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Supramolecular luminescent Pt(i) tweezers:
aggregation studies and O, productiont

Guillermo Romo-Islas,®® Rosa M. Gomila, (2 ¢ Antonio Frontera (2 *¢ and

Laura Rodriguez () *@P

Four series of Pt(i) tweezer compounds have been designed and synthesized in order to explore their
ability to form supramolecular assemblies with luminescence ability. The compounds present the general
chemical structure (diphos)Pt(NANAN), where diphos is a diphosphane that differs in the flexibility and
bis(diphenylphosphanyl)methane, dppm; 1,2-bis(diphenylphosphanyl)ethane,
dppe and 1,2-bis(diphenylphosphanyl)benzene, dppbz) and confers the tweezer structure to the com-
plexes. The four series are defined as a function of the substituents of the NANAN ligands with different
electronic properties (hydrogen vs. chloride) and bulkiness (p-tolyl vs. CFs). We can identify the presence

chain length (diphos =

of intra- and intermolecular Pt---Pt, Pt---x and =---1 interactions based on the spectroscopic absorption
and emission profiles and supported by DFT calculations giving rise to aggregates with different stabilities.
The aggregation process has been carefully analyzed both in solution and in the solid state. The resulting
emission properties are affected by aggregation, exemplified by the phosphorescence emission enhance-

rsc.li/frontiers-inorganic

Introduction

The supramolecular chemistry of molecules and the resulting
supramolecular functional materials are built upon a deep
knowledge of the various noncovalent inter- and intra-
molecular forces. They are involved in the construction of
high-order hierarchical structures through self-assembly pro-
cesses that encompass the rational previous design of syn-
thetic building blocks. It is highly relevant to consider the
interplay of all kinds of possible weak interactions, both intra-
and intermolecular contacts, and those with the surrounding
microenvironment (e.g. possible solvation effect or formation
of ion pairs). The deep knowledge of these weak interactions
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1 Electronic supplementary information (ESI) available: 'H, *'P and '°F NMR
spectra for all complexes. ESI-TOF spectra for all complexes. Absorption and
emission spectra for all compounds in solution (air-equilibrated and N,-satu-
rated samples), in the solid state and in acetonitrile/water mixtures. Emission
lifetime data of all compounds. Computed minimum energy geometries using
two orientations calculated for compounds. Representation of the MOs involved
in the S, — S; excitation of compound 20. Calculated dimer assemblies for com-
pounds 14, 17 and 20. See DOI: https://doi.org/10.1039/d3qi01176¢
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ment in the absence of the chloride substituent.

arises from complementary studies on different fields of
research such as organic and inorganic chemistry, coordi-
nation chemistry, theoretical studies of non-covalent inter-
actions, molecular recognition and molecular devices among
others.”™*®

Regarding this, the use of transition metals (TM) as individ-
ual molecules or building blocks is particularly interesting due
to their versatility. This strategy offers diverse control in the
coordination geometry since TM can present a wide variety of
coordination numbers that will drive the resulting geometries.
Additionally, TM derivatives are of great interest from the
photophysical point of view since those bearing a heavy metal
center can promote efficient intersystem crossing (ISC) and
populate the triplet excited state giving rise to phosphorescent
emitters or energy transfer processes.'?>> When they are
involved in the energy transfer processes, they can act as
photosensitizers (PS) when the transfer of energy occurs from
the molecules (PS) to the molecular oxygen to form the reactive
singlet oxygen species, '0,.*>** The production of 'O, is a
research area that has seen increasing investigation in the last
few years due to the wide variety of applications in fields such
as organic synthesis of fine chemicals, destruction of contami-
nants (environmental issues) and photodynamic therapy.>®>®

Among the different TM complexes, square planar d® plati-
num derivatives are extensively explored due to their capability
to establish metal---metal weak contacts (in addition to other
non-covalent interactions).>>” They are also well known for
their rich photophysical properties and thus, they are interest-
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ing candidates to be used in the construction of luminescent
supramolecular structures. On the other hand, the planar geo-
metry of these complexes plays a key role in the possible for-
mation of supramolecular aggregates affecting their spectro-
scopic properties due to a maximization of the orbital inter-
actions between two n-systems and then enriching their photo-
physical and photochemical properties.”® In fact, the different
degrees of aggregation modulate the emission wavelength
(color), intensity, emission lifetime and quantum yields."**°
The formation of these aggregates may affect their potential
applications in different fields such as molecular recognition
(sensing) and optoelectronic devices or even a combination of
both by the design of optoelectronic architectures used as
sensors where the detection process may depend on the weak
interactions of the supramolecular assemblies.>®

Molecular tweezers are one class of supramolecular struc-
tures that deserve investigation in different fields such as
molecular recognition and selectivity by the fine tuning of the
tweezer-cavity, flexibility and weak interactions with specific
guest molecules.’*® A tweezer molecule is characterized by
the presence of two flat moieties (generally aromatic and iden-
tical) that are separated by a spacer with different rigidities
and lengths. In this regard, diphosphanes are ideal candidates
to be used as spacer units. They can easily coordinate to plati-
num(u) centers and thus, are adequate for the design and syn-
thesis of supramolecular luminescent platinum tweezers. The
choice of the particular diphosphane will confer the requisite
rigidity, flexibility and aromaticity to the molecule. In the case
of having an alkyl bridge between the two phosphorus atoms,
the global aromaticity is broken and the tweezer acts as two
monodentate phosphane systems. These supramolecular
diphosphane platinum tweezers are relevant due to their che-
lating properties, the analysis of the establishment of intra-
and intermolecular contacts, the understanding of the supra-
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Taking all this into consideration, in this work, we have
designed four series of diphosphane platinum tweezers that
differ in the diphosphane bridging ligand. The platinum
environment contains a N~N”N tridentate ligand with
different substituents that also play an important role in the
resulting supramolecular assemblies and observed emission.
DFT calculations of the modelled systems disclose the exist-
ence of metallophilic interactions in all dinuclear complexes
and different degrees of z-stacking of the N*N”N tridentate
ligands. Moreover, the relative ability of self-aggregation has
been investigated for one of the diphosphane bridging
ligands, evidencing that the substituents on the N*"N”N triden-
tate ligand strongly influence the aggregation.

Results and discussion

Synthesis and characterization

The synthesis of bis-(3-(substituted)-1H-1,2,4-triazol-5-yl)pyri-
dine (N"N”N ligands H,L'-H,L*) was carried out following a
similar procedure previously reported in the literature for
H,L>.** That is, the corresponding dicyanopyridine and hydra-
zine hydrate compounds were reacted in methanol at room
temperature to generate the hydrazonamide intermediate A.
Then, p-tolyl chloride (for H,L"' and H,L?, Scheme 1 above) or
trifluoroacetic acid (for H,L?® and H,L*, Scheme 1 below) and
ethylene glycol were added at 180 °C for 4 h in order to favor
the cyclization of the molecule and to obtain the desired
ligands (Scheme 1).

The four ligands differ in two different substituents: (i) the
X group at the para position of the central pyridyl ring, which
can be a H or a Cl atom (with different electronic density
characteristics) and (ii) the substituent at the triazole rings,
being p-tolyl or CF;, with different steric hindrance and elec-

molecular assemblies and the resulting photophysical tron-donating or electron-withdrawing characteristics. These
properties. chemical modifications have a direct impact on the resulting
CI\O
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Scheme 1 Synthesis of the HoL'~H,L* ligands.
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color of the powders, being white in the case of H,L"' and H,L?
(X = H) and brown and yellow in the case of H,L> and H,L*
respectively (X = Cl).

The 'H NMR spectra of the four ligands show 0.16 and
0.09 ppm downfield shifts of the central pyridyl protons
respectively for the ligands H,L' and H,L? compared to the
protons of the 2,6-pyridinedicarbonitrile precursor. This shift
is larger (2.46 and 0.45 ppm for the ligands H,L> and H,L*
respectively) when a chloride substituent is present in this aro-
matic group. The IR spectra of all compounds show two well-
defined signals between 3423-3410 cm™" and 1694-1611 cm™*
that correspond to the N-H and C=N stretching vibrations.
The molecular [M + H]" peaks recorded in the mass was the
final evidence of the correct formation of the desired products.

H,L'-H,L* were reacted with the previously synthesized
[PtCl,(DMSO),] precursor in the presence of N,N-diisopropyl-
ethylamine (DIPEA) as a base to obtain the desired [Pt(DMSO)
(L)] products in high yields (Scheme 2).%

The "H NMR spectra of the four Pt(n) compounds show a
signal centered at 2.70 ppm that corresponds to the protons of
the methyl groups from DMSO coordinated to the Pt(u) center.
The pyridyl protons display a downfield shift for the com-
pounds [Pt(DMSO)L'] (0.02 ppm), [Pt(DMSO)L?] (1.24 ppm),
and [Pt(DMSO)L?] (0.21 ppm). In contrast, the pyridyl protons
of [Pt(DMSO)L*] are 0.38 ppm upfield shifted with respect to
H,L*. This effect could be due to the two different electron-
withdrawing groups (-Cl and -CF;) of the N*N”N ligand. The
corresponding IR spectra present the additional S=O stretch-
ing vibration band centered between 1023-1018 cm™". These
signals are shifted at lower energies compared to the corres-
ponding S=O0 of the free DMSO at 1044 cm ™.

Finally, the [Pt(DMSO)(L)] compounds were reacted with
three different diphosphane ligands (bis(diphenylphosphino)
methane, dppm, bis(diphenylphosphino)ethane, dppe, and
bis(diphenylphosphino)benzene, dppbz) in a 2:1 stoichio-
metry, under an inert atmosphere, to yield the desired final Pt
(1) tweezer compounds as shown in Scheme 3. The three
different diphosphanes differ in the chain length between the
two phosphorus atoms and their flexibility.

View Article Online
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The *'P{"H} NMR spectra of the Pt(u) tweezers show, in all
cases, an ca. 40-60 ppm downfield shift for the tweezers with
the dppm and dppbz derivatives. These signals are flanked by
platinum satellites, being a direct proof of the successful
coordination of the diphosphanes. The *'P{'"H} NMR spectra
of dppe derivatives with the L' and L? ligands and X = H (com-
pounds 11 and 17) present two different peaks that may be
ascribed to cis/trans isomerization in the media due to the two
different Jp._p coupling constants, 1173 and 1830 Hz, in agree-
ment with cis and trans Pt(u) isomers containing diphosphane
ligands, respectively.>®?” Additionally, the "H NMR spectra of
the compounds display the corresponding protons of the brid-
ging diphosphane ligands. Several attempts to grow single
crystals suitable for X-ray diffraction were unsuccessful. Thus,
in order to investigate the most stable conformations of these
compounds, DFT optimization was performed using the
RI-BP86-D3/def2-TZVP level of theory, which is a good trade-off
between the size of the systems and the accuracy of the results.
The minimum energy geometries for compounds 10-12 are
given in Fig. 1 and the rest in Fig. S43-S45.7 The complexes
display the expected face-to-face tweezer shape with slightly
different Pt---Pt distances, ranging from 3.151 A in 11 to
3.442 A in 10. The main difference is the rotation of both tri-
dentate ligands, one with respect to the other. That is, in com-
pound 10 the two methyl groups of the stacked tolyl moieties
point to the same direction (relative angle ~0°), in 11 they are
rotated ~46° and in compound 12 they are rotated ~64° (see
Fig. 1, green arrows and angles). These differences can be
related to the flexibility of the ligand and additional fine
tuning of the final geometry due to the combination of metal-
lophilic and n-stacking interactions.

Photophysical characterization

The absorption and emission spectra of the Pt(u) tweezers
were recorded in 10~> M acetonitrile solutions at room temp-
erature (Table 1). The absorption spectra of the compounds
display broad bands centered between 270 and 350 nm and
assigned to intraligand (*IL) and metal-to-ligand charge trans-
fer ("MLCT) according to the literature (Fig. S46 and 471).>***

X X
N
B 25eqDIPEA v ALy
N z N R—q X N = R
R~ T N ¥ >R [PtCI,(DMSO = l ‘a
‘(\N_NH HN~,\/1>— [PtClx( )2] N'N\Fit/N‘N
DMSO

H,L': R= Tolyl; X= H;
H,L": R= Tolyl; X= CI;
H,L3: R= CF3; X= H;
H,L* R= CF3; X=ClI.

Scheme 2 Synthesis of the [Pt(DMSO)(L)] compounds.
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[Pt(DMSO)L']: R= Tolyl; X= H;
[Pt(DMSO)L?]: R= Tolyl; X= CI;
[Pt(DMSO)L3]: R= CF3; X= H;
[Pt(DMSO)L4: R= CF3; X= ClI.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qi01176c

Open Access Article. Published on 27 July 2023. Downloaded on 4/13/2026 11:42:50 AM.

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

(cc)

Inorganic Chemistry Frontiers

View Article Online

Research Article

{ 1 R
X W
\ @ .N—'N
| @ /@ ACN:DCM (1:1) P PNy
N AN : :
2 R NP )R + IS R / NER
N-N—pt—N-N a R R
o \ e

a = CH, (dppm), CH,CHj,(dppe)

(dppbz)

[PtDMSO)L": R= Tolyl; X= H;
[Pt(DMSO)L?]: R= Tolyl; X= CI;
[Pt(DMSO)L3]: R= CF5; X= H;
[Pt(DMSO)L*]: R= CF; X= Cl.

Scheme 3 Synthesis of the Pt(i) tweezers.

10: R = Tolyl; X=H; a=CH,
11: R = Tolyl; X =H; a = (CH,),
12: R = Tolyl; X=H; a=CgHy4
13: R =Tolyl; X=Cl; a=CH,
14: R = Tolyl; X = Cl; a = (CH,),
15: R = Tolyl; X = Cl; a = CgHy
16: R=CF3 X=H;a=CH,
17: R =CF3 X =H; a=(CH,),
18: R =CF3; X =H;a=CgHy
19:R=CF3; X=Cl;a=CH,
20: R = CF3; X=Cl; a = (CH,),
21:R=CF3 X=Cl;a=CgH,

Fig. 1

(a—c) Ball and stick representation of the minimum energy geometries using two orientations calculated for compounds 10-12 at the

RI-BP86-D3/def2-TZVP level of theory. The Pt---Pt distances are also indicated.

The broadening of these bands can be ascribed to some stable
intra- and intermolecular weak interactions as predicted by
DFT calculations due to the presence of Pt---Pt intramolecular
contacts and in the computed stable dimers (see below).
Chloride N*N”N substituted derivatives display an ca. 5 nm
blue shift of the lowest energy absorption band which has
been attributed to a lower coordination capacity in this ligand
due to a decrease in the energy of the occupied d orbitals of
the metal.*®

A new band at longer wavelengths (around 420 nm) has
also been recorded in the excitation spectra of the p-tolyl

This journal is © the Partner Organisations 2023

derivatives 10-15 (Fig. S48t) and is absent in the corres-
ponding uncoordinated H,L ligands (see the example in
Fig. S48t for compound 10 and its precursors). This new band
can be ascribed to the presence of aggregates in the ground
state that are most favored for the p-tolyl derivatives since the
spherical steric hindrance of the CF; group hinders the for-
mation of intermolecular contacts as has been supported by
theoretical calculations (see below) and previous literature
data.**?®

To further support the assignments of the bands, TD-DFT
calculations were performed for the complexes with the most

Inorg. Chem. Front,, 2023, 10, 6204-6220 | 6207


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qi01176c

Open Access Article. Published on 27 July 2023. Downloaded on 4/13/2026 11:42:50 AM.

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

(cc)

Research Article

View Article Online

Inorganic Chemistry Frontiers

Table 1 Photophysical data of compounds 10—21 in 10> M acetonitrile solutions

Complex A (g, x10° cm™' m™) Amax Em (nm) @ (air-eq./N; ga)  Pphos (Ai-€q./Ny so) 7 (@ir-eq./Ny s, pS)
10 263 (59.38), 310 (30.97), 340 (16.58) 570 —/— 0.01/0.09 0.96/4.02

11 255 (61.32), 267 (54.42), 315 (26.34) 588 —— 0.03/0.06 0.61/3.32

12 265 (45.44), 310 (22.37), 340 (11.56) 586 —/— 0.02/0.09 0.71/2.41

13 264 (25.85), 276 (19.33), 304 (10.54) 435 0.01/0.01 —— 3.7x107%/4.7 x 107
14 273 (40.46), 310 (16.63) 433 0.01/0.01 —/— 5.0x107/5.3 x 107
15 268 (46.37), 282 (34.97), 307 (14.62) 432 0.01/0.01 —— 5.8 x1073/4.7 x 107
16 288 (21.37), 300 (19.33), 330 (7.35) 365 0.01/0.01 —/— 4.4x107%/8.3 x107°
17 255 (37.22), 275 (26.55), 305 (18.77), 345 (8.47) 358,466,500  0.01/0.01 0.01/0.02 5.6%1073/7.1x107%¢
18 264 (48.92), 303 (27.10) 364,466,497  0.01/0.01 0.01/0.02 2.2x107%/2.3 x 1073 ¢
19 271 (27.67), 305 (12.95) 356 0.01/0.01 —— 1.4x1073/1.4 x 107
20 255 (37.97), 306 (13.09) 361 0.01/0.01 —/— 1.4x107°/1.5 x 107
21 267 (34.68), 310 (13.96) 365 0.01/0.01 —— 1.5x1073/1.6 x 10~

“ Corresponding to the highest energy emission band. The full values with their corresponding amplitudes are shown in Fig. S2.1

17

Aex = 351 nm
So—S3
f=0.153

80%

13%

X 56426V
HOMO

") N —

¥ _5.808 eV HOMO-1

Fig. 2 Representation of the MOs involved in the So — S3 excitation of
compound 17, with indication of the theoretical ley, Oscillator strength
and relative contribution of each transition.

flexible diphosphane (dppe) and the smallest ligands L* and
L* for computational economy. We computed the first 20
excited states using the CAM-B3LYP/def2-TZVP level of theory
for compounds 17 and 20, and the results are presented in
Fig. 2 and S49.F The lowest lying band corresponds to S, — S;3
excitation (dexe = 351 nm, f = 0.151) that is composed of two
transitions (HOMO-1 — LUMO and HOMO — LUMO) with
quite different contributions of 80 and 13%, respectively
(other minor contributions are not shown for simplicity). The
theoretical 1 agrees well with the experimental one (see
Table 1).

The HOMO-1 is basically composed of both d,. orbitals of
Pt ions with a small contribution of the n-systems of the tri-
dentate ligand. The HOMO is very similar to the HOMO-1
also dominated by the d,. atomic orbitals of Pt(u). In contrast,
the LUMO is localized basically at the aromatic rings of L? dis-
closing the metal — ligand charge transfer. The TD-DFT ana-
lysis of compound 20, which incorporates chlorine in the pyri-
dine ring, is similar in the sense that the band corresponds to

6208 | /norg. Chem. Front., 2023, 10, 6204-6220

So — S; excitation involving the same transitions (HOMO-1 —
LUMO and HOMO — LUMO). However, the relative contri-
butions are opposite, with HOMO — LUMO being the domi-
nant one (68%). Another significant difference is related to the
composition of the LUMO-1, which is located at the aromatic
rings. Therefore, the excitation can be defined as a mixture of
ILCT and MLCT in 20. Since the only difference between the
compositions of compounds 17 and 20 is the chlorine substi-
tuent in the pyridine ring, it can be concluded that this appar-
ently innocent atom has a significant influence on the charge
transfer.

The emission spectra of the compounds were recorded
upon excitation with the samples at the lowest band recorded
in the excitation spectra (Fig. 3 and S50-S517). Different pro-
files can be observed in the different series of compounds.
While pure room temperature phosphorescence (RTP) emis-
sion bands centered around 580 nm were recorded for com-
pounds 10-12 (with X = H and the p-tolyl substituent), fluo-
rescence emission governs the radiative deactivation processes
of the other series of complexes. This could be ascribed to the
lower steric hindrance of the compounds that is translated in a
more favored intersystem crossing process. The planarity of
the systems is expected due to the presence of the smaller
hydrogen atom compared to the chlorine at the central pyridyl
ring and to the more planar p-tolyl group instead of the more
spherical CF; at the triazole units of the N*N”N ligand. In this
way, the two arms of the tweezer can more efficiently interact
in solution, being in closer proximity and favoring the Pt..-Pt
interactions and thus, the intersystem crossing due to a higher
(reinforced) heavy atom effect. On the other hand, it can be
observed that the presence of the chloride substituent in the
N~N~N tridentate ligand (L* and L*) induces only fluorescence
emission since some phosphorescence emission can also be
detected for L* derivatives (Fig. 3B and D). This could be
related to the different orbital composition of the absorption
band commented above.

The observed emissions have been attributed to metal per-
turbed ’IL transition in the case of 13-15 (considering the
emission energies and lifetimes and due to the vibronically
structural shape®') and to *MMLCT (due to the presence of

This journal is © the Partner Organisations 2023
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Fig. 3 Emission spectra of the compounds in N,-saturated 1 x 1075 M acetonitrile solutions (lexc = 365 for A and B and 330 nm for C and D).

* Indicates residual of the Raman band.

intermolecular contacts, that is, aggregates)** for the broad
phosphorescence bands of 10-12 transitions and metal per-
turbed ’IL for the vibronically structured phosphorescence
bands in 16-18 as described in the literature for similar
N~N"N compounds and in agreement with the recorded
values of decay times,>*38740:42:44-46

Taking this into consideration, we can say that (i) the inser-
tion of the chlorine atom at the para position of the pyridyl
rings plays an important role in the emissive properties of the
tweezers favoring fluorescence emission and (ii) the presence
of the CF; substituents does not favor the intermolecular con-
tacts probably due to the spherical bulkiness of this group.

Some preliminary assays were performed to analyze the
potential role of our tweezer compounds as sensors of polyaro-
matic hydrocarbon (PAH) guest molecules, which are well
known as contaminants. These experiments have been per-
formed considering the luminescence properties of the com-
pounds that can be modified as a result of a sensing process.
Thus, the addition of increasing amounts of either naphtha-
lene or phenanthrene guests into an acetonitrile solution of 11
induces quenching of the room temperature phosphorescence
emission band (see Fig. S52A and S52Bf). We can expect
similar host : guest interactions for both PAHs tested (in agree-
ment with similar quenching effects) with association constant
values, K., of 2 and 1.5 x 10* M~ for the interaction with

This journal is © the Partner Organisations 2023

naphthalene and phenanthrene respectively. Hence, the Pt---Pt
weak interactions are being modified due to the inclusion of
the PAH within the tweezer structure. This opens new appli-
cations for our molecules that deserve to be explored in detail
in future investigations.

Some additional information regarding the emission pro-
cesses of these compounds can be retrieved from the calcu-
lated radiative and non-radiative rate constants (k; and k) and
from the corresponding luminescence quantum yields and
lifetimes (Table 1 and Fig. S56-S79%). It can be observed in
Table S1} that in all cases the non-deactivation pathways (k.
values) are much more favored being in general two orders of
magnitude larger than the corresponding k.. The increase in
the phosphorescence emission intensity in compounds 10-12
upon deoxygenation is due to a decrease in the non-radiative
deactivation pathways while radiative deactivation processes
are not substantially affected. This is due to an increase of
both emission quantum yields and lifetimes. On the other
hand, tolyl derivatives with the Cl atom in the structure of
ligands 13-15, and CF; derivatives 16-21 seem to favor both
the radiative and non-radiative deactivation channels with k,
and k,, values that are at least two orders of magnitude larger
than those for the p-tolyl substituted compounds.

The emission spectra of the compounds were also recorded
in the solid state. It can be observed that, in this case, only the
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compounds that contain the unsubstituted N*N”N tridentate
ligands (X = H) are emissive (compounds 10-12 and 16-18).
The emission of the p-tolyl derivatives 10-12 is quite similar to
that recorded in solution (Fig. 4 left vs. Fig. 3A) with broad
phosphorescence emission around 550 nm. On the other
hand, the recorded emission of 16-18 in the solid state is
dominated by the IL phosphorescence and a new red-shifted
band around 600 nm appears due to the formation of aggre-
gates (Fig. 4 right vs. Fig. 3B). This fact also supports the for-
mation of aggregates both in solution and in the solid state for
compounds 10-12 that are favored for 16-18 in the solid state
producing this red-shift of their emission spectra (Table 2).

"H and *'P{'"H} NMR experiments were performed for com-
pounds 13 and 14 at different concentrations in order to
retrieve experimental information about the intermolecular
aggregation processes. These two compounds were chosen
since, in agreement with the DFT calculations, we should
expect a face-to-face (for 13) or tilted (for 14) conformation of
the molecules that would be reflected in more shifted chemi-
cal shifts in the first case (dppm derivative) than in the second
(dppe derivative). Nevertheless, no significant shifts have been
recorded in any of the cases (see Fig. S77-S807). Thus, we can
expect that the formation of aggregates happens at lower con-
centrations (experimental conditions required for absorption
and emission spectra being lower than those required for
NMR). We must point out that these experiments were per-
formed in DMSO-d® due to solubility issues, and we cannot
completely exclude different behaviours in acetonitrile, though
the dielectric constant of both solvents is quite similar (37.5
and 46.7 for acetonitrile and DMSO, respectively).

Aggregation studies

The higher probability on the formation of intermolecular con-
tacts leading to supramolecular assemblies for the p-tolyl com-
pounds has been investigated by DFT calculations, with the
dppe derivatives as a model. The dimerization energies in the
case of compounds 11 and 14 (p-tolyl derivatives) are signifi-
cantly more negative (favorable) than those of compounds 17
and 20 (CF; derivatives), as shown in Fig. 5 and S81-583, thus
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Table 2 Photophysical data of compounds 10-12 and 16-18 in the
solid-state

kr knr
Complex  Amax Em (nm) @ r(ps) (x10°s™Y)  (x10°s7H)
10 558 0.06 4.59 0.13 2.05
11 567 0.02 1.61 0.12 6.09
12 549 0.05 2.52 0.20 3.77
16 467, 495, 530 0.02 0.65 0.30 15.1
17 479, 506, 594 0.04 1.37 0.29 7.01
18 458, 487,521,600 0.07 2.49 0.28 3.73

confirming the stronger ability of tolyl derivatives to aggregate.
These dimers present Pt---n intermolecular contacts in
addition to the n-stacking interactions of the aromatic ligands
and the metallophilic Pt---Pt intramolecular contacts. The geo-
metric features of the assemblies are also gathered in Table 3,
showing similar n-stacking distances (both intra- and inter-
molecular). The Pt---x distance in compound 14 is the shortest
one that also corresponds to the strongest interaction energy.
It is worthy to comment that the interaction energies (calcu-
lated using acetonitrile as solvent) summarized in Table 3 are
very large. In this sense, it should be emphasized that entropic
effects are not considered in these calculations, so it is
expected that the free energies of formation are less negative.
Entropic effects are expected to be similar in all dimers; there-
fore the free energy differences among the compounds are
also expected to be similar to the differences in the binding
energies. The energy cost for the desolvation of the monomers
to form the dimers is taken into consideration in the calcu-
lations, using the COSMO solvation continuum model as
described in the theoretical methods.

The UV-visible absorption at the highest energy band
recorded for the four dppe derivatives (11, 14, 17 and 20) in
acetonitrile display a sigmoidal profile as a function of temp-
erature in agreement with an isodesmic mechanism of aggre-
gation (see Fig. S84-5871). The fitting of the data®” allowed us
to calculate the corresponding AH energies of —26, —46, —23
and -25 kJ mol™'. These energies follow the same trend
retrieved from the DFT studies and are much lower than the

(a.u.)
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T T T
500 550 600 650
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T
450

T
400
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Fig. 4 Emission spectra of 10—-12 and 16-18 in the solid state upon excitation the samples at the lower energy excitation band (lexc = 365 nm).
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Fig. 5 Two views of the optimized dimer of compound 11, with indication of the dimerization energy at the RI-BP86-D3(COSMO)/def2-TZVP level
of theory in acetonitrile. Distances in A. The n-stacking ones are calculated from the PtN3sP mean plane of one molecule to the Pt atoms of the adja-

cent molecule or moiety.

Table 3 Calculated dimerization energies (AE, kcal mol™) and geo-
metric features for the dppe assemblies of Fig. 4 and S52-54% at the
RI-BP86-D3(COSMO)/def2-TZVP and using acetonitrile as solvent

Compound AE dintra (T-+-70) dinter (T-+-70) dinger (Pt-+7)
11 —30.11 3.2 3.2 3.4
14 —36.65 3.2 3.1 3.2
17 —19.06 3.2 3.1 3.4
20 —26.15 3.2 3.1 3.4

values calculated for other Pt(N"N~N) reported in the litera-
ture?” that were studied in water. Nevertheless, the calculated
AH values support that aggregation happens earlier in aceto-
nitrile although with a weaker energy (as expected) than in the
presence of water.

The presence of the Pt(u) centers together with the N*"N*N
planar ligands and the DFT calculations predictions encour-
aged us to analyze in more detail the ability of the compounds
to aggregate in solution and how it can affect their resulting
photophysical properties. This study has been carried out by
the preparation of several samples at the same concentration
but with different acetonitrile : water mixtures ranging from
100% acetonitrile to 99% water. The results are observed to be
dependent on the N*N”N ligand but not on the diphosphane.
Hence, from now on, the dppe derivatives are exemplified in
Fig. 6 and 7 in order to keep the discussion simple and
understandable.

The corresponding absorption spectra of the samples show,
in all cases, an increase on the baseline at higher water con-
tents, in agreement with the formation of aggregated struc-
tures (Fig. S88 and 891).*® The emission data are compatible

This journal is © the Partner Organisations 2023

with the previous data recorded in the solid state and in solu-
tion (Fig. 6). Starting from the non-emissive compounds in the
solid state (13-15 and 19-21, containing the chlorine substitu-
ent at the N*"N”N tridentate ligand), we can observe that the
emission of the acetonitrile solutions of these compounds is
quenched when increasing the water contents and thus, when
the aggregation is much more favored, analogous to the behav-
ior recorded in the solid state (Fig. 6B and D). On the other
hand, the profile of the emission observed in the samples of
compounds 10-12 and 16-18, containing the unsubstituted
N”~N~N tridentate ligand, when increasing the water contents
in the solutions (more favored aggregation process) shows the
same profile previously recorded in the solid state (see Fig. 6A
and C).

Variable temperature absorption studies were also carried
out in acetonitrile/water (25 : 75) for our systems. The resulting
spectra display a reduction of the absorption baseline dis-
persion in agreement with the possible dissolution of the
aggregates making the corresponding analysis of the aggrega-
tion mechanism not accurate.

The recorded emission quantum yields and lifetimes
measured for the more aggregated emissive samples (com-
pounds 10-12 and 16-18 at higher water contents) evidenced a
higher emission efficiency for the samples with higher water
contents (75 or 99%). This is compatible with a more favored
radiative deactivation processes (larger k, values at larger %
water, Table S3t1) and less favored non-radiative competitive
deactivation processes (smaller k,, values at larger % water,
Table S31) thanks to longer emission decay times (Table 4).

The stability of the aggregated systems with time was exam-
ined by recording the corresponding emission spectra in all
the different solutions after two days (see Fig. 7 and S91-S927).
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Fig. 6 Emission spectra of 11 (A), 14 (B), 17 (C), and 20 (D) compounds at different increasing amounts of water in the air-equibrated 1 x 107> M

solutions (Aexc = 350 nm). * Indicates residual of the Raman band.

In particular, the emission of compounds 10-12 and 16-18
gives rise to a blue-shifted band in the solutions with a lower
amount of water, after two days (Fig. 7A and C). This band
does not correspond to the emission previously recorded in
acetonitrile solution. Thus, this new emission band may be
ascribed to a possible new aggregate more stable thermo-
dynamically, that emits around 450 nm. On the other hand,
the emission spectra of the chlorinated derivatives (com-
pounds 13-15 and 19-21) are not affected by time and thus,
they would achieve more easily the thermodynamically stable
species. This explanation agrees well with the larger dimeriza-
tion energies observed for the chlorinated systems with respect
to the non-chlorinated ones (see Table 3, complexes 17 and
20).

At this point, we decided to synthesize compound [Pt
(dppm),]Cl, in order to discard the possible decomposition of
our systems with time giving rise to the formation of more
stable [Pt(diphenylphosphane),]** species instead of the two
suggested different aggregated structures.*® The synthesis of
this compound was carried out according to the literature*® by
the reaction of [Pt(COD),Cl,] with two equivalents of dppm in
CHCI; for 2 hours at room temperature.

We observed that [Pt(dppm),]Cl, is not emissive under the
same conditions used for the characterization of the Pt(u)

6212 | /norg. Chem. Front,, 2023, 10, 6204-6220

tweezers. Thus, the observed emission with time (new emis-
sion at ca. 450 nm) cannot be a result of the formation of this
decomposition product.

Additionally, 'H and *'P{'"H} NMR spectra of the com-
pounds 16 and [Pt(dppm),]Cl, were also recorded during the
same periods of time (0 to 2 days, Fig. S93 and 94t). The *'P
{'H} NMR spectrum of 16 is ca. 60 ppm downfield shifted with
respect to the corresponding signal of [Pt(dppm),]Cl,.
Additionally, the chemical shifts recorded in the 'H NMR
spectra of the compounds display a completely different
profile in both cases. The different concentrations required for
NMR and emission spectra analysis do not let us compare the
results over time under the same conditions, but we can affirm
that the resulting aggregates formed with time should not
correspond to the possible formation of [Pt(dppm),]Cl, as a
decomposition product supporting the formation of a new
aggregated structure.

Optical microscopy was performed to analyze the effect of
time on the shape of the different aggregates of the com-
pounds. Selected results obtained for compound 16 in fresh
samples and after 3 days are presented. Very large structures of
a few micrometers can be detected in the resulting dried solu-
tions at 50% water but with a completely different morphology
depending on the conditions. While spherical aggregates can

This journal is © the Partner Organisations 2023
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Fig. 7 Emission spectra of compounds 11 (A), 14 (B), 17 (C), and 20 (D) compounds at different % of water in air-equibrated 1 x 10~ M acetonitrile :
water solutions after 2 days (dexc = 350 nm). * Indicates residual of the Raman band.

Table 4 Emission lifetimes and quantum yields of compounds 10-12 and 16—18 in different 10~ M water/acetonitrile mixtures

Compound % water P 7 (ps) Compound % water e 7 (ps)
10 99 0.05 1.20 16 99 0.02 0.33
75 0.04 1.14 75 0.02 0.26
50 0.03 0.51 50 0.01 0.01
11 99 0.03 1.14 17 99 0.02 0.20
75 0.03 1.15 75 0.02 0.08
50 0.02 0.82 50 0.02 0.01
12 99 0.03 0.85 18 99 0.01 0.60
75 0.03 0.72 75 0.02 0.42
50 0.02 0.50 50 0.02 0.01

be detected in fresh samples, they tend to form some kind of
needles with time (Fig. 8).

"H and *'P{'"H} NMR spectra of compounds 13 and 14 were
also recorded at different DMSO-d®: D,O compositions (see
Fig. S95-59871). We can observe that the singlet corresponding
to the pyridyl central protons of the N*"N”N ligand immedi-
ately disappears in the presence of 25% of water in the
medium. This indicates that is the part of the molecule more
affected in the aggregation process, in agreement with the DFT
predictions (see above, Fig. 5). Additionally, the protons from
the tolyl group are also ca. 0.2 ppm downfield shifted when
the aggregation is more favored (that is, in the presence of

This journal is © the Partner Organisations 2023

D,0) while the protons of the phosphine rings disappear due
to their lower solubility in the more polar medium, as pre-
viously observed for other types of compounds that aggre-
gate.™ There is not a significant shift on the *'P{'"H} NMR data
pointing to the more important role of the N*N”~N ligand in
the formation of intermolecular contacts than the
diphosphane.

Theoretical studies

To further rationalize the behavior of the photophysical pro-
perties of the dppe-based complexes upon addition of incre-
mental amounts of water, we have studied how the energies of

Inorg. Chem. Front,, 2023, 10, 6204-6220 | 6213
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Fig. 8 Microscopical images obtained of the comparison of aggregates of compound 16 in a fresh 50% H,O : ACN solution (left) and after 3 days

(right).

the HOMO-1, HOMO and LUMO and the HOMO-LUMO gaps
change depending on the solvent used in the calculations and
the monomeric or dimeric form. Table 5 summarizes the
results, showing that the HOMO-LUMO gaps are quite similar
in both solvents. Therefore, the changes observed in the emis-
sion spectra commented above are likely due to aggregation
processes instead of solvatochromic effects. Both the
(HOMO-1)-LUMO and HOMO-LUMO gaps are reduced in the
dimers with respect to the monomers. The reduction of the
gaps varies from 0.06 to 0.27 eV in the dimers with respect to
the monomers. Larger reductions can be expected for higher
aggregates (oligomers). This reduction of the gaps agrees well
with the larger emission quantum yields observed experi-
mentally in the solid state and the aggregates in comparison
with the values in air-equilibrated solutions since the most
efficient population of the excited states is expected.

Singlet oxygen production

Pt(u) compounds are widely studied regarding their potential
biological activity as anticancer drugs. Photodynamic therapy
is recently gaining increasing attention due to the biological

activity of metal complexes. In this way, platinum compounds
have been observed to act as photosensitizers to produce
singlet oxygen, '0,, being suitable candidates to be carefully
analyzed in this field or in other applications such as photoca-
talysis, or even degradation of contaminants.>*>"

Dinuclear metal complexes and aggregates may be interest-
ing to be explored in this field due to a possible cooperative
process. For this reason, the 'O, production quantum yields of
10-21 have been measured in this work and the obtained
results are displayed in Table 6 and Fig. S99-5110.F

The results show that the compounds present in general
good results as photosensitizers (PS) to induce the production
of singlet oxygen in solution. The obtained values are in the
top-range of the previously reported in the literature.”*>>*
Interestingly, and as a difference with what we have seen in
the photophysical behaviour, the diphosphane linker plays a
direct role on the photosensitizing process. We observe that, in
general, the compounds that contain the dppe linker (11, 14
and 18) present the highest values of singlet oxygen pro-
duction compared to their respective dppm and dppbz deriva-
tives. In the case of 10-12 this can be correlated with the

Table 5 HOMO-1, HOMO and LUMO energies (eV), (HOMO-1)-LUMO and HOMO-LUMO gaps (eV) of complexes 11, 14, 17 and 20 and their

supramolecular dimers at the RI-BP86-D3/def2-TZVP level of theory

Compound HOMO-1 HOMO LUMO Gap (HOMO-1)-LUMO Gap HOMO-LUMO
Acetonitrile

(11), —4.838 —-4.729 -3.048 1.790 1.681
11 —5.039 —5.035 -3.182 1.857 1.852
(14), —5.020 —4.922 -3.291 1.729 1.632
14 —5.147 -5.135 -3.325 1.822 1.809
17), -5.715 —-5.673 -3.621 2.094 2.052
17 —5.808 —5.642 —3.484 2.324 2.157
(20), —5.803 —5.787 -3.751 2.052 2.035
20 —-5.937 -5.737 -3.621 2.316 2.116
Water

(11), —4.841 —4.7325 —3.052 1.789 1.680
11 —5.046 —5.041 -3.188 1.859 1.854
(14), —5.026 —4.928 -3.298 1.728 1.630
14 —-5.154 -5.141 -3.331 1.823 1.810
17), -5.713 —5.671 —3.620 2.093 2.051
17 —5.807 —5.638 -3.481 2.326 2.158
(20), —5.802 —5.786 -3.752 2.050 2.033
20 -5.935 —5.732 -3.618 2.317 2.114
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Table 6 O, production quantum yields (®,) of the Pt(i) tweezers in
air-equilibrated acetonitrile solutions (lexc = 330 nm)

Complex Complex

p-Tolyl derivatives Dy (%) CF; derivatives Dy (%)
10 23 16 27

11 36 17 36

12 17 18 26

13 16 19 12

14 31 20 36

15 18 21 47

lowest phosphorescence quantum yield value recorded for 11
due to the more efficient electron and energy transfer process.
The exception is the series 19-21 where the highest value is
observed for the dppbz tweezer (compound 21) where similar
ker values would be expected in both dppe and dppbz deriva-
tives. This hypothesis is supported by the application of the
formula LN = Ker
ph Ken
temperature phosphorescence emission is recorded.?* The cal-
culated values are 230, 600 and 255 x 10°> s~" respectively, in
agreement with the more efficient energy transfer process for
dppe derivatives.
On the other hand, the substituents at the triazole groups
do not affect substantially this process.

for the compounds 10-12 where pure room

Conclusions

The emissions recorded for the four series of (diphos)Pt
(N~N"N) tweezer compounds present different profiles that are
affected by the stability of the resulting intra- and inter-
molecular self-aggregation processes. DFT theoretical studies
support the establishment of Pt---x intermolecular contacts in
addition to the n-stacking interactions of the aromatic ligands
and the metallophilic Pt---Pt intramolecular contacts. The sub-
stituent at the para position of the central pyridyl ring of the
N”~N”N ligand affects the resulting aggregation, being more
stable for those compounds having a hydrogen atom instead
of a chlorine atom. This results in MMLCT transitions and
phosphorescence emissions for these compounds while MLCT
and IL emissions can be associated with the transitions of the
rest of the compounds. The HOMO-LUMO gaps computation-
ally calculated for the dimers of all tweezer compounds display
lower values compared to the monomer gaps, in agreement
with larger emission quantum yields recorded experimentally.

The aggregation process can be more favored in
acetonitrile : water mixtures where the more aggregated
samples present an analogous luminescence behavior com-
pared to that recorded in the solid state.

The compounds have also been tested as singlet oxygen
photosensitizers and, in general, the dppe derivatives display
larger values of singlet oxygen quantum yields, in agreement
with a more favored energy transfer process.

This journal is © the Partner Organisations 2023
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Experimental section
General information

All air- and moisture-sensitive manipulations were carried out
by standard Schlenk techniques under a nitrogen atmosphere.
Solvents were purchased from commercial sources and dried
by distillation under a nitrogen atmosphere. Reagents 2,6-pyri-
dinedicarbonitrile, 4-chloropyridine-2,6-carbonitrile, N,N-diiso-
propylethylamine (DIPEA), bis(diphenylphosphino)methane
(dppm), bis(diphenylphosphino)ethane (dppe), bis(diphenyl-
phosphino)benzene (dppbz), hydrazine hydrate, p-toluoyl
chloride, trifluoroacetic acid were purchased from commercial
sources and used without further purification. Precursor
[PtCl,(DMSO),] was prepared from the reaction of K,[PtCl,]
with dimethylsulfoxide (DMS0).>®

Infrared spectra have been recorded on an FT-IR 520
Nicolet spectrophotometer. 'H NMR (§(TMS) = 0.0 ppm), °F
NMR (§(CFCl3) = 0.0 ppm), and *'P{'"H} NMR (§(85% H;PO,) =
0.0 ppm) spectra have been obtained on Bruker 400
and Bruker 500 (Universitat de Barcelona) instruments.
Electrospray mass spectra (+) have been recorded on a Fisons
VG Quatro spectrometer (Universitat de Barcelona). Absorption
spectra were obtained in a 5 mm or 10 mm quartz cuvette in
acetonitrile on a Cary 5000 UV-Vis-NIR or Shimadzu UV-2450
spectrophotometer. The emission spectra of the compounds
in solution were obtained in a fluorescence quartz cuvette of
5 mm or 10 mm path length, using a Horiba-Jobin-Yvon
Nanolog spectrofluorimeter.

Singlet oxygen quantum yields measurements

Room-temperature singlet oxygen phosphorescence was
detected at 1270 nm with a Horiba-Jobin-Yvon SPEX Nanolog
spectrofluorimeter (Universitat de Barcelona) using the
DSS-IGA020L detector. The use of a Schott RG 1000 filter was
essential to eliminate from the infrared signal all the first har-
monic contribution of sensitizer emission in the region below
850 nm. The singlet oxygen formation quantum yield was then
determined by direct measurement of the phosphorescence at
1270 nm following irradiation of the aerated aqueous solution
of the samples. The samples were adjusted to an absorption
nearly to 1 concerning the excitation wavelength to increase
the sensitivity of the detection. 1H-Phenal-1-one in dichloro-
methane was used as standard reference, applying eqn (1).

£ emiSSiOn1270 nm

1)
o (
emission}

bs =Py
with @ the singlet oxygen formation quantum yield of the
reference compound.*”

Theoretical calculations

The geometries of the complexes and dimeric assemblies were
fully optimized without symmetry constrains at the RI-PB86-
D3(COSMO)/def2-TZVP level of theory’®>® by means of the
Turbomole 7.2 program.’® The level of theory has been vali-
dated by comparing the geometries of available X-ray struc-
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tures of related compounds® with those from the DFT optim-
ization (see Fig. S111, ESI{). Moreover, this level of theory has
been recently used by us to explain the aggregation of Au-com-
plexes.®! The binding energies were computed by subtracting
the sum of the energies of the monomers to the energy of the
dimer. Solvent effects were taken into consideration using
the COSMO-RS method®® as implemented in Turbomole
program.®® The TD-DFT calculations were computed using 30
excited states at the CAM-B3LYP/def2-TZVP level of theory®
using ORCA 5.0 program.®*

Host : guest titrations

The titrations were performed by the addition of subsequent
aliquots of 9 x 107" M solutions of PAH (naphthalene or phe-
nanthrene) into a 6 x 107> M solution of 11. Absorption and
emission spectra were measured after each addition. The
association constants of the 11 with the PAHs were retrieved
from the fit of the fluorimetric titration data with the general
equation reported in ref. 65.

Synthesis and characterization

Synthesis of H,L". In a sealed Schlenk 0.5 g of 2,6-pyridine-
dicarbonitrile (3.87 mmol) was dissolved in 15 mL of EtOH.
3 mL of hydrazine hydrate (40.2 mmol) was added. The solu-
tion was stirred for 24 h at 25 °C. After this, all volatiles were
evaporated, and the white solid was obtained. The solid was
suspended in 10 mL of dry THF and 1.54 mL of p-tolyl chloride
(11.61 mmol) was added under an N, atmosphere at 0 °C. The
mixture was stirred for 24 h at 25 °C and afterward concen-
trated in vacuo. The solid was dissolved in 5 mL of ethylene
glycol and heated at 180 °C for 4 h. After cooling the solution
at ambient temperature, the product was obtained by the
addition of a water excess to the solution. After filtration, a
white solid (1.18 g, 78% yield) was obtained. 'H NMR
(400 MHz, DMSO-d®) 6 = 8.21 (s, 1H), 8.06-7.99 (m, 4H), 7.35
(d,J = 7.7 Hz, 4H), 2.38 (s, 6H) ppm. ESI (m/z): 394 (H,L" + H)",
326.12 (H,L' — tolyl + Na + H)", 304.13 (H,L' — tolyl + H)".
IR (em™"): v = 3423 (N-H), 3083 (C-H,,), 2976 (C-H), 1694
(C=N), 1472 (C=C), 1422 (CH3), 1000 (C-N).

Synthesis of H,L>. A similar procedure used for H,L" was fol-
lowed in the synthesis of H,L* but using 4-chloropyridine-2,6-
carbonitrile instead of 2,6-pyridinedicarbonitrile. After fil-
tration, a brown solid was obtained (1.07 g, 81% yield). 'H
NMR (400 MHz, DMSO-d®): 6 = 10.37 (s, 2H), 7.88-7.77 (m,
4H), 7.32 (d, J = 8.0 Hz, 4H), 2.38 (s, 6H) ppm. ESI (m/z): 559.23
[H,L> + CgH,N, + H'T, 427.08 [HLL?], 291.10 [H,L*> —
CsH,N,]". IR (em™): v = 3415 (N-H), 3003 (C-H,,), 2923 (C-H),
1628 (C=N), 1494 (C=C), 1423 (CHj3), 1022 (C-N), 747 (C-Cl).

Synthesis of H,L>. In a sealed Schlenk 0.5 g of 2,6-pyridine-
dicarbonitrile (3.87 mmol) was dissolved in 15 mL of EtOH.
3 mL of hydrazine hydrate (40.2 mmol) was added. The solu-
tion was stirred for 24 h at 25 °C. After this, all volatiles were
evaporated, and the white solid was obtained. The solid was
dissolved in 5 mL of trifluoroacetic acid (65.3 mmol) was
added under an N, atmosphere at 0 °C. The mixture was
stirred for 24 h at 80 °C and afterward concentrated in vacuo.
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The solid was dissolved in 5 mL of ethylene glycol and heated
at 180 °C for 4 h. After cooling the solution at ambient temp-
erature, the product was obtained by the addition of a water
excess to the solution. After filtration, a white solid (1.18 g,
78% yield) was obtained. "H NMR (500 MHz, DMSO-d°): § =
8.46-8.06 (m, 3H) ppm. 'F NMR (471 MHz, DMSO-d%)
5 —63.83 (s, 6F) ppm. ESI (m/z): 721.09 [2 H,L? + Na'T", 372.05
[H,L? + Na']". IR (em™): v = 3418 (N-H), 3010 (C-Hy,), 2972
(C-H), 1611 (C=N), 1458 (C=C), 1138 (CF3;), 1022 (C-N).

Synthesis of H,L*. A similar procedure used for H,L? was fol-
lowed in the synthesis of H,L* but using 4-chloropyridine-2,6-
carbonitrile instead of 2,6-pyridinedicarbonitrile. After fil-
tration, a yellow solid was obtained (1.07 g, 80% yield). 'H
NMR (500 MHz, CDCl;) § = 8.36 (s, 2H) ppm. ’F NMR
(471 MHz, CDCl;) 6 = —65.36 (s, 6F) ppm. ESI (m/z): 789.01 [2
H,L* + Na']", 406.00 [H,L* + Na']", 384.01 [H,L* + H']", 211.48
[H,L* — C3F;3N;]". IR (em™): v = 3410 (N-H), 3096 (C-H,,),
2954 (C-H), 1677 (C—=N), 1459 (C—C), 1147 (CF3), 1022 (C-N),
809 (C-Cl).

Synthesis of [Pt(DMSO)L']. In a Schenk flask equipped with
reflux, 0.201 g of H,L" (0.51 mmol) was collocated under the
N, atmosphere. The ligand was dissolved in 1 mL of DMF and
268 pL of DIPEA (1.53 mmol) was added to the solution and
stirred for 15 minutes. After this 0.251 g of [Pt(DMSO),Cl,]
(0.51 mmol) was added to the mixture and heated at 75 °C for
24 h. The reaction was cooled to room temperature and an
excess of diethyl ether was used to precipitate the product.
After filtration, a red solid was obtained (0.314 g, 92% yield).
'H NMR (400 MHz, DMSO-d®): 6 = 8.19 (d, J = 9.8 Hz, 3H),
8.07-7.99 (m, 4H), 7.35 (d, J = 7.7 Hz, 4H), 2.38 (s, 6H) ppm.
IR (em™): v = 2995 (C-H,,), 2945 (C-H), 1672 (C=N), 1467
(C=C), 1436 (CH3;), 1018 (S=0), 929 (C-N).

Synthesis of [Pt(DMSO)L’]. A similar procedure used for
[Pt(DMSO)L'] was followed in the synthesis of [Pt(DMSO)L’]
but using H,L? instead of H,L'. An orange solid was obtained
after filtration (0.297 g, 88% yield) "H NMR (400 MHz, CDCl,)
5=9.13 (s, 2H), 7.77 (d, J = 8.1 Hz, 4H), 7.29 (d, J = 8.0 Hz, 4H),
2.43 (s, 6H) ppm. IR (cm™*): v = 3019 (C-H,,), 2993 (C-H), 1667
(C=N), 1496 (C=C), 1385 (CH;), 1023 (S=0), 916 (C-N), 746
(c-an.

Synthesis of [Pt(DMSO)L?]. A similar procedure used for
[Pt(DMSO)L'] was followed in the synthesis of [Pt(DMSO)L’]
but using H,I? instead of H,L'. A pink solid was obtained
after filtration (0.287 g, 90% yield). '"H NMR (500 MHz,
CD;0D) 6 = 8.25 (t, J = 8.0 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H),
2.70 (s, 10H) ppm. "F NMR (471 MHz, CD;0D) § —65.66 (s,
6F) ppm. IR (cm™): v = 2994 (C-H,,), 2932 (C-H), 1637 (C—=N),
1476 (C=C), 1125 (CF3), 1022 (S=O0).

Synthesis of [Pt(DMSO)L*]. A similar procedure used for
[Pt(DMSO)L'] was followed in the synthesis of [Pt(DMSO)L’]
but using H,L* instead of H,L". A red solid was obtained after
filtration (0.253 g, 75% yield) "H NMR (400 MHz, CDCl;) 6 =
8.74 (s, 2H), 2.63 (s, 5H) ppm. "’F NMR (376 MHz, CDCl;) § =
—-64.11 (d, J = 24.3 Hz, 6F) ppm. IR (cm™"): v = 2998 (C-H,,),
2940 (C-H), 1614 (C=N), 1476 (C=C), 1129 (CF;), 1022 (S=0),
742 (C-Cl).
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Synthesis of [(PtL'),dppm] (10). In a sealed Schlenk flask
under an N, atmosphere, 15 mg (0.22 mmol) of [Pt(DMSO)L']
was suspended in 5 mL of dry acetonitrile. The suspension
was stirred for 10 min and after 4.3 mg (0.11 mmol) of dppm
was dissolved in 3 mL of dry dichloromethane (DCM) and
added to the mixture. The reaction was stirred overnight at
room temperature. All the volatiles were evaporated under
vacuum and the crude product was dissolved in 2 mL of dry
DCM and precipitated with an excess of dry hexane. After fil-
tration, a pale-yellow solid was obtained (14.2 mg, 81% yield).
'"H NMR (400 MHz, DMSO-d®): § = 8.21 (s, 4H), 8.03 (d, J =
8.0 Hz, 4H), 7.98-7.92 (m, 12H), 7.57 (dt, J = 15.0, 7.4 Hz,
20H), 7.35 (d, J = 7.8 Hz, 4H), 5.11 (t, J = 11.7 Hz, 2H), 2.38 (s,
12H) ppm. *'P{'"H} NMR (162 MHz, DMSO-d°): § = —63.9 (dd,
Jpep = 1558 Hz) ppm. ESI (m/z): 1557.35 [10 + H']". IR (cm™):
v = 3052 (C-Hy,,), 2921 (C-H), 1616 (C=N), 1462 (C=C), 1432
(-CH,), 1000 (P-Cyy).

Synthesis of [(PtL"),dppe] (11). A similar procedure used for
10 was followed in the synthesis of 11 but using dppe instead
of dppm. A pale-yellow solid was obtained after filtration
(15.6 mg, 88% yield). "H NMR (400 MHz, DMSO-d®) § = 8.21 (s,
2H), 8.03 (d, J = 8.0 Hz, 4H), 7.85 (ddt, J = 12.3, 6.7, 1.5 Hz,
11H), 7.57 (dddd, J = 14.2, 9.0, 6.0, 2.2 Hz, 14H), 7.40-7.31 (m,
11H), 3.00-2.87 (m, 4H), 2.38 (s, 12H) ppm. *'P{'H} NMR
(162 MHz, DMSO-d®) § = 48.3 (dd, Jp.p = 1162, 1153 Hz), 42.58
(dd, Jpep = 1804.4, 1799.7 Hz) ppm. ESI (m/z): 1572.38 [11 +
HT. IR (em™): v = 3061 (C-Hy,), 2914 (C-H), 1619 (C=N),
1472 (C=C), 1441 (-CH3), 1000 (P-C,,).

Synthesis of [(PtL'),dppbz] (12). A similar procedure used
for 10 was followed in the synthesis of 12 but using dppbz
instead of dppm. A pale-yellow solid was obtained after fil-
tration (16.3 mg, 82% yield). "H NMR (500 MHz, DMSO-d®):
5 = 8.21 (s, 2H), 8.03 (d, J = 8.1 Hz, 4H), 7.88-7.81 (m, 4H),
7.77-7.69 (m, 12H), 7.66-7.60 (m, 4H), 7.56 (ddd, J = 8.6, 5.2,
2.2 Hz, 12H), 7.32 (dd, J = 29.8, 8.0 Hz, 8H), 2.39 (s, 12H) ppm.
*'p{"H} NMR: (DMSO-d° 162 MHz): § = 40.8 (s, Jpp = 1845
Hz) ppm. ESI (m/z): 1644.23 [12 + Na']". IR (em™"): v = 3061
(C-H,,), 2946 (C-H), 1624 (C=N), 1483 (C=C), 1432 (-CHj3),
997 (P-Cay).

Synthesis of [(PtL*),dppm] (13). A similar procedure used
for 10 was followed in the synthesis of 13 but using [Pt(DMSO)
L?] instead of [Pt(DMSO)L"']. A pale brown solid was obtained
after filtration (17.9 mg, 82% yield). '"H NMR (500 MHz,
DMSO-d®): 6 = 10.37 (s, 4H), 7.96 (q, J = 6.8 Hz, 8H), 7.88-7.79
(m, 12H), 7.67-7.52 (m, 12H), 7.32 (d, J = 9.3 Hz, 4H), 5.11 (t,
J =11.6 Hz, 2H), 2.38 (s, 12H). *'P{"H} NMR (202 MHz, DMSO-
d®: 6 = —63.9 (dd, Jpep = 1526 Hz) ppm. ESI (m/z): 1271.10
[13 — Pt(CsH,N;)]". IR (em™): v = 3016 (C-H,,), 2923 (C-H),
1628 (C=N), 1508 (C—C), 1441 (-CH3), 996 (P-C,,), 738 (C-Cl).

Synthesis of [(PtL*),dppe] (14). A similar procedure used for
13 was followed in the synthesis of 14 but using dppe instead
of dppm. A pale brown solid was obtained after filtration
(16.5 mg, 70% yield). "H NMR (500 MHz, DMSO-d®): § = 10.37
(s, 4H), 7.88-7.79 (m, 16H), 7.57 (dddd, J = 14.1, 8.9, 5.9,
2.2 Hz, 12H), 7.32 (d, J = 8.0 Hz, 8H), 3.65-3.60 (m, 2H),
3.17-3.10 (m, 2H), 2.37-2.33 (m, 12H) ppm. *'P{'H} NMR

This journal is © the Partner Organisations 2023

View Article Online

Research Article

(202 MHz, DMSO-d®): § = 42.6 (t, Jp_p = 1800, 1798.1 Hz) ppm.
ESI (m/z): 1697.12 [14 + NH," + CH;CNJ". IR (cm™): v = 3047
(C-Hay), 2918 (C-H), 1628 (C=N), 1494 (C=C), 1432 (-CHa),
1018 (P-C,,), 818 (C-Cl).

Synthesis of [(PtL?),dppbz] (15). A similar procedure used
for 13 was followed in the synthesis of 15 but using dppbz
instead of dppm. A pale brown solid was obtained after fil-
tration (19.4 mg, 80% yield). "H NMR (500 MHz, DMSO-d®):
8 =10.37 (s, 4H), 7.83 (d, J = 8.2 Hz, 12H), 7.77-7.69 (m, 6H),
7.64-7.60 (m, 4H), 7.56 (ddd, J = 8.4, 5.3, 2.1 Hz, 6H), 7.32 (d,
J = 9.3 Hz, 12H), 2.38 (s, 12H) ppm. *'P{'"H} NMR (202 MHz,
DMSO0-d®): & = 40.8 (t, Jpr_p = 1837 Hz). ppm. ESI (m/z): 1442.10
[15 — C4HoCIN,]". IR (em™): v = 3021 (C-H,,), 2938 (C-H),
1623 (C=N), 1503 (C=C), 1436 (-CHj), 1022 (P-C,), 831
(c-an.

Synthesis of [(PtL*),dppm] (16). A similar procedure used
for 10 was followed in the synthesis of 16 but using [Pt(DMSO)
L?*] instead of [Pt(DMSO)L']. A pale-yellow solid was obtained
after filtration (19.6 mg, 82% yield). '"H NMR (500 MHz,
DMSO-d®): 6 = 8.23 (t, J = 7.9 Hz, 6H), 7.81 (ddd, J = 13.1, 8.3,
1.4 Hz, 6H), 7.76 (dd, J = 7.9, 1.2 Hz, 4H), 7.42-7.34 (m, 4H),
7.24 (td, J = 8.1, 2.5 Hz, 6H), 5.16 (t, ] = 14.1 Hz, 2H). '°F NMR
(471 MHz, DMSO-d®): § = —63.56 (s, 12F) ppm. *'P{'"H} NMR
(202 MHz, DMSO-d®): § = 0.6 (t, Jpp = 1818 Hz) ppm. ESI (m/
2): 1491.10 [16 + Na']", 1469.12 [16 + H']". IR (cm™): v = 3048
(C-H,y), 2929 (C-H), 1620 (C=N), 1462 (C=C), 1130 (CF3), 989
(P_Car)'

Synthesis of [(PtL*),dppe] (17). A similar procedure used for
16 was followed in the synthesis of 17 but using dppe instead
of dppm. A pink solid was obtained after filtration (18.1 mg,
82% yield). "H NMR (500 MHz, CDCl;): & = 8.39-8.16 (m, 3H),
8.09-8.05 (m, 1H), 7.86 (ddd, J = 12.4, 8.3, 1.4 Hz, 5H),
7.57-7.46 (m, 13H), 7.34 (t, J = 7.4 Hz, 3H), 7.30 (d, J = 7.2 Hz,
1H), 3.53-3.43 (m, 2H), 2.39-2.31 (m, 2H) ppm. F NMR
(471 MHz, CDCl,): 6 = —64.79 (d, J = 245.2 Hz, 12F) ppm. *'P
{'"H} NMR (202 MHz, CDCl;): § = 47.5 (t, Jp.p = 1173.9 Hz),
41.3 (dd, Jp.p = 1828, 1795 Hz) ppm. ESI (m/2): 1482.13 [17 +
HT. IR (em™): v = 3065 (C-Hy,), 2972 (C-H), 1623 (C=N),
1490 (C=C), 1138 (CF;), 1000 (P-C,,).

Synthesis of [(PtL*),dppbz] (18). A similar procedure used
for 16 was followed in the synthesis of 18 but using dppe
instead of dppm. A pale pink solid was obtained after filtration
(18.6 mg, 82% yield). "H NMR (500 MHz, CDCl,): & = 8.27 (d,
J = 7.9 Hz, 2H), 8.09-8.03 (m, 4H), 7.79-7.73 (m, 8H), 7.65
(ddd, J = 10.6, 5.7, 2.9 Hz, 2H), 7.57 (dq, J = 5.7, 2.7 Hz, 2H),
7.51 (td, J = 7.2, 1.7 Hz, 4H), 7.47-7.41 (m, 8H) ppm. "°F NMR
(471 MHz, CDCl,): § = —59.95 to —69.67 (m, 12 F) ppm. *'P{'H}
NMR (202 MHz, CDCl,): & = 40.9 (t, Jpep = 1784 Hz) ppm. ESI
(m/z): 1565.10 [18 + Na'T". IR (cm™"): v = 3047 (C-Hy,), 2980 (C-
H), 1614 (C=N), 1485 (C=C), 1129 (CF;), 996 (P-C,,).

Synthesis of [(PtL*),dppm] (19). A similar procedure used
for 10 was followed in the synthesis of 19 but using [Pt(DMSO)
L*] instead of [Pt(DMSO)L"]. A pale brown solid was obtained
after filtration (13.6 mg, 82% yield). '"H NMR (500 MHz,
CDCl;): 6 =7.94 (q,J = 7.2 Hz, 8H), 7.53 (t, ] = 7.3 Hz, 4H), 7.47
(d, J = 7.8 Hz, 8H), 7.21 (t, ] = 7.3 Hz, 4H), 4.42 (t, J = 10.9 Hz,
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2H) ppm. '°F NMR (471 MHz, CDCl,): § = —64.39 (d, J
429.1 Hz, 12 F) ppm. *'P{"H} NMR (202 MHz, CDCl,): § =
—64.2 (t, Jorp = 1638 Hz) ppm. ESI (m/z): 1566.17 [19 + Na']".
IR (em™): v = 3061 (C-H,,), 2994 (C-H), 1637 (C=N), 1436
(C=C), 1098 (CF3), 996 (P-C,,), 742 (C-Cl).

Synthesis of [(PtL*),dppe] (20). A similar procedure used for
19 was followed in the synthesis of 20 but using dppe instead
of dppm. A pale brown solid was obtained after filtration
(18.8 mg, 82% yield). "H NMR (500 MHz, CDCl,): § = 8.27 (s,
4H), 7.90-7.82 (m, 8H), 7.53 (ddd, J = 7.1, 5.2, 1.7 Hz, 4H),
7.51-7.44 (m, 8H), 3.76 (s, 2H), 3.16 (d, J = 8.9 Hz, 2H) ppm.
F NMR (471 MHz, CDCl,): § = —65.14 (s, 12F) ppm. *'P{'H}
NMR (202 MHz, CDCl,): § = 41.3 (t, Jorp = 1856 Hz) ppm. ESI
(m/z): 1621.20 [20 + CH;CN + Na'l’, 1604.15 [20 + CH;CN]',
1586.19 [20 + Na']". IR (cm™): v = 3056 (C-H,,), 2989 (C-H),
1610 (C=N), 1436 (C=C), 1103 (CF3), 996 (P-C,,), 711 (C-Cl).

Synthesis of [(PtL*),dppbz] (21). A similar procedure used
for 19 was followed in the synthesis of 21 but using dppbz
instead of dppm. A pale brown solid was obtained after fil-
tration (16.5 mg, 68% yield). "H NMR (500 MHz, CDCl,): § =
7.76 (ddt, J = 12.7, 7.0, 1.3 Hz, 10H), 7.65 (ddd, J = 10.5, 5.8,
3.0 Hz, 2H), 7.57 (dq, J = 5.6, 2.6 Hz, 2H), 7.53-7.48 (m, 4H),
7.47-7.40 (m, 10H) ppm. °F NMR (471 MHz, CDCl;) 6 =
-64.61 (d, J = 516.2 Hz, 12F) ppm. *'P{'H} NMR (202 MHz,
CDCl;): 6 = 40.9 (t, Jpe_p = 1856 Hz) ppm. ESI (m/z): 1599.60 [21
+ Na'T". IR (em™): v = 3061 (C-H,,), 2998 (C-H), 1632 (C=N),
1432 (C=C), 1103 (CF3), 1000 (P-C,,), 689 (C-Cl).
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