeric form (lower panel) of the PdL organometallic compound in DMSO dilute
environment at C-PCM/PBEO(D3)//B3LYP(D3)//PBE(D3)/VTZ level of computations. The molar absorption coefficient (€) is reported in M~' cm™". Oscillator
strengths (in a.u.) are also reported as green histograms.

range of wavelengths. The positions of the computed absorp-
tion bands as well as the shape of the emerging spectra
strongly resemble the trends observed experimentally. In light
of this, our result strongly supports the evidence that PdL
molecules, in a solvent like the DMSO, tend to be preferentially
widespread as monomeric species in solution. For the dimeric
form - always in DMSO - we observe that also in this case PBEO
and B3LYP estimate essentially a similar behavior; the absorp-
By a0 tion spectra show a marked increase in the baseline due to the

35000 presence of multiple singlet electronic excitations falling in the
= same intervals. At C-PCM/PBEO(D3)/VTZ level of theory, the
emerged UV/Vis spectrum shows a first band at 478 nm (€=
30x10°M'em™), a main peak at 341nm (E=
17.0x10°M~'cm™") with a shoulder located at 377 nm (E=
9.5x10°* M~'cm™"). With the B3LYP functional, the same signals
are predicted at 526 nm, 438 nm and 346 nm while they are
shifted at lower energies applying the PBE functional (see
Figure 2, lower panel). The molecular orbitals involved in the

LumO+s LuMo+2

30000

25000

20000

15000

10000

Maoalar absorption coefficient (M cm!)

5000

o0 i ato i 500 = %o excitations are shown in Figure 4a. The lowest 'n—n* excitation

Wavelensth Gn.nml at 526 nm features a H-1—L (94%) composition (f=0.04). The

Figure 3. a) Molecular orbitals, at C-PCM/PBEO(D3)/VTZ level, for the PdL shoulder at 377 nm is mainly composed by three 'n—n* vertical

monomer in DMSO. The blue colour reflects the positive (+) part of the excitations falling at 428 nm [H—L+1 (92%); f=0.04)], 409 nm
corresponding eigenvector and an isodensity value of 0.015 e a,” is used; b) e

Computed (C-PCM/B3LYP red dashed line; C-PCM/PBEO gray dashed line) [(H—L+2 (92%), H-1—L+3(5%); f=0.05)], and 390 nm [(H-2—

UV/Vis absorption spectra of PdL compound in DMSO mainly in its L (90%), H-7—L+1 (2%), H-4—L(2%); f=0.06)]. At last, the

monomeric form following the experimental observations. The experimental main 't—n* absorption signal in the range 300-800 nm results

spectrum is taken from the ESI.”*® The solution solvating PdL is treated at C- essentially composed by an excitation lying at 348 nm [H-5—
PCM level of decomposition, and the convoluted profiles are estimated with y p y ying

gaussian broadening functions having a FWHM of 3000 cm™". L(66%), H-1—L+4(13%), H-4—L(6%); f=0.13], with two H-
excitation having a multiple character and estimated at 342 nm
1—L+7B3%), H—L+5(9%); f=0.08)] and 328 nm [H-1—L+6
[H-6—L (60%), H-4—L+1(5%), H-1—L+5(4%), H-1—L+
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Figure 4. a) Molecular orbitals, as extracted at C-PCM/PBEO(D3)/VTZ level, for
the PdL in the stable dimeric form in DMSO dilute solution. The blue colour
reflects the positive (+) counterpart of the corresponding eigenvector and
an isodensity surface plot value of 0.015 e a, * is represented. b) UV/Vis
absorption spectra [experimental data vs theoretical prediction [C-PCM/
PBEO(D3)/VTZ] of PdL in H,O solution in its monomeric and dimeric form,
respectively. The transient experimental UV/Vis absorptions at 0 s (blue solid
line) and 30s (light-blue solid line) are taken from the ESI of Ref.?

6(8%), (75%), H-7—L (5%), H-6—L(6%), H-1—L+7 (3%), H—L
+7 (3%); f=0.06], respectively.

Also in the present context, the DFT(D3)-based UV/Vis
spectra that have emerged at PBEO and B3LYP (see Figure 2,
lower panel) result in agreement with experimental observa-
tions in which the supramolecular dimerization is supposed to
play a key role in modulating the absorption patterns.” In this
context, minute variations in the UV/Vis spectrum of PdL in
DMSO with temperature, suggested low-affinity dimerization
with constant of 107-10"* M. To further deepen the compar-
ison with the experimental data, we have reported, in Figure 4b,
four different spectra: the transient experimental UV/Vis
absorptions at 0s (blue solid line) and 30s (light-blue solid
line)® for the PdL in water and the computed aqueous
absorption patterns for the monomer and dimer of PdL. The
transient spectra of 100 uM of PdL at 0 s was associated to the
relatively low presence of supramolecular dimeric structures
while that recorded at 30s to the presence of stable
supramolecular nanostructures. In this respect, we have
modeled the presence of nanostructures by means of dimeric
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forms of PdL. As it can be clearly seen from the estimated trend
(Figure 4b), the self-assembly of such a light activated anti-
cancer drug strongly affects the photophysical properties in
aqueous dilute solutions. As a matter of fact, there is a
remarkable change in the absorption spectra which can be
directly associated with nanostructure formations. When pass-
ing from monomer to dimer, supramolecular interactions
between PdL units are capable of shifting the excitations
towards lower energies while increasing the baseline of the
spectra. In this respect, our computations show that, in aqueous
environment, the formation of supramolecular structures,
stabilized by metallophilic interactions, is accompanied by a
red-shift of the excitation patterns of PdL molecules. Interest-
ingly, computations also well reproduce the drastic increase in
the absorption process experimentally detected at around
410 nm due to the appearance of multiple valence 'm—n*
absorption signals (see Figure 4a). In agreement with previous
investigation,” the influence of self-assembly finely modulated
by environmental effects has therefore a deep impact on
photophysical properties of PdL organometallic compounds.

3.2. Bonding Patterns of (PdL),

The nature of the interlayer contacts occurring in (PdL), was
assayed by an QTAIM analysis. In this context, we would like to
mention that several contributions had already addressed the
potentialities of theoretical relativistic approximations within
the QTAIM decomposition model.” The relevant results are
given in Figure 5 and in Table 1. Irrespective of the environment
(gas, DMSO, water), the region between the two layers includes
numerous p(r) critical points of the type (43,—1). As shown in
Figure 5a, for the gas-phase complex, two of these BCPs belong
to bond paths (BPs) connecting a H atom of one layer with a C
atom of the other one; all the other BCPs belong to BPs
connecting pairs of C atoms. The Pd—Pd BP is also located. The
C—H BPs are not occurring in DMSO and water, the only BPs
located in these environments being the Pd—Pd and the C—C
ones. Thus, at least in terms of the topology of the p(r), the N
atoms of the two layers do not contribute to the stability of the
dimer. The AIM indices computed for the various BCPs, reported
in Table 1, clearly unravel the non-covalent nature of any
contact occurring between the two layers. At any BCP, in fact,
the p(r) is within 0.01 e-a, >, the V?p(r) and the H(r) are positive,
and the -G(r)/V(r) ratio is greater than one. The Pd—Pd bond
path is the relatively strongest one, with a p(BCP) of 0.0102
e-a, > in the gaseous complex, and of ca. 0.009 e-a,> in DMSO
and water. The p(BCP) of all the other contacts ranges between
ca. 0.004 and ca. 0.007 e-a, >, the interactions occurring in the
gaseous phase being, generally, tighter than the corresponding
ones occurring in the solvated complexes. The nature of the
solvent produces also minor differences, if any, on the AIM
indices of the various corresponding BCPs. The non-covalent
character of the interactions stabilizing the (PdL), is also clearly
caught by examining the results obtained from the study of the
RDG. The RDG is a fundamental dimensionless quantity in
theoretical chemistry typically used to describe the deviation

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 5. a) Bond paths at MP2/VTZ level of theory (see section 2) for the (PdL), in gas phase (left panel) and in DMSO dilute solution (right panel); b) 2D
Reduced Density Gradient plot in which the color bar represents the sign(Z,)xo(r) in a. u.; ¢) 3D Reduced Gradient Density plot [also in this case, the color bar

represents the sign(1,)xp(r) in a.u.].

from a homogeneous electronic distribution. In the 2D plots of
the RDG vs sign(A,)xp(r) shown in Figure 5b, the non-covalent
attractive contacts signaled by the AIM analysis clearly appear
as the peaks in the range of sign(,)xp(r) between 0 and —0.01
e-a, >, colored as typical for van der Waals interactions. In
keeping with the above-noted effects of solvation on the
topology of the p(r), the graphs are, essentially, indistinguish-
able for the complexes in DMSO and water, but slightly
different for the complex in the gaseous phase. The preferential
involvement of the Pd and C atoms in the stabilization of (PdL),
is also clearly noted by examining the 3D graphs plotted in
Figure 5c showing the RDG=0.5 isosurface plotted in the
molecular space and colored as a function of the sign(1,)xpo(r).
The Pd—Pd and C—C contacts appear as the lighter green
regions, separated by darker adjacent green regions. In the
latter ones, the sign(A,)xp(r) is still negative, and informative
about the occurrence of weak contacts involving also the N
atoms of the two layers. Thus, even though the latter atoms are
not connected to the surrounding ones by BPs, they still
contribute to the overall stability of (PdL),. This situation is not
uncommon, for complexes held together by weak van der
Waals interactions. Just for instance, similar systems like
palladium(ll) chalcogenolate compounds, when characterized
by both X-ray crystallography and DFT computations with AIM
decomposition® report very similar interaction patterns as
those previously observed in Table 1.

Finally, we also addressed the (PdL), system in its lowest-
energy triplet spin multiplicity with the target of investigating
conformational changes activated by relaxation dynamics

ChemPhysChem 2024, 25, 202400420 (7 of 10)

following electronic excitations. The 3D plot of the RDG vs
sign(A,)xp(r) of the 3(PdL), molecular system in DMSO (in
Figure 6a) resembles that already depicted in Figure 5c. How-
ever, the investigated system in its triplet excited state lying at
+47.33 kcal/mol features a shorter Pd—Pd distance by 0.2 A at
C-PCM/UB3LYP(D3)/VTZ level of theory. Interestingly we note
that the shortening of such a structural parameter is due to the
establishment of a weak covalent interaction between Pd—Pd
atoms in two different sub-units [at the BCP, the H(r)=
—0.00046 hartree-a,”> with an electronic density of 0.01405
e-a, ’]. In this context, the drastic increase in *(PdL), potential
energy is basically ascribed to destabilizing n—mx repulsion
effects particularly effective at shorter distances. Moreover, this
trend is further supported by the Electron Localization Function
(ELF) plot - between 0.0 and 0.5 - reported in panel b of
Figure 6. A graphical representation of this function is capable
to give a qualitative picture of the type of bonds in a molecular
system and the local regions of the space where it is possible to
find electron pairs.”" In this respect, looking at the ELF sampled
values over the o[(Pd—Pd—N)-H] plane, the Pd—Pd atoms show a
partially covalent connection given by the overlap of d,? atomic
orbitals. At the BCP connecting the two Pd atoms, the ELF
features a value at around 0.14; on the contrary, the same value
results substantially lower (<0.04) for the same interaction
pattern in DMSO dilute solution over the singlet electronic
ground state. These last analyses — carried out over the first
triplet excited state of PdL, most likely engaged in the clinical
photodynamic therapy (PDT) of type 1 mechanism® - support
for the first time the idea that such a light-sensitive anticancer

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Table 1. Electron density p(r) (e a, 3), Laplacian of electron density V2 o(r) (e d,*), electron kinetic energy density G(r) (hartree a, °), electron potential
energy density V(r) (hartree a, ), and electron energy density H(r) (hartree a, ) for bond critical points on selected bond paths (BPs) of (PdL), calculated at
the MP2/cc-pVTZ level of theory in the gas phase, in dimethyl sulfoxide (DMSO), and in water.

BP Connected atoms p(r) V2p(r) G(r) V(r) —G(/V(r) H(r)
1 Pd—Pd Gas 0.0102 0.0230 0.00569 —0.00563 1.011 0.0000634
DMSO 0.00933 0.0205 0.00501 —0.00489 1.025 0.0001161
Water 0.00931 0.0204 0.00499 —0.00488 1.023 0.000116
2 c—C Gas 0.00733 0.0230 0.00458 —0.00341 1.343 0.00117
DMSO 0.00660 0.0204 0.00401 —0.00291 1.378 0.00110
Water 0.00659 0.0204 0.00400 —0.00291 1.375 0.00110
3 c—C Gas 0.00479 0.0156 0.00291 —0.00193 1.508 0.000985
DMSO 0.00478 0.0148 0.00275 —0.00181 1.519 0.000947
Water 0.00478 0.0148 0.00276 —0.00181 1.525 0.000948
4 c—C Gas 0.00733 0.0230 0.00458 —0.00342 1.339 0.00117
DMSO 0.00653 0.0201 0.00395 —0.00286 1.381 0.00108
Water 0.00652 0.0201 0.00394 —0.00285 1.382 0.00108
5 c—C Gas 0.00525 0.0162 0.00303 —0.00201 1.507 0.00101
DMSO 0.00518 0.0156 0.00292 —0.00194 1.505 0.000975
Water 0.00518 0.0156 0.00292 —0.00194 1.505 0.000975
6 c—C Gas 0.00588 0.0182 0.00351 —0.00249 1.410 0.00103
DMSO 0.00442 0.0137 0.00258 —0.00172 1.500 0.000852
Water 0.00440 0.0136 0.00256 —0.00171 1.497 0.000849
7 c—C Gas 0.00440 0.0151 0.00282 —0.00187 1.508 0.000947
DMSO 0.00450 0.0150 0.00278 —0.00180 1.544 0.000980
Water 0.00450 0.0150 0.00278 —0.00180 1.544 0.000980
8 c—C Gas 0.00587 0.0181 0.00350 —0.00248 1411 0.00103
DMSO 0.00459 0.0140 0.00265 —0.00180 1.472 0.000856
Water 0.00457 0.0140 0.00264 —0.00180 1.467 0.000852
o C—H Gas 0.00409 0.0138 0.00255 —0.00166 1.536 0.000892
10 C—H Gas 0.00411 0.0138 0.00256 —0.00166 1.542 0.000893
11 c—C Gas 0.00478 0.0156 0.00291 —0.00193 1.508 0.000984
12 c—C Gas 0.00525 0.0162 0.00303 —0.00201 1.507 0.00101
9 cC DMSO 0.00429 0.0144 0.00267 —0.00173 1.543 0.000942
Water 0.00429 0.0145 0.00267 —0.00173 1.543 0.000944
10 c—C DMSO 0.00367 0.0126 0.00233 —0.00150 1.553 0.000826
Water 0.00367 0.0126 0.00233 —0.00150 1.553 0.000826
11 c—C DMSO 0.00469 0.0143 0.00266 —0.00175 1.520 0.000917
Water 0.00469 0.0143 0.00266 —0.00175 1.520 0.000916
12 c—C DMSO 0.00428 0.0143 0.00266 —0.00173 1.538 0.000925
Water 0.00428 0.0143 0.00266 —0.00173 1.538 0.000926
13 c—C DMSO 0.00530 0.0159 0.00299 —0.00201 1.488 0.000986
Water 0.00530 0.0159 0.00299 —0.00201 1.488 0.000986

drug might finely modulate its intermoieties distance during
phototherapeutic applications. Such a modulation should
potentially reflect different chemical interaction patterns be-
tween metal atoms when passing from ground to excited

states.
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4. Conclusions

We employed here a quantum mechanics approach to inves-
tigate a recently released potentially relevant light-activated
anticancer drug for clinical photodynamic applications. Our
results essentially suggest that the experimentally observed
remarkable changes in the UV/Vis absorption spectra of PdL in
DMSO solution or in DMSO:water mixtures can be directly

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 6. a) 3D Reduced Gradient Density plot — at C-PCM/UB3LYP(D3)/VTZ
in DMSO - of the 3(PdL), system with the color bar representing the
sign(A,)xp(r) in a. u.; b) Electron Localization Function in the range 0-0.5 over
a plane defined by Pd—Pd—N(H) atomic positions in the *(PdL), molecular
system.

associated with nanostructure formations. In this respect, TD-
DFT/C-PCM computations reproduce well the main adsorption
pathways for both monomeric and dimeric form of PdL,
shedding light on the electronic degrees of freedom responsive
to light radiation. At last, the results herein reported reinforce
the recent observations derived in vivo and in different contexts
that supramolecular forces are effectively driving the formation
of (PdL), from one-dimensional self-assembly of PdL molecules.
The stabilizing interactions are non-covalent in nature, as
ascertained by an unbiased approach based on the study of the
topology of the electron density and its derived reduced
density gradient. The overall ensuing effect is that of slightly
modulating photodynamics responses and intermoieties dis-
tances of PdL nanoparticles while maintaining the observed
anticancer activity.

5. Supporting Information Summary
DFT/C-PCM optimized geometries of the PdL and (PdL),
molecular systems in their electronic ground state. We also

include: i) the wfx output files for (PdL),; ii) the BCP properties —
within txt files — computed with the Multiwfn program.
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