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INTRODUCTION

The relevance of the field of research and the degree of its development.

One of the key tasks of modern organometallic chemistry is the design of new
functional materials based on luminescent transition metal complexes. At the moment,
the main driving force of research in this direction is the application of such complexes
as a light-emitting layer in organic light-emitting diodes (OLEDs) [1]. OLEDs are the
recognized next-generation electroluminescent devices exhibiting high color quality, low
fabrication cost, low power consumption, and a wide range of applications from displays
to lighting devices. However, the organic fluorophores currently used for OLED
fabrication have rather low maximum energy efficiency value, namely 25%. The solution
to this problem may be the use of transition metal phosphorescent complexes. They attract
great attention of researchers because of their ability to convert the incoming electrical
energy into outgoing light energy almost completely, i.e. up to 100%. This increases the
energy efficiency of light-emitting devices and solves the problem of energy losses in the
use of electricity.

One of the most promising metal-organic luminophores are platinum(II)
complexes. Due to the strong spin-orbit interaction between the metal and its coordination
environment, these compounds have high emission quantum yield. The introduction of
acceptor substituents to the periphery of the coordination sphere of the platinum complex
leads to the formation of donor-acceptor complexes with intramolecular charge transfer.
This allows to change the emission color in a controlled way by varying the distance
between the highest occupied and lowest unoccupied molecular orbitals of the
organometallic system. Also, the intrinsic fluorescent properties of the ligand can
contribute to the formation of a unique system with double singlet-triplet emission.
Currently, the interest of researchers is shifting from traditional organic acceptor
functional groups (carbonyl-, cyano-, fluorine-containing groups) to organometallic
groups containing boron, oxygen, sulfur, and phosphorus [2]. For example, simple
methylation of a phosphine group yields positively charged phosphonium salts that are

effective electron acceptor groups [3]. However, these molecules, despite their
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pronounced acceptor properties, are unexpectedly rarely used as ligands for the synthesis
of coordination compounds. Nevertheless, some successful examples of using the above
phosphorus-containing groups for the design and synthesis of donor-acceptor molecules
with intramolecular charge transfer have been presented in the literature. This has inspired
us to propose their possible use for the synthesis of platinum(II) donor-acceptor
complexes [4].

Besides their obvious applications in OLED devices, such platinum(Il) donor-
acceptor complexes can also be used as sensors, photocatalysts, molecular probes, and
molecular thermometers, which opens up a wide range of applications in a wide variety
of practical fields [5].

The purpose and tasks of the thesis. The aim of this work was to develop a
synthetic methodology for mono- and bis-alkynyl platinum(II) complexes based on
alkynylphosphonium ligands with different conjugated n-systems, as well as to establish
the regularity of the influence of peripheral modification and extent of m-system of
alkynylphosphonium ligand with internal charge transfer on the photophysical properties
of the obtained Pt(IT) complexes.

To achieve the goal, the following tasks were set:

1) Synthesis of alkynylphosphonium ligands with different conjugated n-system;

2) Synthesis of bis-alkynyl and mono-alkynyl platinum(Il) complexes with various
ancillary ligands and varying alkynylphosphonium ligands;

3) Characterization of the composition and structure of the obtained platinum(Il)
complexes by a set of physicochemical methods: nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry, single-crystal X-ray diffraction analysis,
infrared (IR) spectroscopy, elemental analysis.

4) Study of photophysical characteristics of the obtained platinum(II) complexes:
measurement of absorption spectra, emission spectra, excited state lifetimes and
luminescence quantum yields in solution and solid phase;

5) Establishment of correlation between photophysical properties and

composition/structure of the obtained platinum(II) complexes.
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The scientific novelty of the work lies in optimization of the synthetic
methodology and obtaining platinum(II) complexes with donor-linker-acceptor systems
based on phosphonium salts with controllable photophysical properties. The influence of
the length of the ligand linker on the emission properties of the obtained compounds has
been demonstrated, and the trends in the luminescence of alkynylphosphonium
complexes of platinum(II) with the use of various additional ligands have been shown.

Theoretical and practical significance of the work lies in the development of
methods for the synthesis of platinum(II) complexes bearing a charged phosphonium
fragment at the periphery of the ligand environment. The introduction of the phosphonium
group allowed us to obtain the first example of bright luminescence in trans-phosphine-
alkynyl complexes of Pt(Il) in the solid phase. The dependence of the photophysical
properties of terpyridine complexes of platinum(Il) in the solid phase on the size of the
counterion was also shown for the first time.

The obtained alkynylphosphonium platinum compounds based on bipyridine show
stimuli-responsive properties, which can potentially be used in both sensing and anti-
counterfeiting applications. The water solubility of these systems allowed our colleagues
to incorporate these complexes into nanoparticles for bioimaging. Also, the above
compounds exhibit pronounced two-photon absorption and two-photon emission, which
can be utilized in the field of nonlinear optics.

Methodology and research methods. The composition and structure of the
obtained compounds were determined by a set of modern physicochemical methods:
polynuclear ('"H, *'P{H}, "F{H}) NMR spectroscopy and two-dimensional 'H-'"H COSY
NMR spectroscopy; high-resolution electrospray ionization mass spectrometry in
positive mode (ESI+), IR spectroscopy and elemental analysis. For some compounds it
was possible to obtain single crystals suitable for studies by single-crystal X-ray
diffraction analysis (XRD).

The optical and photophysical properties of the obtained compounds were
characterized using UV-vis spectroscopy in solution and luminescence spectroscopy both

in solution and in the solid phase. Excited state lifetimes and luminescence quantum
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yields were also measured in both aerated and deaerated solution and in the solid phase.
The nonlinear optical properties were investigated using a femtosecond laser.

Structure and content of the work. The thesis consists of five parts: introduction,
literature review, results and discussion, experimental part and conclusions. The
introduction includes the relevance of the study and the degree of its development, the
purpose and tasks of the work. Further in the same section the scientific novelty,
theoretical and practical significance of the work are disclosed, after that, the research
methodology, the degree of reliability and approbation of the results are described. The
introduction concludes with a list of publications, main findings of the dissertation to be
defended and the main scientific results. The section "Literature Review" is divided into
four semantic parts. The first one is devoted to the description of the nature of excited
states of platinum, and the second one considers the peculiarities of photophysical
properties of platinum(Il) complexes associated with aggregation. The third and fourth
parts summarize the information on platinum(Il) alkynyl complexes and donor-linker-
acceptor systems, respectively. There are two parts in the "Results and Discussion"
section: the first one describes the synthesis of the target complexes and the second one
analyzes their photophysical properties in detail. The section "Experimental part"
contains details of experimental techniques, spectral data and other details of the
conducted studies. All figures, tables, and compounds are numbered sequentially.

Degree of reliability and approbation of the research. The main findings to be
defended were presented and discussed at the following conferences: XXIII International
Chernyaev conference on chemistry, analytics and technology of platinum metals
3.10.2022—-7.10.2022 (oral presentation), the All-Russian conference on natural sciences
and humanities with international participation "SPbSU Science-2022" 21.11.2022
(poster presentation), International scientific conference of students, postgraduates and
young scientists "Lomonosov-2023" 10.04.2023-21.04.2023 (oral presentation, III class
diploma), International scientific conference of students, postgraduates and young
scientists "Lomonosov-2024" 12.04.2023-26.04.2023 (oral presentation, awardee
diploma), First All-Russian Conference on Luminescence «LUMOS-2024» 23.04.2024—
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26.04.2024 (poster presentation), XIII International Conference on Chemistry for Young
Scientists "Mendeleev 2024" 2.09.2024—6.09.2024 (oral presentation).

The work was carried out with the financial support of the Russian Science
Foundation Ne21-13-00052, Ne22-23-00287, No24-13-00024.

Based on the dissertation materials, 4 articles were published in journals indexed
in the WoS and Scopus databases, as well as abstracts of 6 reports at national and
international scientific conferences.

Articles published based on the results of the dissertation:

l. Petrovskii S. et al. Homoleptic Alkynylphosphonium Au(I) Complexes as
Push—Pull Phosphorescent Emitters // Inorg. Chem. 2023. Vol. 62, Ne 13. P. 5123-5133.

2. Paderina A. et al. Alkynylphosphonium Pt(II) Complexes: Synthesis,
Characterization, and Features of Photophysical Properties in Solution and in the Solid
State // Inorg. Chem. 2023. Vol. 62, No 44, P. 18056—18068.

3. Paderina A. et al. Aggregation game: changing solid-state emission using
different counterions in mono-alkynylphosphonium Pt(II) complexes // Inorg. Chem.
2024, Vol. 63, Ne 38, P. 17548—-17560.

4. Paderina A. et al. Cationic or neutral: dependance of photophysical
properties of bis-alkynylphosphonium Pt(II) complexes on ancillary ligand // Chemistry
— A European Journal, 2024, Vol. 30, Ne 58, P. €202402242.

Main findings of the dissertation to be defended:

1. Introduction of “donor-linker-acceptor” systems, namely
alkynylphosphonium salts as ligands into platinum(Il) complexes allows to vary the
photophysical properties of the target compounds by changing the linker length.

2. The presence of a positively charged acceptor phosphonium fragment on the
periphery of the ligand environment requires significant modifications of synthesis
techniques due to the problem of "counterion migration".

3. The phosphonium fragment introduced into the ligand not only enhances the
nonlinear optical properties (two-photon absorption and emission) of bis-
alkynylphosphonium complexes of Pt(Il) in the cis-configuration, but also contributes to

the stimuli-responsive properties.
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4. In the case of bis-alkynylphosphonium compounds in the trans configuration
of [Pt(Pi)2(PPh;),]OTf, and [Pt(Pi).(CN).] composition, the improved conjugation
between the two ligands plays an important role in determining the photophysical
properties and leads to a dominant ligand-centered emission.

5. Charged mono-alkynylphosphonium Pt(II) complexes with ancillary
tridentate ligands are more likely to exhibit aggregation effects than bis-
alkynylphosphonium analogs. For these systems, the luminescence character is
determined by packing and metallophilic interactions in the solid phase.

6. The presence of a naphthyl linker in the alkynylphosphonium ligand is a
determinant of the nature of luminescence for alkynylphosphonium complexes in
solution, regardless of the nature of the ancillary ligands.

Main scientific results:

1. Four alkynylphosphonium ligands with different linkers were synthesized
[6].

2. Six series of alkynylphosphonium Pt(II) complexes (overall 27 compounds)
were synthesized. We have classified compounds in the following way:

(1) Bis-alkynylphosphonium Pt(II) complexes based on 4,4’-di-tertbutyl-
2,2’-bipyridine in cis-configuration [7];

(2) Bis-alkynylphosphonium  Pt(II) complexes with ancillary
triphenylphosphine and cyanide ligands in trans-configuration [8];

(3) Mono-alkynylphosphonium Pt(II) complexes based on tridentate N NN
(2,2"6',2"-terpyridine),  cyclometallated = C*"N”N  (6-phenyl-2,2’-
bipyridine) and C*N"C (2,6-diphenylpyridine) ligands [9].

3. The ligand-located charged phosphonium group influence on the Cu-
catalyzed chloride-alkyne metathesis reaction was investigated. The optimization of the
corresponding synthetic methods was carried out.

4. The obtained complexes were characterized by a full set of modern
physicochemical methods, including polynuclear (‘H, 3'P{H}, "“F{H}) NMR
spectroscopy and two-dimensional '"H-'"H COSY; NMR spectroscopy; high-resolution

electrospray ionization mass spectrometry in positive mode, IR spectroscopy and
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elemental analysis. The structures of seven compounds were established by single-crystal
X-ray diffraction analysis.

5. The photophysical properties were characterized using UV-vis spectroscopy
in solution and luminescence spectroscopy in both solution and solid phase. The excited
state lifetimes and luminescence quantum yields were also measured in both aerated and
deaerated solution and in the solid phase, and the stimuli-responsive and nonlinear optical
properties of the obtained compounds were investigated.

6. It is shown that the introduction of alkynylphosphonium ligands into the
coordination environment of the platinum(II) metal center has a positive effect on the
emission characteristics of the obtained complexes. Thus, systems in cis-configuration
acquire stimuli-responsive and nonlinear optical properties, and compounds in trans-
configuration show previously undescribed bright luminescence in the solid state. The
dependence of the photophysical properties in the solid state on the size of the counterion
1s also shown for the first time using terpyridine alkynylphosphonium Pt(II) compounds
as an example. In addition, changing the linker allows a controlled change in the
luminescence wavelength.

The personal contribution of the dissertant consists in the collection and analysis
of literature data, participation in setting the goal, setting the objectives, scaling the
synthesis of alkynylphosphonium ligands, optimizing and carrying out the synthesis of
platinum(II) complexes, preparation of samples for physicochemical methods of analysis,
solving and refining the data of single-crystal X-ray diffraction analysis, carrying out
photophysical measurements in solution and solid state, as well as interpretation of all the
obtained results. Preparation of publication materials, writing of draft versions of articles
and preparation of reports at scientific conferences were also performed by the dissertant

independently.
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CHAPTER 1. LITERATURE REVIEW

Platinum(Il) coordination compounds have attracted the interest of many
researchers largely due to their rich luminescent properties. They find applications in a
wide range of fields, from bio-visualization [10], OLED devices [11,12] and light-
emitting electrochemical cells [13] to chemosensing [14] and non-linear optics [15].
Recent works prove the possibility of using platinum(II) complexes in anti-counterfeiting
applications [16], pressure sensors [17] and even in memory devices [18]. The possibility
of fine-tuning the luminescent characteristics of these compounds is provided by the
rational choice of ligands included in the coordination sphere. The square-planar
geometry of platinum(Il) complexes favors the formation of metallophilic interactions
and m-stacking, which also directly affect the emission properties [19].

This thesis is devoted to platinum(Il) compounds with donor-acceptor ligands
based on alkynylphosphonium salts. In the first subsection of the literature review, the
nature of the emission states of platinum(Il) complexes and the ways of their variation
upon introduction of different ligands are given. The second subsection is devoted to the
peculiarities of photophysical properties of square-planar Pt(II) coordination compounds
associated with aggregation. Further, the advantages of introducing alkynyl ligands into
the Pt(I) coordination sphere, the influence of such ligands on the photophysical
properties of the obtained compounds and potential applications of platinum(II) alkynyl
complexes are discussed. Finally, the last subsection of the literature review presents data
on luminescent systems with charge transfer containing phosphonium fragments and
discusses the possibility of their application as ligands for the creation of coordination

compounds.

1.1. The nature of Pt(II) complexes’ excited states

Platinum lies in group 10 of the Mendeleev Periodic System of Chemical Elements
and is a transitional element of the third row. The most important oxidation state of
platinum is +2, which corresponds to the electronic configuration d®. Pt(II) complexes in
most cases have a square planar configuration (Figure 1), which directly affects the

photophysical properties of these compounds. Thus, the square planar geometry is easily
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subjected to various non-radiative pathways of luminescence deactivation, such as the
formation of exciplexes, interaction with the solvent, reversible coordination and some

others [20-23].
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Figure 1. Ligand field-splitting diagram for metal d orbitals in octahedral and

square planar complexes [24].

Moreover, the high-energy dy,_y» orbital has antibonding character, and when
excited by ultraviolet radiation, is able to accept an electron from lower-lying orbitals.
Thus, the transition of the molecule to the excited state is accompanied by a significant
distortion of the structure and an increase in the length of metal-ligand bonds. This is
reflected on the potential energy surface diagram (Figure 2a), where the excited state
energy minimum is markedly displaced compared to the ground state. Such an
arrangement of energy levels has an extremely negative effect on the possibility of
luminescence due to the thermal accessibility of the isoenergetic point where internal or
intercombination conversion to the ground state occurs. As a consequence, platinum(II)
complexes with simple inorganic ligands, such as Pt(NH3),>*, PtCl,*", efc., do not exhibit

emission in solutions or are extremely low-intensity metal-centered (MC) emitters. The
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rate constant of non-radiative decay for such complexes are very large, and small radiative
decay rate constants of Laporte forbidden d-d transitions further aggravate the situation.
In the solid state, excited-state structural distortion of Pt(II) complexes is inhibited, and
in some cases luminescence becomes possible [25-27].

The introduction of more complex organic ligands into the coordination sphere of
the platinum(II) metal center leads to the additional excited states involving the ligand.
In many cases they have lower energy than the d-d excited states, but the latter can be
accessible at room temperature (see Figure 2b, AE is comparable to kT) and effectively
redirect the relaxation along the non-radiative pathway [19]. To avoid this it is necessary
to achieve a large AE value, which can be realized either by lowering the energy of the
emitting state or by raising the energy of the d-d state to practically inaccessible values.
The introduction of strong-field ligands is the possible solution to this problem, which is

discussed in detail in the following subsections.

Energy (a) Energy (b)
d-d
excited state d-d
N K
— ... AE
= ground state ground state
L
nuclear coordinates nuclear coordinates

Figure 2.  Pt(II) complex potential energy surface diagram with d-d excited
states (a) and additional d-n* and n-* excited states (b). Thick arrows represent

absorption, thin ones — vibrational relaxation and non-radiative decay [19].

As mentioned above, additional excited states appear when organic ligands are
coordinated to platinum(II). Thus, the complete list of the most frequently occurring
excited states of Pt(II) complexes is as follows:

e Metal-centered, MC;
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e Metal-to-ligand charge-transfer, MLCT (d-n*);
e Ligand-to-ligand charge-transfer, LLCT;

e Ligand-centered, LC (n-n* or n-nt*);

e Intra-ligand charge-transfer, ILCT.

e Metal/metal-to-ligand charge-transfer, MMLCT.

Next, we will look at a few examples for each case.

1.1.1. Metal-centered excited states (MC)

As discussed earlier, the metal-centered emission caused by d-d transitions in the
metal center has low intensity and is extremely rare. It is characterized by broad
structureless Gaussian-shaped bands that appear only in the solid state and at low
temperature, e.g., in frozen solutions. At the same time, cooling of the solid phase does
not lead to a significant shift of the luminescence band maximum, affecting only the width
of the band itself. This is due to the cooling out of thermally excited low-frequency
stretching and bending modes associated with the distortion of the MC excited state
[27,28].

Miskowski et al. [27] have synthesized complexes 1-6 based on the bidentate
diamine ligands with ancillary chloride ligands (Figure 3a). These compounds feature
orange luminescence with broad structureless band both in frozen solutions and the solid
state. At lower temperature the emission maximum is slightly red-shifted due to the
narrowing of the band (Figure 3b). These complexes do not exhibit any vibronic structure
even at 10K. Based on the above, the authors conclude that the emission has metal-
centered nature. Interestingly, complex 5 exists in two crystalline modifications, yellow
and red, and the MC type of emission appears only in the yellow one. The second

modification is discussed in subsection 1.2.
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Figure 3.  (a) Compounds 1-6; (b) luminescence spectra of complex 2 at 300 K

(1) and 10 K (2) [27].

1.1.2. Metal-to-ligand charge-transfer excited states (MLCT)

Upon introduction of complex organic ligands into the coordination sphere of
platinum(Il) complexes, new excited states appear. One of them, the low-lying MLCT
transition is characteristic of systems with acceptor ligands providing n* or ¢* orbitals
with low energy [29]. Such an emission can be formally considered as intramolecular
electron transfer from metal to ligand with concominant irradiation [30]. The distinctive
feature of the MLCT luminescence are broad, structureless bands, which are partially
resolved upon freezing the solutions [31]. Also, complexes with charge transfer can
exhibit so-called solvatochromism, a reversible spectrum change caused by a solvent
polarity change. This happens due to the different polarity of the ground and excited
states. The excited state, which is more polar than the ground state, is more stable in polar
solvents, which reduces both excitation and emission energies. Such a phenomenon is
called positive solvatochromism. On the contrary, if the excited state is less polar than the
ground state, a hypsochromic shift of emission and absorption maxima is observed, and
this is called negative solvatochromism [32,33]. However, for MLCT emitters,
solvatochromism is usually weakly manifested in the luminescence spectra, being
reflected only in the absorption spectra [34].

Polypyridine systems, such as 2,2’-bipyridine, 9,10-phenantroline, 2,2':6'2"-
terpyridine etc. were one of the first acceptor ligands used for MLCT-emitting Pt(II)

complexes construction [21,35].
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Terpyridine complexes of general formula [Pt(terpy)X]", X =CI (7), NCS (8), OMe
(9), OH (10) were studied in the work [36]. The authors point out the obvious advantages
of systems based on 2,2":6',2"-terpyridine (terpy), namely its stereochemical rigidity that
helps to avoid Dyq4 distortions, the presence of low-lying orbitals due to the conjugated =-
system, and the easy substitution of an ancillary ligand. Chloride complex 7 is non-
luminescent in the room temperature solution. However, complexes 8-10 feature broad
structureless bands, typical for MLCT transition, under the same conditions. The authors
note that excimer emission was excluded due to the lack of concentration dependence
(see subsection 1.2 for details). They also admit the possibility of the ligand-to-ligand
charge transfer presence, but the absence of spectral changes when changing the solvent
indicates the minimal participation of such a state. The absence of solvatochromism
additionally confirms the presence of the MLCT excited state, since this state is not
characterized by a large dipole moment.

A comparative study of the photophysical properties of bipyridine Pt(Il) complexes
with ancillary alkynyl ligands was carried out in Ref. [37]. The authors investigated two
series of compounds, 11-14 and 15-18 (Scheme 1), varying substituents with different
donor and acceptor strengths in both bipyridine and alkynyl ligands.

CH4 R
.o ~
Ry RS S = =
N A D\ 7
Pt Pt
(_;::_‘-\‘_ Fl / Nf
SN N
H'| ({r\\; Il'l::' ‘\-’l
R e B
’ \‘CHB R
llfﬁlrﬁ;):CHg 15:R=CF3
].2 - C{CHH}H- Hy = H 16 : H = N02
13 : R, = C{O)NEt;, Rz = H 17 : R = NMe,
14 * R, = CO,Et, Ay = H 18 : R = OCHs

Scheme 1. Complexes 11-14 and 15-18 [37].

All studied in this work compounds demonstrated broad structureless
phosphorescent emission bands in dichloromethane solutions. Comparison of complexes

11-14 revealed a gradual increase in the emission maximum in this series. From the
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authors' point of view, the bathochromic shift indicates MLCT (Pt—diimine)
photoluminescence, because its energy decreases with the decrease in the energy of the
lowest unoccupied molecular orbital (LUMO) localized on the chelating acceptor ligand.
Complexes 15 and 18 also exhibit emission from the MLCT state. Based on the obtained
results, authors conclud that the electronic and vibronic characteristics of the Pt—diimine
MLCT states in studied complexes and the Re—diimine states in compounds such as
[(diimine)Re'(CO);(L)] are very similar.

With the development of quantum-chemical calculations, “pure” assignments of
luminescence bands to specific types are becoming increasingly rare in the literature.
Consider, for example, compounds 19-21 (Figure 4a), based on C*C*N ligand with
ancillary y-picoline (19) or different N-heterocyclic carbenes, NHC (20, 21) from Ref.
[38]. Despite the completely different nature of the ancillary ligands, these complexes
exhibit nearly identical emission spectra in solution (Figure 4b). They show already
familiar to us broad structureless bands in the yellow region of the spectrum without
pronounced vibronic splitting. The authors conclude that this shape of the spectra
indicates a large contribution of the MLCT state to the luminescence and a negligible
contribution of additional ligands. However, further calculations show that the
luminescence character in these complexes is more correctly described by the mixed

MLCT/ILCT type, where ILCT is localized on the tridentate ligand.
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Figure 4. (a) Complexes 19-21; (6) Emission spectra of complexes 19-21 in
acetone (19) and MeCN (20,21) solutions [38].
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1.1.3. Ligand-to-ligand charge-transfer excited states (LLCT)

In case when coordination environment of metal center contains both oxidizable
ligand and another reducible ligand, a new low-energy ligand-to-ligand charge-transfer
excited state may appear. The metal in this case acts as a conductor of interaction between
the ligand-donor and ligand-acceptor. The former ones can be anions, such as halides,
thiolates and carbanions. The latter ones can be, for example, porphyrins or polypyridines
[29,39]. Monomeric complexes with any type of charge transfer tend to exhibit broad
structureless luminescence bands, partially resolved upon cooling, but in the case of
LLCT type the emission energy depends on the nature of two ligands simultaneously.
Also in this case solvatochromic properties can be more pronounced.

One of the most comprehensive early works [40] considers two series of
platinum(Il) complexes bearing diimine and dithiolate ligands. In the first series six
different dithiolates are varied (22—27), while in the second series different diimines are
used (28-35, Scheme 2). Comparing these two series, the authors provide evidence for
the presence of LLCT character in all the studied compounds. All 13 complexes exhibit
broad structureless luminescence bands in solution with sufficiently high quantum yields
that cut off MC states. The wavelength of the emission maximum for the studied
compounds depends on both the nature of the diimine and the nature of the dithiolate
ligands. Thus, upon introduction stronger electron-accepting N*N ligands, a gradual
bathochromic shift is observed in the series 28-35. This is indicative of an excited state
involving charge transfer to the diimine, because the introduction of acceptor substituents
into this fragment should lower the LUMO energy. The influence of different dithiolate
ligands can be seen in series 22-27 as a bathochromic shift from 590 (22) to 720 nm (27).
This means that the nature of the dithiolate ligand affects the energy of the highest

occupied molecular orbital (HOMO), and emissive transitions have LLCT nature.
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Scheme 2. Complexes 22-35 [40].

Terpyridine derivatives also can exhibit luminescence with ligand-to-ligand charge
transfer. An article [41] described 16 compounds (36-51, Scheme 3) possessing an LLCT-
type excited state and exhibiting broad structureless emission bands, with energies
depending markedly on the nature of the ligands. The energy of the LLCT state, as in the
previous case, 1s affected by two factors at once. One of them is the HOMO energy, which
is located on the arylalkynyl ligand and increases with the introduction of electron-
donating groups, increasing m-conjugation and chain length of this ligand. The second
factor is the energy of the LUMO localized on terpyridine, which decreases when the
electron-donating tert-butyl (tBu) is replaced by the electron-accepting CI.
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Scheme 3. Complexes 36-51 [41].

Taking into account this arrangement of the frontier orbitals, several experimental
observations can be successfully explained. First, the emission energy increases with
increasing electron- donating properties of para-substituents in complexes 39-46. Second,
the luminescence wavelength increases with the elongation of the n-conjugated linker in
the arylalkynyl ligand (complexes 39, 47, 50). Finally, for compounds 39 and 39Cl
containing the same alkynyl ligands but different substituents in the terpyridine moiety,
the emission energy experiences a bathochromic shift when the electron-donating tert-
butyl (tBu) is replaced by the electron-accepting Cl.

As mentioned above, with the development of quantum-chemical calculations, the
“pure” assignment of certain bands is becoming less and less common. In Ref. [42], the
emission properties of complexes 52-62 based on substituted o-phenanthroline with
various arylalkynyl ligands were compared (Figure 5a). All the obtained systems were
luminescent in solution, exhibiting structureless bands at room temperature (Figure 5b)
and bands with weak vibronic splitting at 77 K. The emission maximum wavelength for
complexes with electron-deficient substituents was shorter than for systems with electron-

donating functional groups.
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Figure 5.  (a) Complexes 52—-62; (0) emission spectra of complexes 5262,
CH,Cl,, 298K.

Methods of time-dependent density functional theory (TD-DFT) were used for
quantum-chemical calculations of complexes 52-62. These calculations showed that the
nature of the excited state is LLCT with an admixture of the MLCT. The authors also
found that the emission transition energy in compounds 52-62 correlates linearly with the
energy difference between the excited triplet state and the ground singlet state. Such
correlation, according to the authors, proves that the calculated orbitals reflect the position

of the real ones in these systems.

1.1.4. Ligand-centered excited states (L.C)

Almost any organic phosphor attached to a metal center is theoretically capable of
demonstrating the ligand-centered emission type. There are systems where this type of
charge transfer is easily determined due to the similarity of the emission spectrum of the
free ligand and the complex based on it, for example, in Refs. [43,44]. However, in the
case of platinum(Il) complexes, this is rare because of the strong spin-orbit coupling
characteristic for the third row transition metals. The strong spin-orbit coupling favors
the intersystem crossing due to the heavy atom effect. As a consequence, LC fluorescence
does not appear, switching to the triplet LC state [45]. This, ligand-centered emission in
aerated solutions is rather weakly pronounced. A distinctive feature of this luminescence
is a rather well pronounced vibronic splitting of the emission spectra even at room

temperature. When the temperature is lowered, the spectra are even more clearly resolved.
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Also, the excited state lifetimes for ligand-centered luminescence are usually higher than
for charge transfer complexes [19,29].

In Ref. [46], a pyrene fragment was introduced into the coordination environment
of platinum(II) (Figure 6a). The luminescence of complex 63 was neraly not observed in
aerated solution, increasing in intensity during degassing and showing structured bands.
The excited state lifetimes of this compound were almost forty times higher than those of
the model complex with a phenylalkynyl ligand exhibiting MLCT-type luminescence.

When freezing a solution of compound 63 in a mixture of alcohols, an increase in
vibronic coupling was observed (Figure 6b), which additionally confirmed the LC-type
excited state localized on the pyrene fragment.
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Figure 6.  (a) Complex 63; (b) emission spectra of complex 63 at 298K, solid
line, and 77K, dashed line. Solvent: EtOH/MeOH 4:1, Ax = 480 nm [46].

As mentioned earlier, the introduction of complex organic ligands into Pt(II)
complexes leads to the appearance of several potentially active excited states. The authors
of the study [47] suggest that a rational choice of ligands for cis-bis-alkynyl platinum
systems and the solvent for the photophysical experiment can promote both the
appearance of “pure” MLCT and LC transitions and their close arrangement with possible
switching from one state to another. The latter was demonstrated by them on the example

of complex 64 (Figure 7a).
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Figure 7. (a) Complex 64; (b) emission spectra of complex 64 at 298 K in
CH;CN, MTHF, CH,Cl; and toluene [47].

The emission spectra profile of the obtained compound looks differently in
different solvents (Figure 7b). Thus, the luminescence of compound 64 in
2-methyltetrahydrofuran (MTHF) and toluene exhibits broad structureless bands of
MLCT nature. The other extreme case, namely emission in acetonitrile, exhibits
pronounced vibronic splitting, indicating the LC nature of the excited state. The
luminescence of complex 64 in dichloromethane looks like something average between
the above two states. Based on the obtained data, the authors conclude that the studied
compound has close in energy MLCT and LC states localized on the alkynyl ligand,
switching to each other depending on external conditions, in this case, the polarity of the
solvent.

Another known chromophore, namely a pyridyl-functionalized coumarin
derivative, was introduced into acetylacetonate platinum complexes 65 and 66 in [48]

(Figure 8a).
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Figure 8.  (a) Complexes 65 u 66; (b), (c) emission spectra of 65 and 66
respectively at 298 K (CH,Cl,) and 77 K (MTHF) [48].

Complex 66, unlike the corresponding free ligand, has a high luminescence
quantum yield and exhibits emission bands with vibronic splitting (Figure 8b). As
expected for the LC excited state, this splitting is enhanced upon cooling to 77 K.
Interestingly, similar in structure and chromophore fragment, complex 65 possesses the
so-called double emission — simultaneously existing fluorescent and phosphorescent
emission bands. Apparently, for this compound the rate of intercombination conversion
is comparable to the rate of singlet-singlet radiative relaxation.

The ligand-centered luminescence has one important advantage over charge-
transfer emission in the context of emitter applications for OLED devices. This advantage
1s the reduced half-width of the emission band, which is important for obtaining the pure
colors required for electroluminescent devices. Blue-colored phosphors are particularly
valuable, and the Ref. [47] addresses these two problems. The authors synthesized two
trans-NHC platinum(II) complexes 67 and 68 (Figure 9a) based on butadiine ligands. It
1s known that complexes of this structure usually exhibit LC luminescence, and
functionalization of alkynyl ligands will thus affect it. Figure 9b shows the emission
spectra of the obtained compounds in tetrahydrofuran (THF) and polymethylmethacrylate
(PMMA) films at room temperature.

In both cases, the luminescence is attributed to the ligand-centered character based
on the pronounced vibronic splitting and the data of previous works on similar systems.

The magnitude of the vibronic splitting corresponds to the vibration frequency of the C=C
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bond, and the FWHM of the 0-0 transition band is only 10 nm (589 cm™!) or 14 nm (596
cm!') for complexes 67 and 68, respectively. Despite the structural similarity of the
studied systems, doping of PMMA films with complexes 67 and 68 leads to different
results. The quantum yield of luminescence of complex 68 nearly does not change during
the transition from solution to polymer matrix. At the same time, when PMMA films are
doped with complex 67, there is a sharp increase in quantum yield compared to solution
(from 0.25% to 57%). As a rule, in compounds of similar structure MC states lie only
slightly higher in energy than LC states. The similarity of the photophysical
characteristics of complex 68 in solution and PMMA matrix, however, indicates that the
metal-centered state is not accessible due to the relatively low energy of the ligand-
centered state. In contrast, in the case of complex 67, which possesses a higher energy
LC state, non-radiative relaxation in solution is possible due to the presence of a thermally
accessible MC state. In addition, in PMMA films, the rigidity of the polymer matrix does
not favor MC relaxation because it prevents excited-state distortion of the complex
structure.

(a)

i
=
—_
(7]

)

Cffn"il! (0.962, 0L079] in THF

1.0+ 01 (0,163, 0.07T) in PMMA 1.0 4

< or ! c

=) o8 \ | o
— ? o8- el F ® 0.8
nBu’N‘\T/’N‘“nBu uE_| 0.64 - uE_I 0.6

S A o E | e a0 82 03 on 08 g8 T En B i

e e N N
/l\ = 044 —THF = 0.4

NBu~ 7~ ~NBu E — E

N7 N £ E
- o 0.2 o 0.2

z =z
67: R =TMS 0.0k g . . ' . "

68: R = Ph 400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 9. (a) Complexes 67 and 68; (b), (c) emission spectra of complexes 67
and 68 respectively (THF solution and PMMA films) [49].

Upon cooling to 77 K, the emission spectra of complexes 67 and 68 in MTHF
solutions narrow even more dramatically, which further indicates the LC character of the
excited state. The FWHM of the 0-0 transition bands decrease to 4 and 8 nm, respectively.

The authors conclude that the emission CIE color coordinates of complex 67 are close to
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the standard CIE color coordinates of pure blue, and due to the high quantum yields, this

compound can be successfully used to fabricate a blue OLED device.

1.1.5. Intraligand charge-transfer excited states (ILCT)

If both donor and acceptor fragments are present in the structure of the coordinated
ligand, intraligand charge transfer can occur. Like the abovementioned types of charge
transfer, it is characterized by broad structureless emission bands exposed to
solvatochromism. The excited state lifetimes for such type of luminescence will be
generally higher than for complexes with the MLCT type. This can be explained by a
relatively small change in geometry at intraligand charge transfer, because it nearly does
not affect the metal center. Also, the ILCT state is characterized by increased resistance
to quenching due to the formation of exciplexes. Formally, this quenching occurs due to
the attack by Lewis bases of the free coordination vacancy on the metal, and is facilitated
in the case of MLCT states, increasing the electrophilicity of the metal center in the
excited state. In the case of intraligand charge transfer, the electrophilicity of the donor
moiety within the ligand is enhanced. The ILCT excited state is usually close in energy
to or mixed with other excited states present in the complex [19,29].

The first example in this section will demonstrate that the ILCT excited state, like
the MLCT state, can be energetically close to the intraligand state and “switch” depending
on external conditions. Complex 69 based on tridentate N*C"N ligand with 4-
(dimethylamino)phenyl substituent in the fourth position was considered in Ref. [50]
(Figure 10a). Its emission appears as a broad structureless band in dichloromethane
solution and is not affected by concentration quenching. As suggested by the authors, the
introduction of an electron-donating amino group as a substituent increases the energy of
the 4-(dimethylamino)phenyl substituent to such an extent that a separate molecular
orbital localized on this fragment appears. As a result, the LC character of the excited
state changes to ILCT. Interestingly, the ILCT and LC excited states appear to be close
in energy, and the emission type changes with a gradual change in solvent polarity from
acetonitrile to carbon tetrachloride (Figure 10b). The stability to the formation of

excimers in dichloromethane is explained by the fact that the excited state with intraligand
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charge transfer will have a low affinity for unexcited molecules playing the role of Lewis
base. The resistance to excimer formation in DCM solutions is rationalized by the low

affinity of ILCT excited state to non-excited molecules, acting as Lewis bases.
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Figure 10. (a) Complex 69; (b) emission spectra of complex 69 at 298K in CCly,
toluene, CHCI;, THF, CH,Cl, and CH;3CN solutions [50].

Similar behavior was shown by the complex 70 based on tetradentate ligand
(Figure 11a), described in Ref. [51]. Authors used this ligand due to its bulkiness,
inhibiting aggregation process. Also, its structure contains both donating and accepting
fragments, and this favors intraligand charge transfer. Indeed, complex 70 exhibited a
broad structureless luminescence band in dichloromethane solution (Figure 116). Upon
changing the solvent to a more polar one, the hypspchromic shift occurred, together with
gradual emergence of vibronic coupling. Thus, authors have concluded that there are two
energetically close LC/MLCT and ILCT/MLCT states in complex 70. This was also

proved by the quantum-chemical calculations.
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Figure 11. (a) Complex 70; (b) emission spectra of complex 70 at 298K in
cyclohexane, THF, CH,Cl, and ethanol [51].

Chloride complexes 71-73 based on cyclometallating 6,6’-substituted 2,2’-
bipyridine bearing additional ester group in fifth position (Figure 12a), demonstrate even
more complicatied behavior [52]. This work has shown that exactly the ester accepting
group provides substantial changes of complexes’ emission properties. Authors compare
complex 71 and the isostructural analog without ester group and point at the change of
the nature of the excited states from MLCT to the mixed ILCT/LC/MLCT type with
dominating ILCT state. The luminescence spectra reflect this, featuring batochromic shift
(Figure 12b). Interestingly, the introduction of donor metoxy group in the phenyl
fragments, located in the 6 and 6’ positions of the bipyridine ligand (complex 73) leads
to the prevalent LC state with decreasing of the MLCT contribution. This is the rason
why the luminescence spectrum of complex 73 is hypsochromically shifted compared to

the others and has vibronic splitting.
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Figure 12. (a) Complexes 71-73; (b) excitation and emission spectra of

cpmplexes 71-73 at 298K in CH,Cl, [52].
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1.2. Features of platinum(II) complexes photophysics, caused by
aggregation

As it was already mentioned before, Pt(II) complexes with organic ligands can
demonstrate various excited states upon ultraviolet (UV) irradiation. These states are
MLCT, ILCT, LLCT and LC (Figure 13a). However, this list is incomplete without
special excited state, emerging due to the aggregation. The distinctive feature of square-
planar complexes is their ability to form weak metal-metal and/or ligand-ligand
interactions between closely located molecules. Metallophilic interactions appear due to
the filled d,* orbitals of Pt(II) complexes, which are perpendicular to the plane of the
molecule and lie energetically lower than HOMO. These orbitals can interact both with
solvent molecules and with other molecules of the same complex.

Considering a simplified molecular orbital diagram for a Pt-Pt dimer in comparison
with the same diagram for a monomer (Figure 13b), we can see that their HOMO and
LUMO are different. The formation of the dimer destabilizes the filled d,? orbitals, and
the nature of the HOMO changes from dn(ligand) or d,? to o* (i.e. to d,*--d,?). Thus, a
new excited state called metal/metal-to-ligand charge transfer (MMLCT) is formed [53—
55]. This state usually has a lower transition energy than the excited states of monomeric
compounds.

This phenomenon was discovered recently, and the early works on it, in most cases,
investigated only photophysical properties of the solid [54,56,57]. We have already seen
the Ref. [27], and complex 5 with two different forms, “yellow” and “red”. The packing
of this complex in the red form favors exclusively metallophilic interactions. The
emission spectrum shows a broad structureless band in the red region of the spectrum,
narrowing and experiencing a bathochromic shift upon cooling. This is the hallmark of
MMLCT-type luminescence. The bathochromic shift at low temperatures occurs due to
the reduction of the metal-to-metal bond due to the contraction of the whole unit cell upon

cooling [54,56].
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Figure 13. (a) Simplified molecular orbitals (MO) diagram of metallocomplex
with transitions of the excited states; (b) simplified MO diagram for two interacting

Pt(II) complexes [10].

In 2002, a classic paper by Yam [58], was published, devoted to aggregation due
to metallophilic interactions in solution. The authors synthesized complexes 74 and 75
based on terpyridine ligands with additional diinyl ligands (Figure 14a). Complex 74
exists in two crystalline forms, dark green and red. The first is an infinite almost linear
chain with short Pt---Pt contacts (3.388 A). The second exhibits dimeric packing, with
alternating metal-to-metal bond lengths of 3.394 and 3.648 A. Complex 75, as expected,
does not show metallophilic interactions due to sterically loaded tert-butyl substituents in
the terpyridine ligand preventing aggregation.

When complex 74 is dissolved in acetonitrile, a yellow solution with an absorption
spectrum typical for monomeric Pt(IT) compounds is formed. However, upon increasing
the diethyl ether content in the solution of the complex of constant concentration up to
80%, a significant change in the optical and photophysical properties occurred (Figure
14b, c). The obtained solutions remained stable for more than two hours and no
precipitation was observed. The change in the color of the solution and the appearance of

luminescence at about 800 nm, according to the authors, was caused by the aggregates
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formation in solution. Compound 74 is insoluble in diethyl ether, and the addition of the
so-called “bad solvent” leads to aggregation by reducing the solubility.
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Figure 14. (a) Complexes 74 and 75; (b) photographs of complex 74 solutions
with different concentration of Et,O; (c) changes in UV-vis and emission spectra of

complex 74 at 298 K in acetonitrile solutions with different Et,O concentration [58].

It is important to realize that the energy of MMLCT transitions strongly depends
on the metal-metal distance. This means that there is a fundamental possibility to control
the optical and photophysical properties of such compounds by changing the distance
between metal atoms [59]. The introduction of bridging ligands or spacer ligands makes
it possible to vary the color of platinum complexes: when platinum metal centers are
connected by short bridges, a bathochromic shift of absorption and emission spectra is
observed, and when they are distant in space, the properties of monomers are manifested.
For example, the substitution of monodentate phosphine in platinum(Il) complexes by
bridged polydentate ones with a significant change in photophysical properties has been
described in [60—62]. These complexes and their emission spectra are shown in Figure
15.

In some cases, aggregates with metallophilic interactions can to break down and
re-form, and this affects the complexes’ optical and photophysical properties. This
phenomenon can appear in the presence of mechanochromic response (change of
luminescence under mechanical action), vapochromic response (the same when treated

with solvent vapor), and other so-called stimuli-responsive properties [63—68].
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Figure 15. (a) Complexes 76, 77 and 78; (b) solid-state emission spectra of
complexes 76, 77 and 78, r.t. [61]

In Ref. [68], neutral tert-butylisocyanide complexes of platinum(II) 79 and 80 with
additional cyclometallating ligands based on phenylpyridine were synthesized and
characterized (Figure 16a). The studied complexes can form aggregates at high
concentrations in solution. It is reflected in the appearance of an additional band in the
red region of the absorption and emission spectra. Complexes 79 and 80 tend to form
pseudopolymorphs with different solvents, forming different 1D chains due to
metallophilic and n-m interactions in the solid state. Varying the length of these contacts
entails a change in luminescence from greenish-yellow to red. Complexes 79 and 80
exhibit a wide range of stimuli-responsive properties, among them vapochromism,
solvatochromism, thermochromism and mechanochromism (Figure 16b, ¢). Apparently,
the vapochromic and solvatochromic effects appear due to the presence of cavities in the
crystal structures that can be reversibly occupied by solvent molecules, leading to
rearrangement of the entire unit cell. Grinding the powders of compounds 79 and 80

strongly affects the packing of molecules in the solid phase, causing a transition to orange

emission and loss of crystallinity.
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Figure 16. (a) Complexes 79 and 80; (b) photographs of complex 79 under
dfferent conditions; (c) excitation and emission spectra of complex 79 in the solid state

at 298 K (79-CHCI3-G-ground — form of 79-CHCIz-G after grinding) [68].

The phenomenon of platinum(Il) complexes aggregation is a powerful tool to
influence the photophysical properties of the target compounds. This thesis, however,
does not aim to address this topic in detail and refers the curious reader to several

comprehensive reviews [10,59,69-72].

1.3. Alkynyl Pt(IT) complexes

As mentioned in subsection 1.1, to enhance the luminescent properties of
platinum(Il) complexes, it is necessary to introduce strong-field ligands that increase the
energy of metal-centered excited states. One of the most common approaches today is the
introduction of o-donor alkynyl ligands. These molecules offer several advantages,
among them the relatively easy functionalization and simple introduction into the Pt(II)
coordination sphere through copper-catalyzed substitution of chloride for alkyne. In
addition, in the interaction of pn(C=C) and dn(Pt) orbitals, m-donor properties of the
alkynyl ligand lead to destabilization of the HOMO of the corresponding platinum
complex, lowering the energy of the luminescent excited states [19,73]. Besides, alkynyl
ligands do not prevent the formation of metallophilic interactions, and this allows us to
vary the emissive properties in the bulk. The introduction alkynyl ligands carrying a
luminescent fragment at the periphery can yield of compounds with dual emission or the

manifestation of LC excited states. Finally, alkynyl ligands can also react after
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coordination on the platinum moiety [74,75], opening up additional possibilities for the
variation of photophysical properties due to post-synthetic modification.

It is not surprising that since the first alkynyl complexes of platinum were obtained,
dating back to 1994 [76], this area has attracted so much research interest. Taking into
account the huge number of works and being limited in scope, we will only give a brief

overview of the state of affairs in this field to date.

1.3.1. Bis-alkynyl complexes

In this chapter, we will divide bis-alkynyl Pt(Il) complexes into cis- and trans-
derivatives. The former are more common, because studies of such compounds began
with diimine-containing Pt(II) complexes. As discussed above, the luminescent properties
of square-planar complexes can deteriorate due to structural distortion of the excited state,
and bidentate ligands allow to overcome this. In addition, the introduction of diimine
ligands is a relatively simple process. Several early works investigating the emission
states of cis-bis-alkynyl platinum(Il) complexes are reviewed in the Ref. [19]. It includes,
among others, the papers [37] and [46] already reviewed in subsection 1.1. Authors
conclude that the introduction of different alkynyl ligands allows one to achieve a large
variation in the excited states and luminescence wavelengths of bis-alkynyl platinum
complexes.

Platinum bis-alkynyl complexes in both cis- and trans-configurations can be used
to obtain various heterometallic compounds. The review [77] describes more than 170
such compounds and supramolecular aggregates with unusual topology. For example, in
[78], it was shown that the luminescence of platinum-cadmium systems depends on the
configuration of the initial Pt(Il) complex: cis- systems have more hypsochromic
luminescence than trans- compounds. Another example of supramolecular structure
based on bis-alkynyl platinum(IT) complexes is given in [79]. The formation of platinum-
silver clusters of complex topology allowed authors to obtain red luminescence
originating from the [Pt,Ags — RC=C"] state.

Some bis-alkynyl platinum(II) complexes have found applications in prototype

OLED devices, as indicated in the review [80]. One of them is a trans-phenylalkynyl
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complex with additional NHC ligands [81]. It showed quite high quantum efficiency as a
dopant in the emissive layer, but proved to be unstable to burnout. The photophysical
properties of other alkynyl-carbene complexes of Pt(I) and their application in
photoluminescent devices are reviewed in Ref. [82].

Platinum(II) bis-alkynyl complexes often exhibit stimuli-responsive properties
applicable in many fields, from sensing to memory devices. A review [83] provides
examples of such systems. The papers [84,85], mentioned in the review describe unusual
photochromic cis- and trans-alkynyl platinum compounds capable of reversible
cyclization at the periphery of the ligand environment upon irradiation with ultraviolet
radiation of different wavelengths. The authors suggest that these compounds can serve
as photoswitches, for instance, in memory devices. Another interesting example of
vapochromic properties of cis-bis-alkynyl platinum(Il) complexes is presented in [63].
Functionalized by a BR3 group on the periphery of the ligand environment, this cis-
alkynyl Pt(II) complex demonstrates a color change of luminescence in the solid state
upon treatment with vapors of both polar and nonpolar solvents. The authors emphasize
that, in contrast to numerous literature examples, vapochromism in this system is not
caused by changes in the lengths of weak contacts, but by local interactions of solvent

molecules with the complex, leading to changes in the energy of different excited states.

1.3.2. Mono-alkynyl complexes

Compared to complexes based on mono- and bidentate ligands, compounds with
tridentate ligands allow to achieve greater rigidity of the coordination environment of the
platinum metal center. This allows to avoid torsional deformations of the excited state
favoring the non-radiative relaxation. Thus, terpyridine-based ligands are able to fix the
planar geometry of the metallocenter. However, the bite angle of tridentate ligands is not
ideally sized for the Pt(II) ion, which reduces the strength of this ligand and lowers the
energy of the metal-centered states. The introduction of an additional strong-field ligand
helps to overcome this, and alkynyl ligands are ideal candidates for this task [19,73].

One of the first examples of luminescent platinum(II) mono-alkynyl complexes is

given by Yam [86]. In this work, several systems based on terpyridine ligand were
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synthesized. It was shown that the emission state energy decreases with increasing
electron-donor properties of the alkynyl ligand. This work gave rise to numerous studies
of terpyridine complexes of platinum(II) with various alkynyl ligands. Among them, the
study of aggregation effects in solutions, already familiar to us from the article [58] and
the preparation of low-molecular-weight gels [87,88] and pH-sensitive compounds [89—
93] were carried out.

An excellent review [94] on the application of metal complexes in biosensing,
bioimaging and theranostics discusses, among others, terpyridine complexes of Pt(II)
with additional alkynyl ligands for luminescent bioimaging of lysosomes in living cells
and G-quadruplex sensing, which can be used to detect cancers and neurological
disorders. Finally, mono-alkynyl platinum(Il) complexes based on N*N”N ligands are
widely used for self-assembly of supramolecular functional materials due to their
propensity for metallophilic interactions [95].

Mono-alkynyl platinum complexes are not limited to N”N”N derivatives.
Cyclometallation, or the attachment of a polydentate ligand to a metal via a metal-carbon
covalent bond and the usual coordination bonds for the remaining sites, represents a
powerful tool for creating luminescent complexes. Such pincer ligands have an important
advantage relative to terpyridine ligands: they are much stronger c-donors due to the
“C™ moiety and are therefore stronger field ligands. The m-acceptor character is secured
by coordinated pyridine moieties. In this way it is possible to increase the energy of metal-
centered states and enhance the luminescence of cyclometallated systems [73].

A nice review [96] considers mono-alkynyl platinum(IT) compounds with C*N"N,
NACAN and CN”C ligands. The brightest emission properties are characteristic of
N”ACAN systems, which is apparently associated with the shortening of the Pt-C bond in
the cyclometallating fragment and the resulting increase in the energy of d-d transitions.
The least intense emission is characteristic of C*"N”C systems: thus, the only described
in the literature monoalkynyl complexes based on 2,6-diphenylpyridine do not emit in
solution and have only very weak luminescence in the solid state [97]. In this context, we
cannot help but mention the computational work [98], which utilized DFT/TD-DFT

approaches to investigate the different luminescence efficiencies in various
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cyclometallated systems. The absence of luminescence of the cyclometallated C*"N"C
complex was explained by a strong distortion of the excited state structure.

Cyclometallated mono-alkynyl platinum(II) complexes have found applications in
a wide variety of fields. These include OLED devices [12,18,99,100], organic field-effect
transistor, OFET [101,102], nonlinear optics [103—105], triplet photosensitization
[106,107] and sensing to various metal ions [108—110].

Thus, we have reviewed some modern studies on Pt(Il) alkynyl complexes and
have shown that the variation of alkynyl ligands allows fine-tuning of the luminescence
of these systems. To our knowledge, no data on the photophysical properties of
platinum(II) alkynyl compounds bearing phosphonium moieties at the periphery of the
ligand environment have been reported in the literature to date. The properties of
phosphonium-containing  “donor-linker-acceptor” systems and their potential

applicability as ligands are discussed in subsection 1.4.

1.4. Phosphonium-based systems of “donor-linker-acceptor” type

Charged organic molecular chromophores possess a wide range of photophysical
and electrochemical properties suitable for a variety of applications. One important
subclass of these compounds consists of systems with intramolecular charge transfer, also
known as push-pull systems or donor-linker-acceptor or D-n-A systems. The latter name
fully reflects the structure of these molecules carrying functional groups with positive
mesomeric or inductive effects (e.g., —OR, —-NH,, —OH or —-NR3), i.¢., donor groups, and
acceptor moieties with negative mesomeric or inductive effects (nanpumep, -CHO, —
NO;, —CN). These parts are combined into a single molecule via a n-conjugated linker.
An important feature of such compounds is the possibility to control the luminescent
properties by changing all three fragments, both donor and acceptor, and the linker [111].

Until recently, the field of molecular chromophores with intramolecular charge
transfer was traditionally represented by nitrogen- and oxygen-containing compounds.
However, phosphorus-containing compounds are currently receiving more and more
attention. Phosphorus is very convenient for the construction of organometallic

compounds due to the electronegativity values close to carbon and possible simple
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transition from the trivalent state to the quaternary and pentavalent state. Thus, alkylation
of organic phosphines leads to the formation of alkynylphosphonium cations, which have
strong acceptor properties and are suitable for the construction of “donor-linker-acceptor”
systems. Te most ompportant face is that the electronic properties of the phosphonium
cation and the degree of electron density delocalization can be finely tuned by
modification of the phosphorus-bound radicals.

Methods of synthesis and some properties of cationic organophosphorus
chromophores with intramolecular charge transfer are discussed in the review [2]. The
study of these compounds began in 1991 with a molecule bearing a phosphonium cation
and a borate anion joined by a diphenylene linker [112]. This molecule exhibited values
of the first hyperpolarizability (a value characterizing the nonlinear optical activity of a
single chromophore molecule) comparable to para-nitroaniline, which made it suitable
for generation of the second optical harmonics. The solvatochromic and nonlinear-optical
properties of such systems were subsequently studied in the works [113—115]. More
recently, studies on the use of “push-pull” molecules based on phosphonium salts as
colorimetric and luminescent sensors for fluoride anion have appeared [116—118]. This
topic was further developed in the works of Koshevoy's group, who demonstrated that the
coupling of a phosphonium fragment with a strong electron donor by means of various
linkers leads to the formation of systems with intramolecular charge transfer, possessing
bright luminescence with quantum yields up to 95% and varying emission wavelengths
[119,120]. These compounds are also capable of two-photon absorption with high
efficiency.

It is known that phosphonium cation tends to localize in mitochondria, which is
widely used in bioimaging applications [121]. Phosphonium fragments are also used to
enhance the solubility and biocompatibility of hydrophobic organic compounds. Thus, in
Ref. [122], a phosphonium-functionalized structure of BODIPY (boron-dipyrromethene)
type was designed and used for cancer cell imaging.

To date, phosphonium salt-based donor-linker-acceptor systems have not been

used as ligands for metal complexes. In 2022, our research group developed new
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alkynylphosphonium “push-pull” derivatives with different n-conjugated P1—Pa linkers
(Scheme 4) and applied them as ligands to create bis-alkynyl Au(I) complexes [6].

The non-coordinated phosphonium salts proved to be efficient emitters with
fluorescence quantum yields up to 77%. After coordination to the gold(I) metallocenter,
the luminescence exhibited a triplet character and experienced a bathochromic shift.
Variation of the linker in the alkynylphosphonium ligands allowed a controlled change in
the phosphorescence wavelength. Complexes with ligands P> and P3 also showed an
additional fluorescence band, which in the case of the latter complex had a high intensity.

This resulted in white emission in DMSO solutions and PMMA films.

= }—P; ><'“ P,

Scheme 4.  Alkynylphosphonium ligands P1—Pn.

Thus, based on the literature data, we decided to investigate the coordination of the
synthesized alkynylphosphonium ligands onto a platinum(Il) metal center to obtain

efficient triplet emitters with controllable photophysical characteristics.
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CHAPTER 2. RESULTS AND DISCUSSION

2.1. Selection of research objects

The literature review has revealed that alkynyl Pt(II) complexes are very promising
research objects. The introduction of such a strong-field ligand enhances the emission
characteristics, whereas the features of square-planar Pt(Il) metal center allow additional
change of the luminescence due to the aggregation effects.

Alkynylphosphonium salts P+—Pn were chosen mainly because of their intersystem
charge transfer ability, which leads to the bright luminescent properties both as pro-
ligands and ligands for Au(I) complexes. Varying the linker, a controlled variation of the
emission wavelength can be achieved. The acceptor phosphonium moiety is able to
influence the position of the frontier orbitals, which also affects the luminescence
characteristics. Finally, the introduction of a charged group at the periphery of the ligand
environment requires the presence of a counterion, which can also be used to control the
luminescent properties of the resulting systems predominantly in the solid state.

Bidentate (N”N) 4,4'-di-tert-butyl-2,2'-bipyridine (dtbpy) and monodentate
triphenylphosphine (PPh;) and cyanide (CN) ligands were used as ancillary ligands for
the synthesis of bis-alkynyl complexes. In this way all possible variants of the geometry
of bis-alkynyl complexes are covered: cis- and trans- in the case of complexes with dtbpy
and PPhs/CN, respectively. Also, the influence of charge on the properties of the obtained
systems is evaluated.

The tridentate N*N”"N 2,2":6',2"-terpyridine (terpy) and the cyclometallating
C"N”N and C*N”C ligands 6-phenyl-2,2'-bipyridine (phbpy) and 2,6-diphenylpyridine
(dphpy) were used to synthesize more rigid structures of monoalkynyl Pt(IT) complexes.
This set of ancillary ligands allowed us to investigate all possible charge states in the case
of monoalkynyl systems. Importantly, almost all of the above ancillary ligands are
commercially available, which allows both to save time on their synthesis and to easily
reproduce the synthesis according to the literature methodology if necessary.

Examples of platinum(Il) complexes with N*C"N cyclometallating ligands, for

example with 2,6-dipyridylbenzene (dpbz), exhibiting efficient luminescence are also
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found in the literature. In this research work, attempts were made to synthesize these
compounds, unfortunately, they were not successful. For more details on these systems,
see subsection 2.2.4.

According to the research plan, Chapter 2 is divided into two semantic parts:
synthesis (Section 2.2) and studies of the photophysical properties of the obtained
compounds (Section 2.3). Each section is divided into subsections devoted to specific

platinum(II) complexes.

2.2. Pt(IT) complexes synthesis

The synthesis of various bis- and mono-alkynyl platinum(Il) complexes is
described in numerous literature sources. As a rule, chloride derivatives of platinum with
appropriate ancillary ligands are used as starting compounds. The reaction takes place in
organic solvents such as dichloromethane (DCM) or N,N-dimethylformamide (DMF) in
the presence of various aliphatic amines as a base and copper(l) iodide as a catalyst.
However, the presence of a charged phosphonium group at the periphery of the ligand
environment requires modification of the literature techniques. Thus, this section is
devoted to the synthesis of five different series of platinum(Il) complexes and the proof

of their composition and structure.

2.2.1.  Bis-alkynyl Pt(II) complexes with ancillary N*N ligand

In the present work, four platinum(II) complexes based on alkynylphosphonium
ligands P1—Pn with triflate counterion and ancillary diimine ligand dtbpy were
synthesized. The latter ligand was chosen due to the presence in its structure of sterically
demanding tert-butyl functional groups that prevent the aggregation of squeare-planar
platinum(I) complexes and, consequently, improve the solubility of the target

compounds (Scheme 5).
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Scheme 5. Synthesis of NN|CI] and NN[BATrF] series. 1 = Pt(dtbpy)Cl,, Cul,
DCM:Et;N=7:1, 18 h, r.t. Next step with crude product: DCM, TMACI, 1 h, r.t.; 11 =
NaBArF, DCM, 1 h, r.t.

The first step involved copper-catalyzed substitution of chloride for alkyne
according to the literature procedure [123,124]. The reaction mixture was separated by
two-stage column chromatography (1: silica, CH,Cl, — acetone — CH)Cl, + 30%
MeOH; 2: alumina, CH,Cl, + 50% acetone — CH,Cl, + 4% MeOH). A second column
chromatography step was performed to remove the impurity of triethylammonium
chloride, whose R¢(retention factor) was very similar to the R¢of the target complex when
silica gel was used.

Based on the results of this synthesis, we expected to obtain triflate-containing
platinum(II) complexes, but the main product of this reaction did not contain signals in

e YF{H} NMR spectrum (Figure S1-S4). Apparently, in the reaction, the leaving
chloride group, previously occupying a position in the inner coordination sphere of
platinum(II), took over the role of the chloride anion, which was already in the outer
sphere of the target complex. Further we will refer to this phenomenon as “counterion
migration”. When further scaling up the synthesis, we also managed to isolate the triflate-
containing fraction, which differed from the chloride-containing fraction only by the
signal in the "F{H}NMR spectrum. The counterion distribution in the reaction mixture

is random, and therefore the ratio of triflate- and chloride-containing fractions is not



43

reproduced during the synthesis. To overcome this disadvantage, an additional step was
introduced: the reaction mixture was evaporated to dryness and redissolved in
dichloromethane at the end of the first step. An excess of tetramethylammonium chloride
(TMACI) was added to the resulting solution and the reaction mixture was stirred for one
hour at room temperature. Further isolation proceeded according to the above scheme.

The reaction yields scaled on chloride-containing product, were 58-82%. These
compounds were yellow solids, well-soluble in DCM and DMSO, slightly soluble in
acetone, and insoluble in diethyl ether and hexane. Also, their interesting property is
solubility in water.

The second-step metathesis of chloride anion to BArF~ afforded orange powders
of NN[BArF] complexes, initially forming as a dry foam. The change of counterion
improved solubility dramatically: target NN[BArF] complexes became well-soluble not
only in DCM, DMSO and acetone, but also slightly soluble in Et,O.

The complexes obtained were characterized by the polynuclear NMR
spectroscopy, ESI™ mass-spectrometry and CHN analysis. Proton NMR spectra of all
compounds were assigned using "H'H COSY experiment (Figs. S1-S8). The number of
signals, their relative integral intensities and multiplicities, correspond to the proposed
structures (Scheme 5). Complexes’ *'P NMR spectra exhibit one singlet at ca. 21 ppm
that is a characteristic chemical shift of PPh,Me" phosphonium fragment [125]. As it was
stated before, '°F NMR spectra of compounds 1NN[CI]-nNN|[C]] contain no signals. On
the contrary, ’F NMR spectra of complexes 1-4 show one intensive signal of BArF anion
at ca. —63 ppm. ESI" mass-spectra of series NN[Cl] and NN[BArF] exhibit one major
signal of [M]?*", fully matching predicted composition and isotopic distribution (Figs.S9—
S10). NN[BArF] complexes also show characteristic bands for C=C bonds in FTIR
spectra (Figure S11) [126].

The structure of 1INN|[CI] and 2NN|[CIl] complexes in the solid state was studied by
single-crystal XRD. Figure 17 demonstrates the cationic part of the complex 1NN[CI]
molecular structure. Figure S12 for 2NN[CI], the table of crystallographic data and
selected structural parameters (Tables S1, S2) can be found in the Appendix. Complexes

INN[CI] and 2NNJ[CI] crystallize in a slightly distorted square-planar configuration,
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usual for Pt(II) complexes. The coordination sphere of metallocenter is formed by the
chelating dtbpy ligand and two alkynyl ligands coordinated through carbon of triple
bond. The distances and angles of Pt(II) coordination environment fall in ranges

presented in literature (see Table S2) [63,123,127-131].

Figure 17. ORTEP view of INN|[CI] molecular structure, the thermal ellipsoids
are set at a 50% probability level. Counterions and solvent molecules are omitted for

clarity.

Complex 1NNJ[CI] packs in a layered fashion. Each layer consists of 1NN
molecules, arranged tail-to-tail and forming a 3D =zig-zag chain. Neither Pt—Pt
metallophilic interactions, nor nm interactions are present in the structure. The packing
behavior of 2NN[CI] is more complicated. The layers of this compound, consisting of
tail-to-tail arranged molecules, form a herringbone macrostructure (Figure S13). Despite
this fact, no weak interactions are present here. The solid-state structures of complex
INN]CI] and 2NN]CI] correspond to the spectroscopic data. Moreover, these structural
data additionally prove the absence of CF;SO;™ anion.
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2.2.2. Bis-alkynyl Pt(IT) complexes with ancillary PPhs; and cyanide
ligands

The next research objects are two series if bis-alkynyl Pt(II) complexes with trans-
arrangement of tripenylphosphine and cyanide ligands. According to the literature, the
trans- arrangement of acetylide ligands in the bis-alkynyl Pt(II) systems is more favorable
for m-conjugation along the molecular axis [43,132,133]. In the case of
alkynylphosphonium ligands P; this can promote emission characteristics of
corresponding Pt(II) complexes. Starting from these series, we decided to abandon
syntheses with the P3; ligand carrying a terphenyl linker. The reason for this was the
extremely labor-intensive synthesis of this alkynylphosphonium salt, as well as low yields
in all reactions with its participation together with almost complete insolubility.

For the first series of trans-alkynyl Pt(II) complexes ancillary PPhs ligand was
chosen. It is sufficiently air-stable and solid at room temperature. The synthesis was
performed according to the modified literature method, [134] starting from the cis-
[PtCly(PPhs),] precursor, in the CHCl3:Et;N 7:2 v/v mixture and using Cul as a catalyst
(Scheme 6). As we have already discovered before [7,9], upon formation of
alkynylphosphonium Pt(II) complexes, chloride anion can “migrate” from the Pt(II)
precursor, leading to mixed counterionic composition. To avoid this, we have included
second-stage metathesis with NaOTf. This reagent is more convenient than AgOTf
because of its non-coordinating nature [ 135]. The resulting NaCl and the excess of NaOTf
are easily removed by filtration of complexes’ DCM solutions. The choice of triflate
anion in this case was extremely convenient, since the complexes were purified from
excess reagent and by-products of metathesis by simple filtration of the solution in
dichloromethane, in contrast to metathesis to chloride anion, where column
chromatography would have been required for purification. Complexes 1P[OTf] —
nP[OTf] are air-stable, soluble in CH,Cl, and DMSO, and sparingly soluble in

chloroform, acetone and acetonitrile.
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Scheme 6. Synthesis of P[OTf] and CN series. i = cis-[Pt(PPh3).Cl,], 5 mol. % Cul,
CHCIs:Et;N=7:2, 24 h, 35°C; ii = NaOTf, DCM/acetone, 30 min, r.t.; iii = 4 eq NaCN,
DCM/MeOH, r.t.

Second series, featuring complexes 1CN-nCN, was synthesized from the
phosphine-alkynyl complexes P[OTf] using modified literature method [136]. It included
stirring the precursor compounds P[OTf] with an excess of NaCN until formation of
precipitate. Powders of creamy-white color corresponding to complexes 1CN and 2CN
precipitated almost instantly, while for the complete reaction yielding compound nCN it
took a day of stirring. Complexes 1ICN—nCN are neutral and have a zwitterionic nature.
As we assume, this is the reason for their extremely low solubility: for instance, 1 mg of
complex 2CN needs ca. 30 ml of DMSO to dissolve completely. However, due to this
fact, the separation of the pure compounds is rather straightforward.

Complexes of P[OTf] and CN series were fully characterized by polynuclear NMR
spectroscopy, ESI™ mass-spectrometry, FTIR spectroscopy and elemental analysis. The
multiplicities and integral intensities of complexes’ 'H NMR spectra fully match the
predicted ones (Scheme 6, Figs. S15-S17). The *'P{H} NMR spectra of P[OT{] series
feature two signals: one singlet at ca. 21 ppm, corresponding to the phosphonium
fragment, and second singlet at ca. 18 ppm with Jp_p; coupling of ca. 2600 Hz, which is
characteristic for the ¢trans- location of PPh; substituents. According to the published data
[137,138], cis-location of PR3 ligands in Pt(II) complexes results in larger Jp-p; coupling
values (ca. 3500 Hz). In the *'P{H} NMR spectra of CN complexes, the expected one
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signal of phosphonium fragment is visible, confirming the full conversion of phosphine-
alkynyl precursor (Figs. S18-S20).

Phosphine derivatives demonstrate one major signal in their ESI™ mass-spectra
(Fig. S21). This peak corresponds to the [M]** molecular ion. For the cyanide series, the
situation is much worse (Fig. S22). The low solubility together with zwitterionic nature
leads to the low signals of corresponding molecular ions. For 1CN, no signal of molecular
ion was observed at all.

The FTIR spectra of all studied compounds (Fig. S23) exhibit an absorption band
of C=C bond in the expected region. For the phosphine derivatives, this absorption lies in
the range of 2087-2107 cm™!, whereas for cyanide ones it is shifted to the 2075-2095
cm !, This was already discussed in the literature [136], and was primarily attributed to a
lesser electronic m-back donation from the metallocentre to the acetylide ligands, as the
cyanide ligand is better m-acceptor than phosphine. Complexes of CN series also possess
an additional signal of C=N stretching band, located at 2104-2114 cm™', which was also
expected according to the published data [136,139,140].

For complexes 1P[OTf] and nP[OTf], single-crystal XRD studies were also
performed. The key crystallographic data and selected structural parameters could be
found in the Appendix (Table S3, S4). The crystal structures of both compounds confirm
the trans-configuration, that was predicted on the basis of the *'P{H} NMR spectra. The
Pt(II) atom in both systems adopts slightly distorted square-planar geometry, whereas C—
Pt—C and P—-Pt-P fragments are ideally linear with corresponding angles of 180° (Figure
18). The bond lengths and angles lie in the range, reported in the literature for Pt(I)
complexes with the same structural motif [141-144]. The packing of both 1P[OTf] and
nP[OT{] features no metallophilic or m-interactions, and the molecules are arranged in

the layered fashion.
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P2
1P[OTf] - &%
Figure 18. ORTEP view of 1P[OTf] and nP[OTf] molecular structure, the

thermal ellipsoids are set at a 50% probability level. Counterions and solvent molecules

are omitted for clarity.

2.2.3.  Mono-alkynyl Pt(IT) complexes with ancillary C*N”N ligand

Complexes with ancillary phbpy ligand were synthesized according to the
modified literature method [145] starting from Pt(phbpy)Cl precursor via

abovementioned copper-catalyzed substitution of chloride to alkyne (Scheme 7).

CIX]

i, X =CI', c[Cl]

X = CF,S0, ", C[OTf]
ji, X = BF;~, C[BF4]
iii, X = BArF~, C[BArF]

i jii
1C[BF,] < 1C[C]] —» 1C[BArF]

- < <O

1C[X] 2C[X]

nC[X] Q

Scheme 7.  Synthesis of C[X] series. i = Pt(phbpy)Cl, Cul, DCM:Et;:N=7:2,
18 h, r.t.; if = NaBF4, DCM/MeOH, 1 h, r.t.; iii = NaBArF, DCM/Et,0O,
1h,rt.
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The argon-purged solution of the platinum precursor and alkynylphosphonium
ligand was loaded with 5 mol.% of copper iodide, followed by triethylamine. The reaction
mixture was stirred at room temperature overnight. The reaction mixture was evaporated
and purified with column chromatography using silica as adsorbent. As the starting
materials contained different counterions, chloride in the platinum precursor and triflate
anion in the alkynylphosphonium salt, we found two different Pt-containing fractions on
the chromatography column. The resulting complexes 1C[Cl] and 1C[OTf] were
dramatically different in color in the solid state: orange for chloride and dark-green for
triflate species. This inspired us to investigate the influence of counterion on the emission
properties of studied compounds. For this purpose, tetrafluoroborate- and BArF-
containing complexes were obtained. These derivatives of 1C[X] series were synthesized
by adding to the solution of 1C[Cl] in dichloromethane methanol solution of 5 eq NaBF4
and diethyl ether solution of 1 eq NaBArF, respectively. After stirring for 1 hour at room
temperature, the suspensions were filtered through celite, then evaporated, washed with
hexane, and dried in vacuo.

All complexes of the C[X] series are readily soluble in DMSO, chloride derivatives
are soluble in polar and weakly polar organic solvents (MeOH, MeCN, acetone and
DCM), as well as in water. BArF-complexes form solutions in most common polar
(methanol, acetonitrile, acetone) and less polar (dichloromethane, diethyl ether) organic
solvents. 1C[BF4] and 1C[OTT] are soluble in MeOH and acetone.

All obtained complexes were characterized by the standard set of methods:
polynuclear NMR spectroscopy, CHN analysis, FTIR spectroscopy and ESI™ mass-
spectrometry. 'H, 3'P{H}, '°F and '"H'H COSY NMR spectra (Figures S25-S27) were
used to confirm the solution structure and the type of counterion of studied compounds.
The number of signals, their multiplicities and integral intensities correspond to the
predicted from the structure ones (Scheme 7). Complexes’ *'P NMR spectra exhibit one
singlet at ca. 21 ppm that is a characteristic chemical shift of PPh,Me" phosphonium
fragment [125]. F NMR spectra of chloride complexes contain no signals. On the
contrary, '"F NMR spectra of BArF complexes demonstrate intensive signals,

corresponding to the different fluorine-containing counterions (Figure S28). The ESI”
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mass-spectra of the Pt(I) complexes feature one intensive ion signal with the expected
composition and isotopic distribution (Figure S29). Complexes 1C[CI]—nC[Cl] also
show characteristic bands for C=C bonds in FTIR spectra (Figure S30) [126].

Gas-phase diffusion in the MeOH/pentane systems allowed us to obtain the crystal
structures of 2C[Cl] and 3C[Cl|, crystallographic data are listed in Table S1. However,
the crystal of the former compound was of very poor quality, and can be only used as the
image of the structural motif (Figure S31). In the nC[Cl] structure, the Pt(Il) atom has a
distorted square-planar coordination environment, which is governed by the phbpy

ligand (Figure 19).

Figure 19. ORTEP view of nC[C]] molecular structure, the thermal ellipsoids

are set at a 50% probability level. Solvent molecules are omitted for clarity.

The overall packing of this complex is determined by the parallel-displaced =
stacking, which is present both in naphthyl fragments and in the central pyridine rings of
the phbpy ligands. As a result, the molecules are packed in a head-to-head (phbpy,
distance between C"N”N planes is 3.376 A) and tail-to-tail (naphthyl, distance between
naphthyl planes is 3.372 A) manner simultaneously, forming parallel layers (Figure S32).

Continuing the topic of synthesis of single-charged monoalkynyl complexes of
platinum(Il), we cannot but note the attempts to synthesize a series of
alkynylphosphonium complexes with an additional N*C”N ligand 2,5-dipyridylbenzene.
According to literature data, such complexes should have bright emission, but it was not
possible to obtain such systems using alkynylphosphonium ligands. Schemes of the

performed syntheses are shown in Fig. S33.
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2.2.4. Mono-alkynyl Pt(IT) complexes with ancillary N*N”~N ligand

Complexes of N[X] series were synthesized similar to the C[X] series (Scheme 8).

However, we had to modify the literature method because of the solubility issues.

N[X]

ii, X=CF3S05;, NOTf]
iii, X = CI-, N[CI]

iv, X = BF4, N[BF4]

v, X = BArF~, N[BArF]

fv iii v
1N[BF;] =—— 1IN[OTf] —— 1N[CI]] —— 1N[BArF]

O O OO~

IN[X] 2N[X]

Scheme 8. Synthesis of N[X] series. i = [Pt(terpy)CI]Cl, 5 mol. % Cul,
MeOH:Et:N=7:2, 60 h, 55°C; ii = without purification, 2.3 eq AgOTf, 0°C, 1 h;
iii = 5 eq. TEACI, acetone, 24 h; iv = 5 eq. NaBF,, acetone/MeOH, 24 h, r.t.;
v = NaBArF, IXM/Et,O, 1 h, r.t.

We chose MeOH as a solvent because of the low solubility of [Pt(terpy)CI]Cl in
DCM, and stirred the reaction mixture for 60 hours at 55°C. The completion of the
reaction was monitored with TLC chromatography. For these species, we were not able
to separate different counterions using column chromatography. In order to get the
complexes with pure anionic composition, we cooled the reaction mixture to the 0°C on
the ice bath, added 2.3 equivalents of AgOTT and stirred the reaction mixture for 1 hour.
The resulting precipitate of N[OTf] and AgCl was centrifuged, dissolved in
acetone:MeOH 3:1 mixture and filtered through the celites, yielding pure N[OTf]. The
synthesis of NJ[CIl] included stirring N[OTf] in acetone with an excess of
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tetracthylammonium chloride. Tetrafluoroborate and BArF compounds IN[X] were
synthesized similar to the 1C[X] series (Scheme 8). However, for yielding the 1N[BF4]
complex the stirring was made for 24 h.

Complexes of the N[X] series have worse solubility compared to the C[X] series.
They are well soluble in DMSO and methanol, chloride derivatives are also soluble in
acetonitrile and water. The derivatives containing BArF- anions are expected to form
solutions with almost all polar (methanol, acetonitrile, acetone) and less polar
(dichloromethane, diethyl ether) organic solvents. 1IN[OTT] is well soluble in acetone,
IN[BF4] in acetonitrile.

All obtained complexes were characterized by the standard set of methods:
polynuclear NMR spectroscopy, CHN analysis, FTIR spectroscopy and ESI™ mass-
spectrometry. 'H, 3'P{H}, °F and 'H'H COSY NMR spectra (Figures S34-S36) . were
used to confirm the solution structure and the type of counterion of studied compounds.
The number of signals, their multiplicities and integral intensities correspond to the
predicted from the structure ones (Scheme 8). Complexes’ *'P NMR spectra exhibit one
singlet at ca. 21 ppm that is a characteristic chemical shift of PPh,Me" phosphonium
fragment [125]. 'F NMR spectra of chloride complexes contain no signals. On the
contrary, '"F NMR spectra of BArF complexes demonstrate intensive signals,
corresponding to the different fluorine-containing counterions (Figure S37). The ESI”
mass-spectra of the Pt(II) complexes feature one intensive ion signal with the expected
composition and isotopic distribution (Figure S38). Complexes 1N[Cl]—nN][Cl] also
show characteristic bands for C=C bonds in FTIR spectra (Figure S39) [126]. The
attempts to crystallize any of the N[X] series compounds were fruitless, as they formed

either oily substances or crystalline powders, not suitable for single-crystal XRD studies.

2.2.5. Mono-alkynyl Pt(II) complexes with ancillary C*N”C ligand

The synthesis of bis-cyclometallated Pt(II) complexes with ancillary 2,6-
diphenylpyridine requires more complex synthetic protohol compared to another mono-

alkynyl systems, studied in this work. Apparently, this is due to the formation of neutral
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{Pt-CNC} fragment with low electrophlicity, which hampers the interaction between
deprotonated alkynyl ligand with the metal center.

There is only one example of such complexes synthesis described in the literature
[97]. We have developed modified literature method, which included reaction of 2 eq of
corresponding alkynylphosphonium ligand with 10% excess of nBuLi solution at —50°C
for 30 min with subsequent addition of [Pt(dphpy)dmso] (Scheme 9).

Due to the positive-charged phosphonium fragment on the periphery of the ligand
environment, the target compounds have zwitter-ionic nature and do not possess negative
charge, as their arylalkynyl analogues (NBuy)[Pt(CNC)(C=C-Ar)] do [97]. This also leads
to the low insolubility of yielded compounds and simplifies the isolation and purification
processes. Compared to the literature method, [97] higher yields were generally observed.
Besides, our method involved less amount of alkynylphosphonium ligand (1:8 molar ratio

of Pt(II) precursor to the alkyne in the literature versus 1:2 molar ratio in our method).

nC[X] O

Scheme 9. Synthesis of CNC series. i = 10% excess nBuLi, —50°C, 30 min; ii =

[Pt(dphpy)dmso], leave until reaches r.t., 18 h.

The identity of CNC series compounds was fully established by 'H, *'P{H} and
"H-'H COSY NMR experiments together with ESI+ mass-spectra, FTIR spectroscopy
and CHN analysis (Figures S40—-S43). For 1CNC, single-crystal diffraction studies were
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also conducted. In the '"H NMR spectra, which were interpreted using 'H-'H COSY
experiment, all the integral intensities and multiplicities correspond to the proposed ones
(Scheme 9). *'P{H} spectra demonstrate one signal at ca. 21 ppm, which is characteristic
for the phosphonium group [146]. The ESI+ mass-spectra are dominated by two signals,
corresponding to the [M+H]" and [M+MeOH+H]" fragments, as the studied systems are
neutral. FTIR experiment shows the C=C vibrations in the expected area (ca. 2100 cm™).

Complex 1CNC was crystallized from the diluted acetone solution. The key
crystallographic details and some selected bond angles and distances are summarized in
the Tables S4, S5). Single-crystal XRD studies revealed the expected distorted square-
planar configuration of the metal center (Figure 20). Among the four Pt(II) bonds, the Pt
— Cary distances are nearly the same, whereas Pt — N and Pt — Cyiyny1 are much shorter.
The bond angle between Cgry — Pt — Cyry differs from ideal 180° by 20°, which is caused
by the rigidity of the CNC ligand. The Pt — alkynyl part of the structure is slightly bent,
and as we suppose, it can be induced by the bulky phosphonium fragment. Overall, the
observed crystallographic parameters are in line with the reported experimental data of
isostructural compounds [97]. The packing of Pt1 demonstrates paired molecules in head-
to-tail fashion, which is easily explained by zwitterionic nature of the compound (Fig.
S44). These molecular “duets” form two layers, arranged in a “herringbone” manner. No

weak interactions were found in the structure.
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Figure 20. ORTEP view of 1CNC molecular structures, the thermal ellipsoids
are set at a 50% probability level. Counterions and solvent molecules are omitted for

clarity.
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2.3. Photophysical properties of Pt(II) complexes

2.3.1.  Bis-alkynyl Pt(II) complexes with N*N ancillary ligand

The study of NN[BArF] series’ photophysics included both solution and solid
state. The absorption spectra of NN[BArF] complexes in acetonitrile solution feature two

bands (Figure 21, Table 1).
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Figure 21. UV-vis spectra of NN[BArF] complexes, MeCN, r.t.

The absorption maxima of high-energetic ones lie in the range of 260-360 nm.
These bands are usually assigned to nn* ligand centered (LC) transitions of diimine ligand
and arylalkynyl ligands [147-149]. However, in this case, the contribution of
alkynylphosphonium ligand is more prominent than of dtbpy, as absorption spectra of
complexes NN[BArF] mimic those of free P1-Pn ligands [6]. The low-energy bands, lying
in the range of 360—450 nm, presumably originate from metal-to-ligand charge transfer
[21,148]. For spectra of complexes 2NN[BArF] and 3NN[BArF], it is hard to estimate
the absorption maxima of low-energetic band, as they overlap with high-energetic bands.
As aresult, the MCLT transition in complex 3NN[BArF] is nearly invisible. Overall, the

absorption bands of compounds NN[BArF] are similar to those for compounds with
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neutral acetylide ligands, reported in literature, but have a more complex shape due to the

presence of the phosphonium fragment [63,123,124,128].

Table 1. Optical and photophysical properties of 1INN[BArF]-nNN|BArF]

complexes in 1,2-dichloroethane solution, r.t.

Complex Aabs, NIM Bem,’ T s QY%
nm aerated | deaerated | aerated | deaerated
INN[BATrF] 307, 318, 503 115 172 3 4
372
2NN|[BArF] 266, 321, 542 429 8258 2 13
339, ~390
3NN[BArF] 273,323, 561 376 7462 2 10
336, ~390
nNN[BArF] 320, 350, 565 769 19259 <1 2
386

" hex 365 nm. * Aex 351 nm

All obtained complexes demonstrate moderately intense emission in DCE solutions
at room temperature (Figure 22). Emission maxima, as well as solution quantum yields
and lifetimes, are summarized in Table 1. Emission spectra of complexes 1 NN[BArF]—
3 NN|BArF] feature broad, nearly structureless bands typical for MLCT (Figure 22).
Upon the elongation of the linker from phenyl to terphenyl, the luminescence energy
demonstrates bathochromic shift. We have also compared the obtained emission spectra
to their isostructural analogues without phosphonium fragment, which were described
early [124]. The comparison reveals that the introduction of electron-accepting functional
group leads to a hypsochromic shift of emission in a pair of similar compounds. This is
in line with other literature data, where electron-withdrawing ligands are reported to be
commonly used for blue-shifting emission, as acceptor moiety lowers the HOMO, thus

enlarging the HOMO—-LUMO gap [128,147,150].
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Figure 22. Normalized emission spectra of NN[BArF] complexes,

1,2-DCE, r.t., Aex 365 nm.

Complex nNN[BATrF], bearing naphthalene linker, which is similar to phenyl in
length, nevertheless, demonstrates nearly the same A, as complex 3NN[BArF]. This
phenomenon is reported in the literature for D-n-A type phosphonium salts with different
n-conjugated linkers: the introduction of the polycyclic moieties into luminophore usually
results in bathochromic shift [119]. The shape of the emission spectra for this compound
1s different compared to the other ones in this series. It has vibronic structure, and thus
we attribute the luminescence to the *LC type, localized in the naphthyl fragment. The
vibronic progression of ~1300 cm, characteristic for naphthalene, proves this
hypothesis.

Upon  deaeration, the  luminescence  intensity  for  complexes
2NN[BArF]-nNN|BArF], increases distinctly, implying the triplet origin of the
emission state. The quantum yields in deaerated solutions reflect this trend and increase
more than in eight times for 2NN[BArF] and 3NN[BArF] and twice for nNN[BArF]
(Table 1). The lifetime values confirm the abovementioned statement about triplet

emission, increasing upon deaeraion from the nanosecond to microsecond ranges.
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On the contrary, the luminescence intensity of complex 1INN[BArF], only slightly
increases upon deaeration, and so do emission quantum yields and lifetimes. Moreover,
the excited-state lifetime of complex 1NN[BArF] in deaerated solution is substantially
shorter than for other complexes in the series. One possible explanation for this can be a
more pronounced MLCT character of emission in this complex. Upon the elongation of
the linker, LC contribution to the emission is increasing along with the increase of the
excited state lifetime values. Changing the polarity of the solvent does not show any
significant effect on the optical and photophysical properties of compounds NN[BArF] ,
although some emission quenching is expectedly observed in a polar solvent
(acetonitrile). This effect was studied in the literature for diimine Pt(II) complexes [21].
The interpretation of solution photophysical properties in NN[BArF] series is confirmed
by TD-DFT quantum-chemcal calculations.

Complexes INN[BArF]-nNN[BArF] also demonstrate emission in the solid state
(Figure 23, Table 1). At 292K, complexes show broad structureless emission spectra,
typical for transitions with a significant contribution of charge transfer. Overall, at room
temperature, the solid-state emission spectra of complexes INN[BArF], 2NN|[BArF] and
nNN[BArF] are bathochromically shifted compared to solution spectra. According to the
literature data, this is usually rationalized as the effect of Pt—Pt interactions present in the
solid state [151—156], which was described in the chapter Ommoka! McTOUHHK CCHIIKHA
He HaiiaeH.. The HOMO-LUMO transition in this case is a metal/metal-to-ligand charge
transfer (MMLCT), and the emission is shifted batochromically [64]. Complex
nNN[BATrF] has an additional band on the high-energy part of the spectrum, which could
be attributed to the monomeric species, emerging from slightly ground sample. This effect
will be discussed later. The behavior of complex 3NN[BArF] is different, as its solid-
state emission energy is nearly the same as that of the solution. The reasons for that will

be also discussed below.
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Figure 23. (a) Normalized solid-state emission spectra of NN[BArF] series, r.t.;
(b) normalized solid-state emission spectra of NN[BArF] series, 77 K. An asterisk

denotes an artifact of the optical system, Aex 365 nm.

Upon cooling, emission of complex 1INN[BArF] exhibits bathochromic shift that
is also indicatives transitions of MMLCT nature. As the temperature decreases, the lattice
shrinks, thus shortening the Pt—Pt distance. The Pt—Pt interaction strengthens, and the
MMLCT excited state energy decreases, producing a red-shift of the photoluminescence
[19]. Complex 3NN[BATrF] on the contrary, demonstrates no shift along with vibronic
structuration of the emission spectrum upon cooling. This phenomenon, together with
similarity of emission maxima in solution and solid state, points out the origin of emissive
excited states to be LC (ligand-centered) rather than MLCT. It was already shown in the
literature for Re(I) [157] and Pt(II) [16,37,158] complexes, and the remarkable increase
of the excited state lifetimes (Table 2) support this hypothesis. However, the LC triplet
emission might have an admixture of MLCT character, as the lifetime decay is
biexponential.

Complexes 2NN[BArF] and nNN|[BArF] show more complicated behavior. In the
spectra of compound nNN[BArF], as was already mentioned above, two bands are
present: one presumably attributed to *LC of the monomer, and the second one, arising
from MMLCT as result of Pt—Pt aggregates formation. For complex 2NN|[BArF], the

band of the monomer is only visible at 77 K, where its intensity drastically increases. As
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a proof of this concept, we compared the emission maxima upon cooling. For the high-
energy *°LC band, the hypsochromic shift together with vibronic structuration occurs upon
lowing the temperature to 77 K, and the low-energy *MMLCT band demonstrates
bathochromic shift like for complex 1INN[BArF]. For 2NN[BArF] and nNN[BArF] the
excited state lifetime values also increase drastically, and are fitted by the biexponential
decay due to two different emission bands. It is interesting to note that in contrast to the
solution, the complex 1INN[BArF], has the largest quantum yield in the solid state and

the smallest in the solution.

Table 2. Photophysical properties of complexes NN[BArF] in frozen solutions
at 77 K and 1n the solid state.

Aem [solid state], QY
T [solid state], ns
nm [solid
Aem [frozen
Complex state,
solutions], nm
77 K r.t. 77 K r.t. r.t.],
%
acetone: 460
DCE: 465, 611
INN|BATrF] 658 638 1076.33 691.67 27.1
MeCN: 468,
612
2NN|BArF] DCE: 517 538, 685 663 1190.37" 616.33 5.8
3NN|BATrF] DCE: 531 553 553 37059.36" | 1426.0 1.5
nNN|[BArF] DCE: 556 564,639 | 572,628 | 59142.50" | 3984.78" 6.1

* Amplitude average lifetime 7aver = Y47 was calculated according to published method [159].

To further investigate the emission properties of NN[BArF] complexes,
measurements of luminescence spectra were made in frozen solutions at 77 K (Figure 24,
Table 2). For the most peculiar one, namely complex 1INN[BArF] the color of emission

was varied depending on the solvent (MeCN, DCE and acetone were tested), as it is
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shown in the Figure 24b. For other complexes, there was no change in luminescence color
in different media, so results obtained only in DCE are discussed.

It has been found that inside of a series INN[BArF|]-nNN|[BArF] the emission
energy is shifted bathochromically depending on the linker length, similar to the solution
at room temperature experiment (Figure 22). For all complexes, the blue shift of Ay, in
frozen solvent is observed compared to the room temperature one. This phenomenon is
usually rationalized by the hindered reorientation of solvent molecules at low
temperatures, so the emission occurs from the unrelaxed state [160,161]. For all
complexes, the vibronic resolution is also visible that is common for MLCT/LC excited
states, and this phenomenon can be a result of temperature ‘switching’ of emissive state

[37,76,162].
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Figure 24. (a) Normalized emission spectra of NN[BArF] in frozen DCE, 77
K; (6) normalized emission spectra of 1 NN[BArF] in different frozen solvents, 77 K;
Aex 365 nm

Complex 1NN|BArF] showed different behavior, demonstrating two emission
bands at low temperature frozen solutions (Figure 24b). The high energy (HE) band has
vibronic resolution and nearly the same emission maximum for all solvents, while the low
energy (LE) one is nearly invisible in acetone, emerges in DCE and drastically raises in
acetonitrile. Surprisingly, the increase of this band does not correlate with the polarity of

the solvent. We assume that due to the lower solubility under low temperature, the
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aggregation process starts, and acetonitrile, being the most compact molecule among
three examined, hinders this process to the minimum, thus the aggregation band is the
most pronounced for it. The presence of the aggregation band only in complex
INN|[BATrF] can be explained by its sterical properties: other complexes, probably, are
too bulky to form aggregates in the frozen solutions.

Summarizing the emission properties up, we can conclude that the nature of the
excited state in INN[BArF]— nNN[BArF] depends on the linker length and aggregation
formation. The complex INN[BArF| with “shortest” ligand demonstrates emission,
originating mostly from MLCT state with admixture of LC in solution and MMLCT state
in the bulk. Upon elongation of the linker, the emission state gradually changes to LC
one, finishing at complex nNN[BArF], and formation of Pt—Pt dimer is unfavourable for
the complex 3NN|[BATrF]. For the complex nNN[BArF], both monomeric and aggregated
species are present in the bulk state, probably because of bulky naphthyl fragment.

Pt(II) complexes are widely known to possess non-linear optical properties, such
as two-photon induced emission (TPIE) [124,163]. The work of Melekhova et al., [124],
dealing with alkynyl-biphenyl and alkynyl-terphenyl complexes of Pt(Il), strongly
resembling those described here, inspired us to investigate TPIE properties of complexes
INN|[BArF]-nNN[BArF]. The theoretical framework and experimental protocol for
these measurements can be found in the work of Melnikov et al. [164]. Two-photon
emission spectra of compounds INN[BArF|-nNN|[BArF] (Figure 25) are shown in Fig.
3C. Comparing to the one-photon excited emission spectra (Figure 22), we can conclude
that they are nearly identical. The two-photon absorption process was confirmed by a
power-dependence experiment (Figure S45). Also, all complexes showed no sign of
decomposition under the experimental conditions. Acetonitrile solutions of complexes
INN[BArF]—nNN|BArF] show two-photon absorption cross-section in the range of 20—
400 GM, that is ten times more than reported in the literature for analogues to date
[124,163,165,166]. Emission data for compounds 1—4 in MeCN solution are summarized
in the Table S6 in Appendix.
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Figure 25. Normalized two-photon induced emission spectra of NN[BArF]
series, MeCN, r.t., Aex 790 nm

The solid-state photophysical properties of nNN[BArF] together with realization
of metallophilic interactions in 1INN|[BArF] inspired us to investigate stimuli-responsive
properties of NN[BArF] series. To achieve this, we we performed a series of experiments,
measuring solid-state emission spectra after each one. Initially, the bulk, “as-obtained”
crude solid was investigated. Then, it was ground in the mortar with pestle to break up
the Pt—Pt aggregates, fumed with Et,O, and mixed with one drop of hexafluorobenzene.
Emission spectra of all states and their CIE 1931 color coordinates are presented in Figure
26, and Figures S46, S47. Emission characteristics, including excited state lifetimes and
quantum yields after grinding, are presented in Table S7 in Appendix.

Despite the fact that complexes NN[BArF] are completely amorphous both as bulk
and ground powders, all recorded emission spectra clearly show the existence of stimuli-
responsive properties in the studied systems. Solid-state "MMLCT emission of complex
INN|[BATrF] has orange color, visible to the naked eye. After grinding the aggregation is
partly destroyed, as we see more intensive additional emission band at 503 nm, which

coincides with emission band of solution, attributed to the “monomeric” emission (Figure
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26). We assume that mechanical grinding leads to the partial destruction of Pt—Pt
aggregates. However, for bulk powder of INN[BArF], 2NN|BArF] and nNN|[BArF] the
mechanical grinding even for 15 minutes is not enough to break up all the Pt—Pt
aggregates (Figure S46). Fuming the ground powder of complex 1 NN[BArF] with
diethyl ether, as well as dichloromethane, chloroform, methanol, acetonitrile and THF,
results in the dramatic decrease of emission intensity of the high energy “monomeric”
band, and similar trend is visible for the complexes 2 NN[BArF] and 4 NN[BArF]
(Figure S46). We assume that exactly this band was becoming more pronounced in the
77 K solid-state emission spectra of 2NN[BArF] (Figure 23b), as the setup of the

emission measurement experiment could lead to the slight grinding of the sample.
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Figure 26. Normalized emission spectra of INN[BATrF] in stimuli-responsive

experiments, r.t.. Aex 365 nm

The next step was an investigation of hexafluorobenzene influence, as there are
several examples in the literature, showing the formation of so-called “reverse sandwich”
complexes with C¢F¢ with different from parent complexes emission [167,168]. The
“reverse sandwich” compounds are based on non-covalent interactions and possess the

charge distribution opposite to the classic sandwich species. Thus, the metal center in
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such compounds acts as a nucleophile. Fuming of the abovementioned powder
INN[BATrF with hexafluorobenzene did not provide any changes, but mixing with only
one drop of it resulted in the nearly disappeared low energy emission band of aggregate.
This is similar to the earlier reported results on platinum complexes, [168], however, we
did not need to co-crystallize the samples. The more pronounced effect compared to the
literature spectra can be explained by very low, but existing, solubility of compound
INN[BATrF] in C¢Fs. We assume that the mechanism of this phenomenon could be the
same as for quenching of Au(I) complexes, as previously reported in the literature [169].
The addition of hexafluorobenzene impairs metallophilic interactions and thus quenches
the Au—Au based emission. Similarly, Pt—Pt interaction in aggregates of INN[BArF] u
2NN[BArF] getting broken by C¢Fs and the “aggregation” emission band is also
suppressed, while the “monomeric” one remains responsible for luminescence. Schematic
representation of stimuli-responsive properties from the point of view of Pt—Pt

aggregations formation and destruction are given in Figure 27.
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Figure 27. Schematic representation of stimuli-responsive properties of

INN|BATrF] and photographs under UV irradiation (365 nm).

Referring to the complex 3NN[BArF] that, as we believe, does not have Pt—Pt
interactions in the “as-obtained” bulk sample, we observe the opposite behaviour. Its
solid-state emission closely resembles that of DCE solution, and after grinding,
surprisingly, the “aggregation” band of lower energy starts to emerge (Figure S48).
Fuming with diethyl ether results in the increase of this band intensity. Further addition

of C¢Fg at the first glance leads to the emission quenching. This is also true for complex
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nNN[BArF], however, the quenching is less distinct. This effect is reversible: after
approx. 5 minutes from evaporation of C¢Fg, the emission shifts to the first, “as obtained”
spectrum (Figures S48, S49).

Based on results of the experiment, we believe that aggregation process in complex
3NN|BArF] needs some additional external energy, such as mechanical grinding
[170,171]. The quenching upon the addition of C¢Fe to the complexes 3NN[BArF] and
nNN[BArF] could be the result of n-stacked non-emissive complex formation between
arene moieties in alkynylphosphonium ligands and C¢Fe. Such a phenomenon was already
described in the literature for various pyrenes [172,173]. This effect is less pronounced
for complex nNN[BArF], because its spectrum consists of “monomeric” LC and
“aggregation” MMLCT bands. The first one is quenched because of the complex with
CeFs formation, and the second becomes less pronounced due to the disaggregation
process, giving rise to the “monomeric” one.

The study of photophysical properties of bis-alkynyl complexes of platinum(II) in
cis-configuration has shown that for such systems the emission depends not only on the
nature of alkynyl ligands, but also on aggregation effects. Changing the length or
aromaticity of the linker, as expected, leads to a shift in luminescence in solution. This
structure-property relationship can be further utilized to obtain emitters with given
photophysical characteristics. The introduction of alkynylphosphonium fragment along
with bulk tert-butyl groups in the diimine ligand leads to the appearance of stimuli-
responsive properties and enhancement of nonlinear-optical properties of the obtained
compounds. The obtained results were published in the first quartile journal ACS
Inorganic Chemistry [7].

The 1NNJ[CI] complex obtained in this work was applied as a bioimaging agent by
the group of A.R. Mustafina (Arbuzov Institute of Organic and Physical Chemistry, a
separate structural subdivision of the Federal State Budgetary Institution of Science
“Federal Research Center Kazan Scientific Center of the Russian Academy of Sciences”).
Its interaction with silicon nanoparticles allowed to obtain a functional material

possessing double emission due to the equilibrium of monomeric and aggregated forms
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of the complex. The obtained nanomaterial showed greater specificity towards cancer

cells than the complex itself [174].

2.3.2.  Bis-alkynyl Pt(II) complexes with ancillary phosphine and
cyanide ligands

In this chapter, we will consider trans-alkynylphosphonium Pt(II) complexes of
P[OTf] and CN series together for comparison. UV-vis electronic spectra were measured
at room temperature in MeCN for complexes P[OTf] and in DMSO for CN series (Figure
28). All optical and photophysical characteristics in solution are summarized in the Table
3. The former series of complexes possesses Amax 1n the range of 350400 nm, with
pronounced bathochromic shift along with the extension of the m-conjugated system in
1—2—n sequence. The absorbance spectra of P[OTf] complexes are strongly resembling
the corresponding ones of bis-alkynylphosphonium Au(I) complexes, which were also
studied before in our group [6]. The electronic spectra of P[OTf] series are also
demonstrating red shift compared to the free P; ligands because metal center participates
in the conjugation through the C=C bond [138,175].

The careful analysis of the literature reveals that in frans-alkynyl Pt(I) complexes
with ancillary P(Ar); ligand, the latter one participates in the conjugation. As a result, the
LUMO is located not only at the alkynyl ligand but also at Pt(II) atom and the ancillary
arylphosphine ligand [176,177]. However, our data, based on DFT calculations, points at
the absence of conjugation between PPhj; ligands and the rest of the system. With this in
mind, and considering the abovementioned similarity between frans-Pt(Il) and Au(]) bis-
alkynylphosphonium complexes, we assign the absorbance band as ILCT with possible
admixture of the MLCT state. Also, this assignment is often stated for trans-alkynyl Pt(I)
complexes in the literature [178,179].
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Figure 28. UV-vis spectra of P[OTf] and CN series, MeCN and DMSO

respectively, r.t.

As for the second series, complexes 1CN—-nCN demonstrate similar behavior, as
their UV-vis spectra consist of only one band. Pairwise compared to the series 1P—nP,
these complexes do not show an obvious trend. Thus, Aups of 1CN is hypsochromically
shifted, whereas for 2CN it is much closer to that of 2P[OTf]. The absorption maxima of
the third derivative, nCN, is bathochromically shifted in comparison to nP[OTf]. Overall,
the UV-vis spectra of cyanide derivatives differ from the phosphine ones more distinctly
than it is stated in the literature, but the bathochromic shift upon elongation of the linker
is even more pronounced [140]. The general tendency of emission bathochromic shift
upon the elongation of the linker is also preserved, and becomes even more distinct in the
CN series. Nevertheless, we also assign this absorption to the ILCT with admixture of
MLCT character, bearing in mind that cyanide ligand is better m-acceptor than PPhs, and
thus can affect the HOMO and LUMO energy.

Table 3.  Optical and photophysical properties of P[OTf] complexes in MeCN

solution and CN series in DMSO solutions, r.t.
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Complex Aabs, NM Bem,’ TS QY%
nm aerated | deaerated | aerated | deaerated
1P|OTH] 361 - - - - -
2P[OTH] 384 — — — _ _
nP[OT{] 395 - - - - -
1CN 338 487 382.6 2115.1 <1 3
2CN 375 451, 1.8, 1.8, <1 18
552 544.1 68951.1
3CN 402 578 1270.7 87890.1 <1 22

Despite the favorable position of the absorption bands, the acetonitrile solutions of
P[OTf] complexes are non-luminescent under UV excitation. Moreover, these
compounds are unstable under the UV irradiation in solution, in contrast with the
literature data, where several solution luminescent complexes of similar structures are
reported [43,138,180]. After irradiating the solution of complexes with the UV flashlight
with A¢x 0f 365 nm for 1 minute, they decomposed to give completely different absorption
spectra (Figure S50). That could be possibly explained by a very efficient ILCT/MLCT
excited state, which can transfer the electron density from the formal donor (C=C bond)
to the alkynylphosphonium fragment, thus promoting the rupture of Pt—C bond.

After substituting the triphenylphosphine ligands to the cyanide ones, the resulting
complexes 1TCN-nCN immediately light up, featuring weak emission in the aerated
DMSO solutions at room temperature (Figure 29a). After deaeration, strong emission
with a large Stokes shift becomes clearly visible (Figure 29b), indicating the triplet nature
of the emission state. The lifetime values before and after deaeration also support this
statement, increasing in Ar-filled solutions (Table 3). The interesting fact is that
irradiating the solutions in the closed vials with 365 nm 10W flashlight also results in the
increase of emission intensity. This is happening because the ground triplet state of
molecular oxygen is excited to the singlet state upon irradiation and is no longer capable

of phosphorescence quenching [181].
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Figure 29. Normalized emission spectra of CN complexes in (a) aerated and (b)

deaecrated DMSO, r.t.; Aex 365 nm

Complexes 1CN and 2CN feature slightly structured emission, green for the former
and yellow for the latter. This bathochromic shift follows the common tendency of the
Aem Increase upon the elongation of the m-conjugated linker, i.e. in NN[BArF] series. We
assign these emissions to the *ILCT with possible contribution of the *MLCT state. Also,
compound 2CN demonstrates dual emission (Figure 29a) with the additional fluorescent
band located at 451 nm. We have already observed similar dual emission in the bis-
alkynylphosphonium Au(I) complexes [6]. The fluorescent nature of the additional band
was proved by the lifetimes measurement together with intensity invariability upon
deaeration.

The luminescence spectrum of complex nCN is again different from the other
representatives. It features structured emission spectrum with a vibronic spacing of ca.
1200 cm™!, which is characteristic for the naphthalene fragment [182]. Comparing the
emission band of naphthyl-containing derivative nCN with nNN[BArF], we see that it
has nearly the same A.n value. Based on this fact, we set up a hypothesis about the
determinative role of naphthyl-linked alkynylphosphonium ligand in the emission nature,

leading to the dominating *LC state.
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For the sake of comparison, we have also measured frozen solutions for both series,
assuming that at 77 K the phosphine derivatives will be more stable. The emission spectra
in frozen 1,2-DCE and DMSO for P[OTf] and CN series respectively are shown in Figure
30, and the Aem can be found in the Table 4. Upon freezing, the emission of cyanide
complexes 1ICN—-3CN exhibits hypsochromic shift. This is usual for the luminescence in
the frozen solvents: at low temperature it occurs from the unrelaxed state because of the
hindered solvent molecules reorientation. Also, the vibronic structuration is more
pronounced at low temperature, indicative of “temperature switching” to the *LC
emission character.

As expected, complexes P[OT{] are luminescent in the frozen solutions (Figure
30). Their spectra are bathochromically shifted compared to the cyanide ones, except for
nP[OTf], which has nearly the same emission band as nCN. Based on this fact, we
believe that complex nP[OTI] also emits from the *LC excited state, localized on the
naphthyl fragment. As for the compounds 1P[OTf] and 2P[OT{] the luminescence could
be assigned to the *°LC luminescence with some MLCT admixture, as the ancillary ligands

seem to change the spectra of these compounds slightly.

1 A L n 1 A 1
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2P[OTf]
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Figure 30. Normalized emission spectra of P[OTf] and CN series in frozen DCe

and DMSO respectively, 77 K; Aex 365 nm
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The distinctive feature of P[OTf] complexes is their solid-state luminescence at
room temperature. All emission characteristics are summarized in the Table 4.
Interestingly, there is only one example of 298 K solid-state luminescent Pt(II) complexes
of general formula trans-[Pt(C=CAr),(PAr3),] reported in the literature [43]. Nolan et al.
have synthesized Pt(II) complexes with polyaromatic ligands, namely hexa-peri-
hexabenzocoronene (L2) and its uncyclised ethynyl-hexaphenylbenzene precursor (L1)
(Figure S51). However, the Pt(II) orbitals’ contribution to the excited states in trans-
[Pt(L)2(PPhs),] (L = L1, L2) was quite small. Thus, the reported in the work [43]
compounds demonstrated fluorescence with a small additional phosphorescent band in
the case of trans-[Pt(L1)2(PPhs),]. In contrast with this data, complexes P[OTf] possess
no fluorescence in their solid-state emission spectra (Figure 31a). The latter are dominated

by sharp phosphorescent bands with slightly pronounced vibronic structure.

Table 4. Photophysical properties of complexes 1P-3P and 1CN-3CN in
frozen solutions (1,2-DCE and DMSO correspondingly) at 77 K and in the solid state.

)em [solid state], TV RT,
Aem [frozen QY [solid
Complex nm ns
solutions]*, nm state, r.t.], %
77K r.t. r.t.
1P|OTH] 472 474 475 14015.5 16
2P|OTH{] 525 521 526 24171.7 3
nP[OT{] 558 573 570 41243.2 1
1CN 464 484 503,526 | 289572.9 1
2CN 517 548 585 12453.8 1
3CN 558 586 — — -

* Aexct 365 nm. ™ Aexet 351 nim, amplitude average lifetime """ = ) A;7; was calculated according
to published method. [159] Lifetimes and quantum yields for 3CN were not measured due to the low

emission intensity.

Upon cooling powders to 77 K (Figure 31b) the luminescence becomes brighter,

and better vibronic resolution is clearly visible. The progressional spacings from the
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highest energy emission band are ca. 810, 1097, 1536, 2062 cm™! for 1P[OT] and 1423,
1348 cm™! for 2P[OTH] and nP[OT{], respectively. Similar values were reported for Pt(II)
trans-arylalkynyl complexes in frozen glasses [183,184], and represent the o(C—H),
aromatic ring deformation, and v(C=C) vibrational modes. Considering these facts, we
attribute the nature of the luminescence to the mainly *LC excited state.

We have also compared P[OTf] compounds to the previously NN[BArF] cis-
series. It is interesting to see how the trans-position of alkynylphosphonium ligand
enhances the *LC solid-state phosphorescence due to the efficient hybridization between
the metal dr orbitals and the pm orbitals of the alkynyl ligand. Additionally, for the cis-
complexes NN[BArF], aggregation effects rule the solid-state emission, and the MMLCT
excited states with some admixture of ’LC states realize. As for the trans-compounds
P[OT(], the bulky PPh; ligands are hampering aggregation almost completely and the

3LC emission in the solid state is dominant.
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Figure 31. Normalized solid-state emission spectra of P[OTf] and CN series at

(a) r.t., (b) 77 K; Aex 365 nm

The substitution of neutral PPhs ligands with anionic CN™ again completely
changes the game. In contrast to the first series, cyanide complexes are weakly
luminescent in the solid state at room temperature (Figure 31a). However, at 77 K the

luminescence intensity is distinctly enhanced (Figure 31b). The emission spectrum of
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2CN at 298 K demonstrates a structureless band, which is more typical for the charge-
transfer transitions. Upon cooling to 77 K, this band exhibits blue shift and vibronic
coupling. This fact suggests *"MLCT or mixed *MLCT/ILCT assignment of the excited
state at room temperature and “temperature switching” to *LC at 77 K.

Complex 1CN demonstrates more complicated behavior. Surprisingly, its emission
spectrum at room temperature strongly resembles that of heterometallic {[trans-
Pt(C=CTol)(CN),][(PbTp)(acetone)].} (Tp = trispyrazolylborate), described by
Berenguer [139]. In the spectrum of complex 1CN two bands appear: high energy one at
503 nm and low energy one at 526 nm. The latter completely disappears at 77 K, whereas
the former 1s hypsochromically shifted and enhanced. Still, no clear vibronic structuration
1s observed for the high energy band. Also, this complex possesses a strikingly long
excited state lifetime of 0.28 ms, whereas for 2CN it is in order of magnitude lower.
Complex nCN is nearly non-luminescent at room temperature in the solid state, but upon
cooling, the strong *LC emission is visible.

The study of photophysical properties of double-charged and neutral bis-
alkynylphosphonium complexes of platinum(Il) in trans- configuration has shown that
the geometrical arrangement of ligands in different positions can fundamentally change
the character of luminescence in the solid state. If in the case of the P[OT{] series the
absence of Pt-Pt interactions was easily explained by the presence of a bulk
triphenylphosphine ligand, then in the case of the CN series we see that even a small
volume ligand still hampers metallophilic interactions in trans-coordinated systems, in
contrast to the NN[CI] and NN|[BArF] series discussed in the previous subsection.
Probably, the negative electrostatic charge localized on the central fragment of the
complex molecule plays not the least role in this. The controllability of emission by
changing the length or aromaticity of the linker, however, can be also traced in trans-
systems, which makes the design of phosphors with a given wavelength possible. The
introduction of a phosphonium fragment at the periphery of the ligand environment leads
both to the appearance of double emission in some systems and to the appearance of bright
3LC emission in the P[OTf] series. This series is the first example of frans-alkynyl

platinum(Il) complexes with an additional PPhs ligand exhibiting triplet emission in the
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solid state. Changing the charge of the trans-alkynylphosphonium system by substituting
the phosphine ligand with a cyanide ligand leads to a simultaneous increase in the stability
of the systems in solution and a decrease in the quantum yield in the solid state.

The obtained results were published in the first quartile journal Chemistry — A

European Journal [8].

2.3.3. Mono-alkynyl Pt(II) complexes with ancillary C*N”N and
NANAN ligands
Charged mono-alkynylphosphonium Pt(II) complexes 1N[CI]-nN[C]] and
1C[Cl]—nC][Cl]] will be consider together for the sake of comparison. These complexes,
being different only in charge of the cationic part and one atom in the lateral aromatic

ring, possess sufficiently similar UV-vis spectra in MeCN solutions (Figure 32).
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Figure 32. UV-vis spectra of N[Cl] and C[CI]] series, MeCN, r.t.

All of them consist of two absorption bands that were assigned with the reference
to published literature [109,150,185—188]. The higher energy ones, lying in the region of
250-375 nm for IN[CI]-nN|[Cl] and 300—400 nm for 1C[CI]-nC|[Cl] can be attributed
to the spin-allowed intraligand nn* transitions of the corresponding tridentate and

alkynylphosphonium ligands. As for the lower energy bands, they predominately arise
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due to the mixed metal-to-ligand charge transfer (MLCT) transitions from dn(Pt) to *
orbitals of the respective tridentate/alkynylphosphonium ligands and ligand-to-ligand
charge transfer (LLCT) from alkynylphosphonium moiety to the tridentate ligand. The
latter statement is confirmed by the TD-DFT calculations. As well as in previous series,
the absorbance spectra of 1IN[CI]—nN][Cl] and 1C[Cl]—nC]Cl] are close to studied in the
literature, but have more complex nature because of alkynylphosphonium fragment
[92,145,189-192]. The change of counterion does not affect the shape of the 1N[X] and
1C[X] absorption spectra (Figure S52). All optical and photophysical properties of
studied compounds in solution are summarized in the Table 5.

Despite the similarity of absorption properties, the emission behavior of terpy-
containing and phbpy-containing series is different. Thus, complexes 2N[Cl] and nN[Cl]
possess low quantum yields, and are nearly non-emissive in aerated MeCN solutions.
Moreover, the emission of 1N[CI]] is non-detectable neither by the naked eye, nor by
spectral equipment. This, as we believe, is due to the polar solvent quenching, already
reported for terpyridyl Pt(I) complexes in MeCN solutions [21]. As none of the N[CI]
series dissolve in 1,2-DCE, we have compared the MeCN and 1,2-DCE solutions of the
complex 1N[BArF]. Upon changing the solvent from the former to the latter, we observe
an increase of quantum yield from <1% in deaerated MeCN, up to 19.4% in deaerated
1,2-DCE solution of 1IN[BArF] (Table 5).

On the contrary, the luminescence of the C[CIl] series is visible by the naked eye.
Upon excitation at 365 nm, complexes of C[Cl] series and some representatives of the N
series, emit yellow-orange color. Solution luminescence spectra of 1IN[BArF], 2N|[Cl],
1C[Cl]] and 2CJCl] feature broad, structureless bands (Figure 33), that are typical for
charge transfer (CT) transitions [150,187,188,193,194]. According to the TD-DFT
calculations (vide infra), their nature is complicated, and involves not only MLCT, but
also LLCT and ILCT. The excited state lifetimes along with luminescence quantum yields
both for aerated and Ar-purged solutions, were measured for all Pt(Il) complexes
excluding IN[CI]. The increase of all reported values upon deaeration along with

significant Stokes shift suggest the triplet origin of the emissive state.
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Table 5. Optical and photophysical characteristics of N and C series in 1,2-
DCE solutions, r.t.

Dem, T, ns QY, %
Complex Aabs, NIM
nm aerated | deaerated | aerated | deaerated
IN[C]] 288,339, 414 — — — <<1 <<1
<<1 <1
IN[BArF] | 287,339,415 545 875 2053 e [g™
2N[C]] 325,440 621 165 464 <<1 4
nN|[Cl] 284,343,417 566 293 1178 <<1 1
1C[C]] 323,417 576 87 240 <1 3
2C[C]) 337,428 590 80 413 <1 4
nC|Cl]] 368,414 575 325 7279 <1 5

*hexet 365 M. Aexet 351 nm. ™ 1,2-DCE solutions.

The emission maximum of 2N|[Cl], possessing longer linker, is shifted
bathochromically with the respect to 1IN[BArF]. Biphenylene linker moiety, that is more
electron-rich than phenylene, rises the dn(Pt) orbital energy, causing a lower energy
SMLCT emission. This effect is also visible for 1C[Cl] and 2C[Cl], but it is less
pronounced [109]. The similar trend was present in NN[BArF], P[OTf] and CN series,
described before.

The emission spectrum of nN[Cl] and nC[Cl] differs from the first two
representatives of these series. It features pronounced vibronic spacing (ca. 1280 cm™),
that is characteristic of naphthalene fragment, present in the linker structure [182]. This
fact, together with experimental evidence of bis-alkynylphosphonium Pt(IT) complexes,
decribed before, and obvious similarity of nN[Cl] and nC[Cl] spectra, indicates the
ligand-centered (*LC) nature of the emission band. Moreover, this fact proves our
hypothesis about the determinative factor of naphthyl-linked alkynylphosphonium ligand

in the emission nature, regardless of the other ancillary ligands.
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Figure 33. Normalized emission spectra of 2N[Cl], nN[C]] in MeCN solution,
and IN|[BArF], 1C[Cl]-nC|C]] in 1,2-DCE solutions, A.x 365 nm.

To determine the influence of phosphonium fragment on the photophysical
properties, we compared luminescence spectra of complexes 1N[BArF], 2N[Cl] and
1C[Cl], 2CJ[C]] to their respective arylalkynyl analogues [41,194—-196]. The emission
spectra of compounds [Pt(‘Busterpy)(C=CPh)]JClI and [Pt(terpy)(C=CPh;)]Cl are
bathochromically shifted collated to the studied alkynylphosphonium compounds.
According to the literature data, the HOMO in [Pt(terpy)(C=CAr)]" complexes is
delocalized over the arylacetylide ligand [41,192]. Therefore, the introduction of
electron-accepting moiety in the para-position of aryl results in the lowering the HOMO
energy, and the emission shifts hypsochromically. This seems to be the reason for the
difference between [Pt(terpy)(C=CPh,)]Cl and 2N][Cl]. As for the IN[CI], the quantum
chemical calculations reveal the mixed dn(Pt)-based and terpy-localized HOMO (vide
infra), and the difference between 1N[Cl] and its arylalkynyl analogue could be explained
by the different emission origin. The same shift is present for the C series and their

arylalkynyl analogues, but it is again less pronounced.
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Both N and C series are emissive in the solid state. They exhibit orange to near-
infrared emission, and the emission maxima are bathochromically shifted compared to
those in solution. The spectra are shown in Figure 34, and solid-state emission

characteristics are given in the Table 6.

Table 6. Solid-state photophysical properties of the N and C series

Aem, NIM
Complex TRT, NS QY, %
77 K r.t.
IN[X] X=ClI: 877 X =CI: 823 X=CIL 111 X=CIL3
X = BF4: 855 X =BF4: 799 X=DBF4: 171 X =DBF4: 2
X =0Tt: 811 X =0Tt: 752 X =0Tft: 259 X=0Tt: 4
X =BArF: 724 | X =BArF: 681 | X =BArF: 8§92 X =BArF: 15
2N[C]] 837 829 86 1
nN[C]] 870 840 106 1
1C[X] X=CIL:779 X=CIL: 773 X =CI: 189 X=CI:2
X =BF4: 797 X =BF4: 780 X =DBF4: 118 X =DBF4: 2
X =O0Tf: 818 X =0Tf: 773 X =0Tf: - X =0Tt: -
X =BArF: 803 | X=BArF: 788 | X =BArF: 117 X =BArF: 1
2C[C] 586 603 456 3
nC[CI] 592 597 25, 120 -
(Taver = 51)

" Aex 365 nm. " Aex 351 nm.
Amplitude average lifetime 7. = Y Ai7; was calculated according to published method [159].

Unlike the luminescence in solution, the solid-state emission of the N[CI] and
C[Cl]] series is drastically different. This fact can be rationalized by the different charge
state of the N[Cl] and C[CI] series: di- and monocationic respectively. In the N[CI] series,
the luminescence spectra of all compounds feature broad structureless bands with very
close emission maxima (823, 829 and 840 nm for 1N[Cl], 2N[Cl] and nN|ClI]
correspondingly, Figure 34a). Upon cooling to 77 K, they are bathochromically shifted
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and retain the spectrum shape. However, based on the lifetime values and the value of the
red shift, we observe different emission states for the 1/n and the 2 representatives of the
series. The larger bathochromic shift with the same half-width of the band upon cooling
along with near-infrared emission wavelengths suggests the metal/metal-to-ligand charge
transfer CMMLCT) origin of the excited state in the complexes IN[CI] and nN[CI]. It
results from the metallophilic Pt—Pt interactions in the solid state, and the emission red
shift emerges because of the low-temperature crystal lattice contraction. Referring to the
previous studies of Pt(Il) terpyridyl systems, we assume, that the degree of aggregation
in the solid state is very high, similar to that in the dark green form of
[Pt(terpy)(C=CC=CH)]OTTf [58,197].

On the contrary, the bathochromic shift is less for 2N[Cl], and is apparently coming
from the half-width decrease. This is more characteristic for *MC excited state, and the
shortest lifetime value among this series confirms this statement [19]. Alternatively, this
emission could originate from excited state, based on the m-stacked dimer aggregates
without Pt---Pt metallophilic interactions. For the solid state, we were not able to directly
compare the emission of the N[Cl] series to their arylalkynyl analogues, as we did for the
solutions. The reason for that is the strong dependence of luminescence on the crystal
packing.

The solid-state emission spectra of the C[Cl] series are markedly different from the
N|[C]] series (Figure 34). Turning to the solid state from solution, 1C[Cl] is significantly
red-shifted (ca. 190 nm), while 2C[Cl] and nC[Cl] remain nearly in the same range as
solution emission maxima (red-shift 13 and 21 nm correspondingly). The behavior of the
1C[Cl] resembles this of 2N[CI]: upon cooling, the solid-state emission maximum
exhibits very small bathochromic shift, caused mainly by narrowing of the emission band,
whereas the shape on the spectrum retains. The spectral attribution of this compound is
again a debatable issue, and we can possibly attribute it to either the excited state, based
on the m-stacked dimer aggregates, or *MC emission, similar to the “yellow form” of

[Pt(bpy)Cl,] [27].
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Figure 34. Normalized solid-state emission spectra of N[Cl] and C[CI]] series,

(a) atr.t.; (b)at 77 K; Aex 365 nm. An asterisk denotes an artifact of optical system.

At room temperature, luminescence spectrum of 2C[Cl] consists of structureless
emission band. Cooled to 77 K, complex 2C[Cl] exhibits sharp, structured emission band
with vibronic coupling of 1140 cm™', which is characteristic for phbpy [198]. According
to the literature data [27], this band is attributed to the *MLCT emission of “monomeric”
Pt(IT) species, probably with some admixture of ’LC state.

The luminescence of nC[Cl] is somewhat more complicated. The room-
temperature spectrum features high-energy band with broad vibronic structure, and the
additional red-shifted band. At 77 K, the former band sharpens, showing a distinct
vibronic structure with 1267 c¢cm™! spacing, characteristic of naphthalene moiety. Its
intensity increases, and the low-energy band becomes invisible. Based on these facts and
the literature data [7,55,187,190,199,200], we assign the intensive band to the *LC excited
state, and the low-energy band of nC|[Cl] to the excited state, based on the m-stacked
dimer aggregates. However, the former band might also possess some *MLCT character,
as it has slightly reduced lifetimes value and poor vibronic resolution at 298 K [201]. The
presence of two different excited states in nC[Cl] is also confirmed by the biexponential

decay of the emission lifetimes.
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The solid-state luminescence of Pt(II) complexes can depend on the nature of the
counterion, as it was shown in a few publications [72,202,203]. The first example of
comprehensive solid-state photophysical investigation of structure-property relationship
in terpyridine-containing Pt(Il) complexes was made for [Pt(terpy)Cl]X, where X = CI~,
ClO4, OTf, PFs [204]. Later research concerning emission properties of
[Pt(terpy)(C=CR)]" complexes, was mostly focused on the description of polymorphs and
aggregation in solution, and no dependence of solid-state luminescence properties on
anion size was investigated [58,193,197,205]. In this work, we are filling this gap,
showing a nice example of how the emission maxima of cationic Pt(Il) complexes are
nearly linearly dependent on the size of counterion.

To perform this experiment, the 1N[X] complexes were synthesized, where X =
Cl, BF4, OTf and BArF . These counterions were chosen based on their bulkiness, as
we believed they should prevent (the case of BArF™) or favor (the case of Cl7) the
formation of Pt—Pt aggregates in the solid state. The absorption studies revealed that the
shape of UV-vis spectrum is independent of counterion (Figure S52). Compounds
IN|[BFs] and IN[OTf] were weakly luminescent in MeCN solution, with the same
emission maximum, as for IN[BArF]. The solid-state emission spectra of obtained

compounds are shown in Figure 35, their properties are listed in the Table 6.
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Figure 35. Normalized solid-state emission spectra of IN[X] (a) ar r.t. and (b)
77 K, Aex 365 nm. An asterisk denotes an artifact of the optical system.
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The room-temperature luminescence spectra of all compounds 1N[X] are
dominated by one structureless band. Upon change of the counterion from CI™ to BArF,
the emission energy increases along with the size of counterion. The overall A¢y shift in
this series 1s 142 nm, from near-infrared 1N[Cl] (823 nm) to the orange 1N[BArF] (681
nm). Measuring the emission spectra of IN[X] at 77 K, we have found that all compounds
exhibit bathochromic shift from 49 nm (BArF") to 59 nm (OTf"). This can be the
characteristic feature of both "MMLCT emission and emission of n-stacked oligomers, as
it was discussed earlier. Thus, the rational choice of counterion allows fine-tuning of the
solid-state emission characteristics, achieving 877 nm emission at 77 K. As it was stated
before, we could not perform single-crystal XRD studies to gain insight into the packing
and interactions therein. Nevertheless, further information about the molecular structure
of these assemblies was provided by computational analyses [9].

Inspired by these results, we have investigated the 1C[X] series with the same set
of counterions. Both absorption and emission in the MeCN solution were independent of
the counterion (Figure S52). However, we did not see the correlation between the size of
counterion and solid-state emission. All complexes of 1C[X] series demonstrate
structureless emission bands. The nature of the excited state, expected from the
luminescence change upon cooling, is different for all complexes. 1C[Cl], 1C[BF4] and
1C[BATrF] presumably have *MC emission, while 1C[OTf] possesses *MMLCT excited
state. We assume that the difference between 1N[X] and 1C[X] series is caused by the
different charge state of the complexes. Thus, in dicationic series 1N[X] two counterions
have more profound effect on the packing than in monocationic series 1C[X].

Thus, herein for the first time we have shown the possibility of controlling the
luminescence of mono-alkynylphosphonium complexes of platinum(Il) with an
additional terpyridine ligand in the solid state by changing the size of the counterion. The
charged mono-alkynylphosphonium systems of the N and C series also obey the general
trend for a bathochromic emission shift in solution with increasing linker length, but to a
lesser extent than the bis-alkynylphosphonium derivatives of the NN[BArF], P[OTf{] and
CN series. It is also an important finding that packing and metallophilic interactions in

the solid state play a crucial role in determining the luminescence character of these
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systems. The obtained results were published in the first quartile journal ACS Inorganic

Chemistry [9].

2.3.4. Mono-alkynyl Pt(IT) complexes with C*N"C ancillary ligand

Neutral bis-cyclometallated complexes of CNC series are considered separately,
as having significantly less effective luminescence compared to the rest of the tridentate
compounds. DMSO solutions of complexes 1ICNC and 2CNC absorb in the visible range,
and the UV-vis electronic spectra were measured for them. Absorption wavelengths are
summarized in the Table 7, and the corresponding spectra are depicted in the Figure 36.

*104

— 1CNC
—— 2CNC

1cm 1

£,

300 350 400 450 500 550 600
wavelength, nm

Figure 36. UV-vis spectra of 1ICNC and 2CNC in DMSO solution, r.t.

Similar to the literature data [97,206-211], the studied Pt(II) complexes exhibit
strong absorption bands in high-energetic (<300 nm) and low-energetic (350 — 450 nm)
parts of the spectrum. With the reference of abovementioned studies, the former ones
were assigned to the 'IL transitions, localized both at CNC and alkynylphosphonium
ligands. Weaker red-shifted bands arise from the mixed 'MLCT (dn(Pt)— CNC) and
'"LLCT (alkynyl—=CNC). We presume that the bands with A.,s = 378 and 381 for 1ICNC

and 2CNC respectively have more '"MLCT character, as they are nearly independent from
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the alkynylphosphonium substituent. On the contrary, the absorption bands at ~410 nm
(ICNC) and 423 nm (2CNC) are not so close, corresponding to the different
alkynylphosphonium ligands structures. Thus, the extended m-conjugated linker in the
ligand P2 brings additional m-donating ability, not only bathochromically shifting the
corresponding absorption band, but also enhancing the extinction coefficient, as the
"LLCT becomes more efficient.

Careful readers will also note the presence of the additional band in the 500 — 550
nm region of the UV-vis spectrum (Figure S53). It could not be attributed to the d-d
transitions because of the CNC and alkynylphosphonium ligands’ strong c-donating
nature. In addition, these transitions are unlikely observed at such low energies. Similar
low intensity red-shifted absorption bands are examined in the contributions by Che and
Yam [206,207] and with this in mind, we ascribe this band to a spin-forbidden *LC
transition. It becomes possible due to the large spin-orbit coupling, caused by the presence

of Pt atom as the metal center.

Table 7. Optical and photophysical properties of 1CNC and 2CNC in solution

and solid state.

Complex | Aaps, DM hem, MM Aem, NM T RT, NS QY,
DMSO |77K | r.dt. DMSO TB Y%
284, 332,
1CNC 378, ~410 710 | 692 8.0 (aer)
, , 521 146.7 (deaer) 2.0 | <01
522
286, 332,
2CNC 381, 423, _ 710 | 694 B 27| <01
525

" Rexet 365 nm. 77 Aexer 351 nm. Amplitude average lifetime " = Y A,z; was calculated according to
published method [159].

As it was stated before, the emissive properties of CNC series differ significantly
from charged mono-alkynyl systems of N and C series. Upon excitation at 365 nm,

deaerated DMSO solution of complex 1CNC surprisingly demonstrates green emission.
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This is in sharp contrast with the reported isostructural analogue without phosphonium
fragment [97], and that means that introduction of a charged acceptor fragment “turns on”
the luminescence in this case. Based on the excited-state lifetime values and the rise of
emission intensity upon deaeration, we state its phosphorescent nature. We assume that
this emission is of mixed *MLCT and *LC nature, because upon freezing the solution, this
band demonstrates hypsochromic shift and becomes vibronically structured (Figure 37).
Besides, we see an additional band in the red part of the spectrum, apparently, arising
because of the low solubility of 1ICNC. Solution of complex 2CNC decomposes under
the UV irradiation.

Emission intensity

450 500 550 600 650 700 750 800 850 900 950 1000
wavelength, nm
Figure 37. Normalized emission spectra of complex 1CNC in DMSO solution

atr.t. and 77 K; Aex 365 nm.

Complexes of CNC series are also luminescent in the solid state, both at room
temperature and at 77 K. Their emission spectra at 298 K show broad structureless bands
with Aem at ca. 700 nm. It is interesting to note that the spectra of studied compounds are
almost identical both at room and low temperature, thus implying similar emission state.

Upon cooling, the emission demonstrates small bathochromic shift and intensifies, which
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is characteristic for triplet character. We assume that this emission could be attributed to

either *MC or “n-dimeric” luminescence, similar to 1C[Cl] and 2N[C]], discussed earlier.

(a) (b)

Emission intensity
Emission intensity

500 550 600 650 700 750 800 850 900 950 1000 500 550 600 650 700 750 800 850 900 950 1000
wavelength, nm wavelength, nm

Figure 38. Normalized solid-state emission spectra of CNC series

at (a) r.t. and (b) 77 K; Aex 365 nm.

Based on the results on photophysical properties of CNC series, we state that the
introduction of charge transfer systems as ligands allowed to “turn on” luminescence in
these systems. Thus, the presence of emission in solution and solid state at room
temperature for such compounds was shown for the first time. Unfortunately, it seems
that the leading role in the quenching of phosphorescence in C*N"C systems is played by
distortions of the structure during excitation, which does not allow us to obtain effective
emission. Also, these systems are the only exception to the general trend in bathochromic
shift: having similar excited states, they have almost identical emission within the series.

The results of this work are presently being prepared for publication in the journal

RSC Dalton Transactions.
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CHAPTER 3. EXPERIMENTAL SECTION

3.1. Materials and instruments

Alkynylphosphonium salts P—Pn, [6] and Pt(II)-containing precursors
[Pt(dtbpy)Cl:] [212], cis-[Pt(PPhs;),Cl:] [213], [Pt(terpy)CI1]Cl1 [187], Pt(phbpy)Cl [214]
and [Pt(CNC)dmso] [215] were synthesized according to the literature methods. Cul
(Merck), NaBArF (ABCR), NaOTf (Merck), NaCN (ABCR), NaBF, (Merck), AgOTf
(Alpha Aesar), TEACI (Sigma Aldrich), TMACI (Sigma Aldrich), n-BuLi (BLD Pharm),
DMSO-ds (ROTH), CDCI; (ROTH), acetone-d¢ (ROTH), CD;CN (ROTH), CD;OD
(ROTH) were purchased from commercial suppliers and used without further
purification. For column chromatography, silica gel (Macherey-Nagel, 0.04-0.063 mm,
230—-400 mesh) or neutal alumina (Acros Organics, Brockmann I, 50-200 um, 60A) were
used. Thin-layer chromatography was performed on Macherey—Nagel Xtra Sil G/UV;s4
or Sorbfil UV 254 plates with UV detection. All organic solvents, used in this study, were
purchased from Vecton and purified according to the standard methods [216].

Spectral and crystallographic data for synthesized compounds were obtained on the
St Petersburg University Research Park equipment, using “Magnetic Resonance Research
Centre”, “Centre for X-ray Diffraction Studies”, “Chemical Analysis and Materials
Research Centre” and “Centre for Optical and Laser Materials Research”.

'H, 3P, F, and "H'H COSY spectra were recorded on a Bruker Avance DPX 400
and Bruker Avance IIT 500 (400 or 500, 162, 376 MHz for 'H, 3'P{H}, "F{H} spectra
respectively). The obtained data was processed using MestReNova (v 11.0). The coupling
constants in 'H spectra (Hz) are measured in the first-order approximation. The
multiplicity of signals is given according to the following abbreviations: s = singlet, d =
doublet, t = triplet, ¢ = quartet, dd = doublet of doublets, td = triplet of doublets, m =
multiplet. Mass spectra were recorded on a MaXis Bruker Daltonik GmbH (Germany)
electrospray ionization (ESI) instrument in positive mode. Elemental analysis was carried
out in the Laboratory of Microanalysis of the Institute of Organoelement Compounds

named after A.N. Nesmeyanov. Nesmeyanov Institute of Organoelement Compounds of
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the Russian Academy of Sciences on a vario MICRO cube CHNS analyzer (Elementar,
Germany).

The crystal srtructures of 1INN|[CI], 2NN|[Cl], 1P[OTf], nP[OT{], 2C|Cl], nC[Cl],
1CNC determined by the means of single crystal XRD analysis using Rigaku Oxford
Diffraction diffractometer for the data collection at a temperature of ca. 100K. Diffraction
data were processed in CrysAlisPro program [217]. The structures were solved by dual-
space algorithm and refined using the SHELX programs [218], incorporated in the OLEX2
program package Olex2 [219]. Supplementary crystallographic data for 1NN][CI],
2NN|[Cl], 1P[OTf], nP[OTf], nC|Cl], 1ICNC have been deposited at Cambridge
Crystallographic Data Centre (www.ccdc.cam.ac.uk/structures/), Ne 2269523, 2269524,
2360483, 2360484, 2352281, 2383597. Several structures contained disordered solvent

molecules which have been treated as a diffuse contribution to the overall scattering
without specific atom positions by SQUEEZE/PLATON [220].

The UV-vis absorption spectra were registered on a Shimadzu UV-1800
spectrophotometer in a 1 cm quartz cuvette. The concentrations of complexes’ solutions
were ca. 10> M and were chosen to have optical density of 0.3-0.5 at 365 nm.

The emission spectra for solid samples and solutions at room temperature and 77
K were recorded using Fluoromax-4, Horiba Jobin Yvon, and Avantes AvaSpec-2048x64
(Avantes, Apeldoorn, Hetherlands).

The Avantes integration sphere (Avantes, Apeldoorn, Netherlands) was used to
measure the solid-state emission quantum yield. The absolute emission quantum yield
was determined in solution by a comparative method [221]. LED (365 nm) was applied
for pumping and [Ru(bpy)s][PF¢]. water solution (® = 0.040 air-saturated, 0.063 Ar-
saturated) was used as a reference.

The pulse laser DTL-399QT ‘Laser-export Co. Ltd’ (wavelength 351 nm, pulse
energy 50 pJ, pulse width 6 ns, repetition rate 0.01—1 kHz), an Ocean Optics
monochromator Monoscan-2000 (interval of wavelengths 1 nm; Ocean Optics, Largo,

FL, USA), photon counting head H10682 (Hamamatsu), and multiple-event time digitizer
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P7887 (FAST ComTec GmbH) were used for solid-state and solution lifetime
measurements.

A femtosecond laser system manufactured by Coherent was used to measure
nonlinear optical properties in this work. The system includes: two Mira Optima 900D
lasers, providing flexibility in the choice of pulse durations (in the pico- and femtosecond
range); two Verdi V10 pump lasers; two Pulse Switch acousto-optical modulators to thin
the pulse repetition rate of femtosecond lasers; two Mira SPO-I prism compressors for
dispersive compression of femtosecond laser pulses in terms of duration; two SHG second
harmonic generators for conversion of femtosecond pulse radiation on a nonlinear optical
crystal; two Mira OPO optical parametric converters for wavelength conversion of the
laser source and its smooth tuning; SynchroLock AP synchronizer for mutual
synchronization of two femtosecond lasers and their synchronization with an external

radio frequency source in the range of laser generation frequencies.

3.2. Synthesis of bis-alkynyl Pt(II) complexes with ancillary N*N ligand

Pt(IT) complexes of NN series were synthesized according to the general procedure.
1 eq of [Pt(dtbpy)Cl,] and 2 eq of corresponding phosphonium salt were added to the
flask and dissolved in DCM. Argon was purged through the resulting solution for approx.
5 minutes. Then, 11 mol.% of Cul were added under argon, followed by trimethylamine
in volumetric ratio 2:7 to DCM. The resulting reaction mixture was purged with argon
for additional 10 minutes, sealed with septum and stirred overnight. After that, the
reaction mixture was evaporated, redissolved in DCM, and purified with two-step column
chromatography (1: silica, CH,Cl, — acetone — CH,Cl, + 30% MeOH; 2: alumina,
CH,Cl, + 50% acetone — CH,Cl, + 4% MeOH). The resulting solutions were evaporated
to minimal volume, precipitated with Et,O and dried in vacuo, yielding complexes with
the general name NN|[CI].

Second stage included metathesis of obtained compounds with NaBArF. 1 eq of
complex NN[CI] was dissolved in DCM, and a minimal volume of diethyl ether solution

of 1eq NaBArF was added. The reaction mixture was stirred for half an hour at room
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temperature and then filtered through a pad of Celite to remove NaCl. The resulting
mixture was purified by column chromatography (silica, CH,Cl,) and evaporated in
vacuo until the dry foam of complexes NN[BArF] formed.

[Pt(dtbpy)(P1):]CL, INNJ|CI]. Yellow powder, yield 82%. 'H NMR (400 MHz,
CDCl3) 6 9.52 (d, J= 6.0 Hz, 2H, dtbpy), 8.09 (m, 2H, dtbpy), 7.73 (m, 2H, dtbpy), 7.83—
7.66 (m, 24H, P;), 7.61 (m, 4H, P,), 3.30 (d, J = 13.3 Hz, 6H, Me(P,)), 1.49 (s, 18H,
tBu(dtbpy)). *'P NMR (162 MHz, CD,Cl,) § 20.72 (s, 2P, P(P;)). ESI HRMS (m/z): calcd
for [M]*": 531.6858; found: 531.6856. Single crystals of 1INN[CI] were obtained by the

slow diffusion of solvents through a gas phase at room temperature (CH,Cly/Et,0O).
INN[CI]: P-1 (2), a = 12.22580(10), b = 15.0341(2), ¢ = 19.24880(10) A; a =
89.8380(10), B =73.6110(10), y = 69.2840(10) °; V= 3156.20(6) A%; Z=2; R, = 4.09%;
CCDC 2269523).

[Pt(dtbpy)(P1):]BArF;, INN[BArF]. Orange powder, yield 78%. 'H NMR (400
MHz, Acetone-ds) 6 9.58 (d, J= 6.0 Hz, 2H, dtbpy), 8.77 (m, 2H, dtbpy), 8.00—7.88 (m,
12H, P;), 7.90 (m, 2H, dtbpy), 7.84 (m, 8H, P;), 7.81 (m, 16H, BArF), 7.78-7.71 (m, 8H,
Pi), 7.68 (m, 8H, BArF), 3.22 (d, J = 14.2 Hz, 6H, Me(P))), 1.49 (s, 18H, tBu(dtbpy)).
3P NMR (162 MHz, Acetone-dg) 8§ 20.82 (s, 2P, P(P;)). '°F NMR (376 MHz, Acetone-
ds) 6 —63.28 (s, 48F, BATF).

ESI HRMS (m/z): caled for [M]**: 531.6858; found: 531.6869. Anal. calcd for
Ci24Hs:B2F4gNoPoPt: C, 53.37; H, 2.96; N, 1.00%. Found: C, 53.66; H, 3.19; N, 1.25%.
FTIR (KBr): 2109 cm™' (C=C vibration).

[Pt(dtbpy)(P2):]Cl2, 2NN[CI]. Yellow powder, yield 76%. 'H NMR (400 MHz,
CDCl) 6 9.70 (d, J = 5.9 Hz, 2H, dtbpy), 8.04 (m, 2H, dtbpy), 7.88 (m, 4H, P»), 7.86—
7.77 (m, 16H, P»), 7.72 (m, 8H, P»), 7.65 (dd, J, = 5.9 Hz, J, = 1.6 Hz, 2H, dtbpy), 7.59
(m, 4H, P,), 7.53 (m, 4H, P»), 3.40 (d, J=13.3 Hz, 6H, Me(P>)), 1.49 (s, 18H, tBu(dtbpy)).
3P NMR (162 MHz, CDCl;) 6 21.66 (s, 2P, P(Py)).

ESI HRMS (m/z): caled for [M]**: 608.2181, found: 608.2166. Single crystals of

2NNJCl] were obtained by the slow diffusion of solvents through a gas phase at room
temperature (CH,Cly/Et,0). 2NNJ[CI]: (Pbcn (60), a = 26.5050(5), b = 15.4826(3), ¢ =
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17.1901(4) A; a =90, B =90, y =90 °; V =7054.2(3) A%; Z=4; R, = 4.80%; CCDC
2269524.

[Pt(dtbpy)(P2):]BArF;, 2NN[BArF]. Orange powder, yield 77%. '"H NMR (400
MHz, Acetone-ds) 6 9.70 (d, J = 6.0 Hz, 2H, dtbpy), 8.72 (m, 2H, dtbpy), 8.12 (m, 4H,
P,), 8.01-7.90 (m, 16H, P,), 7.92 (m, 2H, dtbpy), 7.89—7.77 (m, 24H, P,, BArF), 7.75 (m,
4H, P»), 7.69 (m, 8H, BArF), 7.57 (m, 4H, P»), 3.27 (d, J = 14.2 Hz, 6H, Me(P,)), 1.50 (s,
18H, tBu(dtbpy)). *'P NMR (162 MHz, Acetone-de) 6 20.47 (s, 2P, P(P,)). ’F NMR (376
MHz, Acetone-ds) 6 —62.35 (s, 48F, BArF).

ESI HRMS (m/z): caled for [M]**: 608.2181, found: 608.2181. Anal. calcd for
Ci36HooB2F4gNoPoPt: C, 55.51; H, 3.08; N, 0.95%. Found: C, 55.43; H, 3.20; N, 1.12%.
FTIR (KBr): 2113 cm™! (C=C vibration).

[Pt(dtbpy)(P3):]Cl>, 3NN[CI]. Yellow powder, yield 57%. 'H NMR (400 MHz,
CDCl) 6 9.74 (d, J = 6.0 Hz, 2H, dtbpy), 8.04 (m, 2H, dtbpy), 7.93 (m, 4H, P3), 7.86—
7.78 (m, 16H, P3), 7.76-7.66 (m, 16H, P3), 7.64 (m, 2H, dtbpy), 7.54 (m, 8H, P3), 3.39
(d, J=13.3 Hz, 6H, Me(P3)), 1.49 (s, 18H, tBu(dtbpy)). *'P NMR (162 MHz, CDCl;) §
21.72 (s, 2P, P(P3)).

ESI HRMS (m/z): calcd for [M]**: 684.2495, found: 684.2487.

[Pt(dtbpy)(P3):]BArF2, 3NN[BArF]. Orange powder, yield 54%. '"H NMR (400
MHz, Acetone-ds) 6 9.74 (d, J= 6.0 Hz, 2H, dtbpy), 8.70 (d, J=2.1 Hz, 2H, dtbpy), 8.18
(dd, J = 8.5, 3.0 Hz, 4H, P3), 8.04-7.78 (m, 50H, P3, BArF), 7.92 (m, 2H, dtbpy), 7.75
(m, 4H, P3), 7.69 (m, 8H, BArF), 7.4 (m, 4H, P3), 3.29 (d, /= 14.0 Hz, 6H, Me(P3)), 1.51
(s, 18H, tBu(dtbpy)). 3'P NMR (162 MHz, Acetone-ds) 8 21.97 (s, 2P, P(P3)). '°F NMR
(376 MHz, Acetone-dg) 6 —63.27 (s, 48F, BArF).

ESI HRMS (m/z): caled for [M]**: 684.2495, found: 684.2500. Anal. calcd for
CiagHosBoF4sNoP,Pt: C, 57.44; H, 3.19; N, 0.91%. Found: C, 57.40; H, 3.28; N, 1.13%.
FTIR (KBr): 2110 cm™' (C=C vibration).

[Pt(dtbpy)(Ps)2]Cla, nNN[CI]. Yellow powder, yield 58%. 'H NMR (400 MHz,
CDCl) 6 9.62 (d, J = 6.0 Hz, 2H, dtbpy), 9.08 (m, 2H, P,), 8.13 (m, 2H, dtbpy), 7.94—
7.84 (m, 8H, P,), 7.84-7.75 (m, 6H, P,), 7.75-7.61 (m, 10H, P,), 7.72 (m, 2H, dtbpy),
7.56-7.39 (m, 6H, P,), 3.43 (d, J = 12.7 Hz, 6H, Me(P,)), 1.50 (s, 18H, tBu(dtbpy)). *'P
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NMR (162 MHz, CDCls) & 21.12 (s, 2P, P(P,)). ESI HRMS (m/z): caled for [M]**:
582.2024, found: 582.2017.

[Pt(dtbpy)(Px)2]1BArF>, nNN[BArF]. Orange powder, yield 73%. 'H NMR (400
MHz, Acetone-ds) 6 9.69 (d, J= 6.0 Hz, 2H, dtbpy), 9.13 (m, 2H, P,), 8.80 (d, /= 2.1 Hz,
2H, dtbpy), 8.03—7.94 (m, 12H, P,), 7.95 (m, 2H, dtbpy), 7.89-7.78 (m, 28H, P,, BArF),
7.71-7.52 (m, 14H, BArF, P,), 3.35 (d, J = 13.6 Hz, 6H, Me(P,)), 1.51 (s, 18H,
tBu(dtbpy)).*'P NMR (162 MHz, Acetone-dg) 6 21.32 (s, 2P, P(P,,)). "’F NMR (376 MHz,
Acetone-dg) 6 —63.28 (s, 48F, BArF).

ESI HRMS (m/z): caled for [M]**: 582.2024, found: 582.2023. Anal. calcd for
Ci32HgsB2F4gNoPoPt: C, 54.85; H, 3.00; N, 0.97%. Found: C, 54.89; H, 3.22; N, 1.08%.
FTIR (KBr): 2102 cm™! (C=C vibration).

3.3. Synthesis of bis-alkynyl Pt(II) complexes with ancillary phosphine

and cyanide ligands

Complexes of P[OTI{] series were synthesized according to the modified literature
method [134]. One equivalent of [Pt(PPh;),Cl;] and two equivalents of the corresponding
alkynylphosphonium ligand were dissolved in the minimal volume of chloroform and
purged with argon for 10 minutes. Along with deaerating, Cul (5 mol.%) and Et;N (2:7
v/v to CHCl;s) were added to the reaction mixture. The flask was sealed with septum and
stirred at 35°C for 24 hours. The resulting solution was evaporated, and the crude powder
was re-dissolved in dichloromethane. 4 equivalents of NaOTf acetone solution were
added, and the reaction mixture was stirred for 30 minutes, followed by evaporation. The
resulting powder was again dissolved in dichloromethane, filtered through celites to
remove excess NaOTf and NaCl and precipitated using diethyl ether.

[Pt(PPh3)>(P1):]OTH,, 1P[OT{]. Off-white powder, yield 70%. 'H NMR (500
MHz, CDCl;) 6 7.78 (m, 16H, ortho-H (PPhs), para-H (P,)), 7.66 (td, /= 8.1, 3.5 Hz, 8H,
meta-H (P,)), 7.57 (m, 8H, ortho-H (P)), 7.47 (t, J = 7.3 Hz, 6H, para-H (PPhs)), 7.41
(m, 12H, meta-H (PPhs)), 7.15 (dd, J=13.1, 8.2 Hz, 4H, P,), 6.44 (d, /= 7.6 Hz, 4H, P)),




95

2.85(d, J=13.2 Hz, 6H, Me (P;)). *'P NMR (202 MHz, CDCl5) § 20.92 (s, 2P, P;), 18.93
(s, Jppe = 2584.6 Hz, 2P, PPh;). '°F NMR (376 MHz, DMSO-d;) 8 —78.35 (s, 6F, OTY).

ESI HRMS (m/z): calcd for [M]**: 660.1812; found: 660.1810. Anal. calcd for
CsoHesFsO6P4PtS, + 1.4CHCls: C, 54.75; H, 3.69 %. Found: C, 54.53; H, 3.83%. FTIR
(KBr): 2107 cm™' (C=C vibration). Single crystals of 1P[OTf] were obtained by the slow
diffusion of solvents through a gas phase at room temperature (CH,Cl,/pentane). 1P[OTf]
(P1 (2), a = 9.27050(10), b = 14.1404(2), ¢ = 14.58660(10) A; o = 85.9460(10), S =
79.6510(10), y = 88.9410(10) °; V= 1876.29(4) A3; Z=1; R, = 3.82%; CCDC 2360483).

[Pt(PPh3)>(P2):]OTf,, 2P[OTI]. Yellowish powder, yield 88%. 'H NMR (500
MHz, CDCl;) 6 7.84 (m, 16H, ortho-H (PPh;), para-H (P,)), 7.78 (m, 4H, P,), 7.69 (m,
20H, P»), 7.43 (m, 18H, para-H (PPhs), meta-H (PPhs)), 7.22 (d, /= 8.0 Hz, 4H, P»), 6.39
(d, J= 8.0 Hz, 4H, P,), 2.99 (d, J = 13.3 Hz, 6H, Me (P,)). *'P NMR (202 MHz, CDCl5)
5 21.23 (s, 2P, Py), 18.76 (s, Jp.pe = 2624.6 Hz, 2P, PPh;). '°F NMR (376 MHz, DMSO-
ds) 0 -78.44 (s, 6F, OTY).

ESI HRMS (m/z): calcd for [M]**: 736.2125; found: 736.2132. Anal. calcd for
CoaH72,F6O6P4PtS, + 0.8CHCl;: C, 59.73; H, 3.93 %. Found: C, 59.74; H, 3.98 %. FTIR
(KBr): 2104.4 cm™! (C=C vibration).

[Pt(PPh3):(Ps)2]OTf;, nP[OT]. Yellow-orange powder, yield 85%. 'H NMR
(500 MHz, Chloroform-d) 6 7.85 (12H, ortho-H (PPhs)), 7.79 (m, 4H, para-H (P,)), 7.67
(m, 16H, P,), 7.42 (m, 4H, P,), 7.35 (m, 18H, para-H (PPhs), meta-H (PPh3)), 7.29 (m,
2H, Py), 7.17 (dd, J=17.1, 7.8 Hz, 2H, P,), 7.09 (m, 2H, P,), 6.48 (dd, J = 7.8, 2.7 Hz,
2H, P,), 2.99 (d, J= 12.8 Hz, 6H, Me (P,)). *'P NMR (202 MHz, CDCls) 3 20.24 (s, 2P,
P3), 18.91 (s, Jppe = 2581.2 Hz, 2P, PPh;). '°F NMR (376 MHz, DMSO-d;) 6 -77.75 (s,
oF, OTY).

ESI HRMS (m/z): caled for [M]**: 710.1968; found: 710.1988. Anal. calcd for
CssHesFsOsP4PtS, + 0.5CHCl;: C, 59.78; H, 3.88 %. Found: C, 59.77; H, 4.10 %. FTIR
(KBr): 2087.1 cm™ (C=C vibration). Single crystals of 3P were obtained by the slow

diffusion of solvents through a gas phase at room temperature (CH,Cly/pentane).
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nP[OTf] (P1 (2), a = 9.5089(2), b = 11.4039(2), ¢ = 19.8310(3) A; a = 77.297(2), f =
78.273(2), y = 66.447(2) °; V'=1906.97(7) A3; Z=1; R, = 4.15%; CCDC 2360484).

Second series of Pt(II) complexes with general formula [Pt(CN)2(Pi)2] was
obtained using optimized literature method [136]. Methanol solution of 4 eq NaCN was
added to the stirred solution of complexes P[OTf] in dichloromethane. The off-white
powders of complexes 1CN and 2CN started to form immediately, and the reaction
mixture was stirred for 1 hour. The formation of nCN lasted for 24 hours. The resulting
suspensions were centrifuged, washed with methanol (2 times), acetone (2 times),
dichloromethane (2 times), diethyl ether (2 times) and dried in vacuo.

[Pt(CN)2(P1)2]. 1CN. Off-white powder, yield 92%. 'H NMR (500 MHz, DMSO-
ds) 0 7.86 (dd, J= 8.7, 4.8 Hz, 4H, p-Ph), 7.77-7.70 (m, 16H, o-Ph, m-Ph), 7.53 (dd, J =
12.9, 8.5 Hz, 4H, linker-H), 7.44 (dd, J= 8.5, 3.2 Hz, 4H, linker-H), 3.06 (d, J = 14.5 Hz,
6H, Me(P))). 3'P NMR (202 MHz, DMSO-ds) & 21.86 (s, 2P, P)).

Anal. calcd. for C44H34N,P,Pt + 0.7CH,Cl: C, 59.18; H, 3.93; N, 3.09 %. Found:
C, 59.22; H, 4.13, N 2.14 %. ATR-FTIR: 2109 cm™!' (C=N vibration); 2097 cm™! (C=C

vibration).

[Pt(CN)2(P2)2], 2CN. Off-white powder, yield 91%. 'H NMR (500 MHz, DMSO-
ds) 5 8.09-8.03 (m, 4H, linker-H), 7.89 (m, 4H, o-Ph), 7.83-7.73 (m, 20H, p-Ph, m-Ph,
linker-H), 7.67 (d, J = 8.4 Hz, 4H, linker-H), 7.27 (d, J = 8.4 Hz, 4H, linker-H), 3.14 (d,
J=14.5 Hz, 6H, Me(P,)). 'P NMR (202 MHz, DMSO-ds) & 22.07 (s, 2P, P2).

ESI HRMS (m/z): calcd for [M+2H+MeOH]*": 516.6442; found: 516.6439. Anal.
caled. for CsgH4oNo-P,Pt + 0.5 CH,CL + 0.2 Et,O: C, 64.42; H, 5.07; N, 2.64 %. Found:
C, 64.59; H, 4.82; N, 1.51%. ATR-FTIR: 2104 cm™! (C=N vibration); 2087 cm™! (C=C

vibration).
[Pt(CN)2(Pn)2]. nCN. Light yellow powder, yield 71%. 'H NMR (500 MHz,

DMSO-dy) 6 8.88 (d, J = 8.4 Hz, 2H, linker-H), 7.88 (m, 4H, p-Ph), 7.81 (m, 8H, m-H),
7.75 (td, J=17.8, 3.5 Hz, 8H, 0-H), 7.67 (m, 2H, linker-H), 7.61 (d, /= 8.4 Hz, 2H, linker-
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H), 7.56-7.48 (m, 4H, linker-H), 7.44 (dd, J = 16.9, 7.8 Hz, 2H, linker-H), 3.21 (d, J =
13.9 Hz, 6H, Me (P,,)). *'P NMR (202 MHz, DMSO-d;) § 21.18 (s, 2P, P,).

ESI HRMS (m/z): caled for [M+2H]*": 474.6154; found: 474.6164. Anal. calcd.
for Cs,H3sN,P,Pt + 0.6CH,Cl, + 0.1Et,0: C, 62.91; H, 4.44; N, 2.78 %. Found: C, 63.10;
H, 4.64; N 1.71%. ATR-FTIR: 2114 cm™! (C=N vibration); 2076 cm™' (C=C vibration).

3.4. Synthesis of mono-alkynyl Pt(II) complexes with ancillary C*N*N
ligand

The series of Pt(II) complexes, 1C[X]-nC[X] based on phbpy, were synthetized
according to the general method. To the argon-purged dichloromethane solution of
[Pt(phbpy)Cl] and alkynylphosphonium salt, 5 mol.% Cul and Et;N (2:7 v:v to DCM)
were added, the reaction mixture was additionally purged with argon for 10 minutes and
stirred overnight at room temperature. After evaporation, it was purified by column
chromatography (silica, DCM — acetone — DCM + 20% MeOH), yielding separate
fractions for chloride and triflate complexes.

Tetrafluoroborate and BArF derivatives were prepared as follows. To the solution
of 1C[Cl] in dichloromethane diethyl ether solution of 1 eq NaBArF or methanol solution
of 5 eq NaBF, were added, respectively. The reaction mixtures were stirred for 1 hour at
room temperature, filtered through celite, then evaporated, washed with hexane and dried
in vacuo.

Pt(phbpy)(P1)Cl, 1C[CIl]. Orange powder, yield 63%. 'H NMR (400 MHz,
Methanol-ds) 6 8.91 (m, 1H, phbpy), 8.13 (m, 2H, phbpy), 7.94-7.83 (m, 4H, P,), 7.83—
7.75 (m, 8H, Py), 7.74-7.58 (m, 2H, P,), 7.63 (m, 4H, phbpy), 7.61 (m, 1H, phbpy), 7.41
(m, 1H, phbpy), 7.05 (m, 2H, phbpy), 2.98 (d, J = 14.0 Hz, 3H, P;). *'P NMR (162 MHz,
Acetone-de) 6 21.70 (s, 1P, Py).

ESI HRMS (m/z): caled for [M]**: 726.1636; found: 726.1668. Anal. calcd for
Cs7H2sCIN,PPt + 0.5CH,CI; + 0.2n-pentane: C, 56.46; H, 3.86; N, 3.42%. Found: C,
56.29; H, 4.02; N, 3.63%. FTIR (KBr): 2091 cm™! (C=C vibration).
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Pt(phbpy)(P1)BFs, 1C[BF4]. Orange powder, yield 87%. 'H NMR (400 MHz,
Acetone-de) 6 9.15 (m, 1H, phbpy), 8.47 (m, 1H, phbpy), 8.38 (td, J = 7.9, 1.7 Hz, 1H,
phbpy), 8.19-8.12 (m, 2H, phbpy), 8.00-7.88 (m, 7H, P;, phbpy), 7.89-7.80 (m, 6H, P;),
7.73 (m, 4H, P,), 7.62 (m, 1H, phbpy), 7.11 (dtd, J = 16.5, 7.9, 1.7 Hz, 2H, phbpy), 3.19
(d, J=14.0 Hz, 3H, Me(P))). *'P NMR (162 MHz, Acetone-dg, 1P, P1) 6 21.64 (s, 1P, P)).
FNMR (376 MHz, Acetone-d¢) 8 —151.8,-151.9 (1°B and ' B respectively, m, 4F, BFy).

Anal. calcd for C37HsBF4N,PPt + 0.25 CH,Cl, + 0.1 MeCN: C, 53.62; H, 3.46; N,
3.51%. Found: C, 53.60; H, 3.39; N, 3.46%.

Pt(phbpy)(P1)OT{, 1C[OT{]. Dark-green powder, yield 34%. 'H NMR (400
MHz, DMSO-de) 6 9.00 (d, J = 5.5 Hz, 1H, phbpy), 8.55 (m, 1H, phbpy), 8.38 (m, 1H,
phbpy), 8.27 (das, J = 7.9 Hz, 1H, phbpy), 8.17 (m, 1H, phbpy), 8.05 (das, J = 7.9 Hz,
1H, phbpy), 7.88 (m, 4H, P,), 7.83-7.73 (m, 10H, P,), 7.73-7.59 (m, 6H, P,, phbpy), 7.11
(m, 2H, phbpy), 3.12 (d, J = 14.5 Hz, 3H, Me(P,)). *'P NMR (162 MHz, Acetone-ds) &
21.65 (s, 1P, P;). 'F NMR (376 MHz, Acetone-ds) 8 —78.84 (s, 3F, OTY).

Anal. calcd for Cs3HysF3N,O3;PPtS+2.1 CHCls: C, 42.76; H, 2.69; N, 2.49%.
Found: C, 42.87; H, 2.80; N, 2.67%.

Pt(phbpy)(P1)BArF, 1C[BArF]. Brown powder, yield 83%. '"H NMR (400 MHz,
Acetone-de) 6 9.17 (m, 1H, phbpy), 8.49 (m, 1H, phbpy), 8.40 (td, J = 7.8, 1.7 Hz, 1H,
phbpy), 8.21-8.14 (m, 2H, phbpy), 8.02-7.91 (m, 6H, P;, phbpy), 7.91-7.82 (m, 7H, P;),
7.82-7.78 (m, 8H, BArF), 7.77-7.71 (m, 4H, P;), 7.69 (s, 4H, BArF), 7.63 (dd, J = 7.8,
1.7 Hz, 1H, phbpy), 7.11 (m, 2H, phbpy), 3.20 (d, J = 14.1 Hz, 3H, Me(P))). *'P NMR
(162 MHz, Acetone-ds) 8 21.64 (s, 1P, Py). ’F NMR (376 MHz, Acetone-ds) 8 —63.28 (s,
24F, BArF).

Anal. calcd for CqoH40BF,4N,PPt: C, 52.13; H, 2.54; N, 1.76%. Found: C, 52.19;
H, 2.59; N, 1.81%.

Pt(phbpy)(P>)Cl, 2C[Cl]. Orange powder, yield 77%. 'H NMR (400 MHz,
Methanol-d4) 6 9.03 (m, 1H, phbpy), 8.09 (m, 2H, phbpy), 8.04 (m, 2H, P,), 7.90-7.63
(m, 14H, P,), 7.68 (m, 4H, phbpy), 7.59 (d, J = 8.4 Hz, 2H, P»), 7.52 (m, 1H, phbpy), 7.39
(m, 1H, phbpy), 7.06 (s, 2H, phbpy), 2.96 (d, J = 14.0 Hz, 3H, Me(P,)). *'P NMR (162
MHz, DMSO-d¢) 6 22.41 (s, 1P, Py).
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ESI HRMS (m/z): calcd for [M]**: 802.1931; found: 802.1957. Anal. calcd for
C43H3CIN,PPt + 0.6 CH,Cl : C, 58.89; H, 3.76 N, 3.15%. Found: C, 58.80; H, 3.93; N,
3.21%. FTIR (KBr): 2101 cm™! (C=C vibration). Single crystals of 2C[Cl] were obtained
by the slow diffusion of solvents through a gas phase at room temperature
(MeOH/pentane).

Pt(phbpy)(Pw)Cl, nC[Cl]. Orange powder, yield 35%. 'H NMR (400 MHz,
Methanol-d4) 6 9.09 (d, J = 5.5 Hz, 1H, phbpy), 9.01 (d, J=8.4 Hz, 1H, P,)), 8.28 (m, 1H,
phbpy), 8.21 (td, J = 7.8, 1.6 Hz, 1H, phbpy), 8.00 (m, 2H, P,), 7.95-7.66 (m, 11H, P,),
7.78 (m, 1H, phbpy), 7.69 (m, 4H, phbpy), 7.57 (m, 2H, P3), 7.52 (m, 1H, phbpy), 7.09
(m, 2H, phbpy), 3.14 (d, J = 13.5 Hz, 3H, Me(P,,)). *'P NMR (162 MHz, Methanol-dy) &
20.96 (s, 1P, P,).ESI HRMS (m/z): calcd for [M]**: 776.1806; found: 776.1791. Anal.
calcd for C4H30CIN,PPt + 0.5 CH,Cl, + 0.2 MeOH: C, 58.17; H, 3.72; N, 3.25%. Found:
C, 58.00; H, 4.05; N, 3.43%. FTIR (KBr): 2083 cm™! (C=C vibration). Single crystals of

nC|[Cl] were obtained by the slow diffusion of solvents through a gas phase at room
temperature (MeOH/pentane). nC[Cl]: (P1 (2), a = 8.8549(4), b = 14.5893(4), ¢ =
15.8516(6) A; a=97.417(3), = 103.085(4), y = 100.285(3) °; V'=1931.65(13) A3; Z =
2; R = 6.48%; CCDC 2352281).
3.5. Synthesis of Pt(II) mono-alkynyl complexes with ancillary N*N*N
ligand

The series of complexes 1N[X]-nN[X], based on terpy, were synthetized
according to the similar method. Equimolar amounts of [Pt(terpy)CI]Cl and
corresponding alkynylphosphonium ligand were dissolved in MeOH and purged with
argon for 5 minutes. Then, under argon, 5 mol.% of Cul were added, followed by
trimethylamine (2:7 v:v to methanol). The resulting mixture was bubbled with argon for
additional 10 minutes, sealed with septum and stirred for 60h at 55°C. Then it was cooled
on an ice bath and 2,3 equivalents of AgOTf were added, followed by stirring for 1 hour.
The resulting dark suspension was centrifuged, dissolved in acetone:MeOH (3:1 v:v)
mixture and filtered through celites. Evaporation in vacuo and precipitation with Et,O

gave the dark powders of NJOTT].
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To synthetize pure chloride derivatives N[CI], the powders of N[|OTf] were
dissolved in acetone, and 5 eq of tetracthylammonium chloride were added. The reaction
was stirred at room temperature for 24 hours, the resulting suspension was centrifuged,
washed with acetone, dissolved in 2 ml of the DCM:MeOH 9:1 mixture and passed
through the pad with silica to remove tetraecthylammonium salts. Addition of Et,O gave
dark powders of complexes 1N[CI]-nN|[Cl].

Tetrafluoroborate derivative was synthetized by dissolving 1IN[OTf] with 5 eq of
NaBF;, in acetone/methanol solution and stirring this mixture for 24 hours. The resulting
dark-green suspension was washed with water, acetone, diethyl ether and dried.

Pt(terpy)(P1)Cl:, IN[CI]. Dark-red powder, yield 63%. 'H NMR (400 MHz,
DMSO-ds) 6 9.18 (d, J = 4.7 Hz, 2H, terpy), 8.73 (m, 4H, terpy), 8.65 (m, 1H, terpy),
8.55 (t, J=7.3 Hz, 2H, terpy), 7.94 (m, 2H, terpy), 7.93 (m, 2H, P;), 7.86 (dd, J = 8.3,
3.0 Hz, 2H, P;), 7.83-7.76 (m, 8H, P,), 7.72 (m, 2H, P;), 3.16 (d, J = 14.6 Hz, 3H,
Me(P))). *'P NMR (162 MHz, DMSO-ds) 6 22.53 (s, 1P, P)).

ESI HRMS (m/z): caled for [M]**: 364.0823; found: 364.0830. Anal. calcd for
Cs36Ha3CloN3sPPt + 1.2CH,Cl, + 1.1 MeOH: C, 49.11; H, 3.74; N, 4.49%. Found: C, 49.04;
H, 4.09; N, 4.79%. FTIR (KBr): 2120 cm ! (C=C vibration).

Pt(terpy)(P1)(BF4):, 1N[BF4]. Dark-green powder, yield 83%. 'H NMR (400
MHz, DMSO-ds) 6 9.18 (m, 2H, terpy), 8.72 (m, 4H, terpy), 8.65 (m, 1H, terpy), 8.55 (td,
J=28.0,7.7, 1.4 Hz, 2H, terpy), 7.94 (m, 2H, terpy), 7.93 (m, 2H, P;), 7.86 (dd, J = 8.3,
3.0 Hz, 2H, Py), 7.79 (m, 8H, P,), 7.72 (dd, J = 12.9, 8.4 Hz, 2H, P)), 3.16 (d, J = 14.6
Hz, 3H, Me(P))). *'P NMR (162 MHz, DMSO-d;) & 22.53 (s, 1P, P;). ’'F NMR (376
MHz, DMSO-ds) 8 —148.27, -148.32 (°B and ''B respectively, m, 8F, BF,).

Anal. calcd for C36H,3B,FsNsPPt + 0.5CH,Cl,: C, 46.40; H, 3.09; N, 4.45%. Found:
C, 46.60; H, 3.05; N, 4.49%.

Pt(terpy)(P1)(OTf),, IN[OT{]. Dark-green powder, yield 88%. 'H NMR (400
MHz, DMSO-ds) 6 9.19 (d, J = 4.9 Hz, 2H, terpy), 8.72 (m, 4H, terpy), 8.66 (m, 1H,
terpy), 8.55 (td, J = 7.9, 1.3 Hz, 2H, terpy), 7.94 (m, 2H, terpy), 7.93 (m, 2H, P;), 7.86
(dd,J=8.5,3.0 Hz, 2H, Py), 7.79 (m, 8H, P,), 7.72 (m, 2H, P;), 3.16 (d, /= 14.6 Hz, 3H,
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Me(P))). *'P NMR (162 MHz, DMSO-ds) & 22.53 (s, 1P, P;). ’F NMR (376 MHz,
DMSO-de) 6 —77.74 (s, 3F, OTY).

Anal. calcd for Cs;gH,sFsN3;OPPtS,+0.5CH,CL: C, 43.25; H, 2.73; N, 3.93%.
Found: C, 43.01; H, 2.81; N, 4.00%.

Pt(terpy)(P1)(BArF);, IN[BArF]. Red powder, yield 81%. 'H NMR (400 MHz,
DMSO-dc) 6 9.19 (d, J= 5.4 Hz, 2H, terpy), 8.72 (t, /= 8.2 Hz, 4H, terpy), 8.65 (m, 1H,
terpy), 8.55 (m, 2H, terpy), 7.94 (m, 2H, terpy), 7.93 (m, 2H, P,), 7.86 (dd, J = 8.5, 3.0
Hz, 2H, P;), 7.79 (m, 8H, P,), 7.74 (s, 8H, BArF), 7.72 (m, 2H, P,), 7.63 (m, 16H, BArF),
3.16 (d, J = 14.6 Hz, 3H, Me(P;)). *'P NMR (162 MHz, DMSO-ds) & 22.53 (s, 1P, P)).
F NMR (376 MHz, DMSO-ds) § —61.57 (s, 48F, BArF).

Anal. calcd for Cio0H35B2F4sN3sPPt: C, 48.92; H, 2.13; N, 1.71%. Found: C, 49.21;
H, 2.60; N, 1.90%.

Pt(terpy)(P2)Clx, 2N[CIl]. Dark-red powder, yield 62%. 'H NMR (400 MHz,
DMSO-de) 6 9.23 (d, J = 4.7 Hz, 2H, terpy), 8.73 (m, 4H, terpy), 8.64 (m, 1H, terpy),
8.55 (td, J= 8.0, 1.3 Hz, 2H, terpy), 8.12 (dd, J=8.4,2.7 Hz, 2H, P»), 7.97 (m, 2H, terpy),
7.94-7.89 (m, 2H, P;), 7.88-7.75 (m, 12H, P,), 7.69 (m, 2H, P,), 3.21 (s, 3H, P,). *'P
NMR (162 MHz, DMSO-ds) 6 22.52 (s, 1P, P»).

ESI HRMS (m/z): caled for [M]**: 402.0980; found: 402.0987 Anal. calcd for
C4H3,ClLoNsPPt + 1.3CH,Cl, + 1MeOH: C, 52.26; H, 3.82; N, 4.13%. Found: C, 52.16;
H, 4.06; N, 4.40%. FTIR (KBr): 2118 cm™! (C=C vibration).

Pt(terpy)(Pn)Cla, nN[Cl]. Dark-green powder, yield 78%. 'H NMR (400 MHz,
DMSO-ds) 6 9.21 (d, J =4.7 Hz, 2H, terpy), 8.80 (m, 1H, P,), 8.76 (m, 4H, terpy), 8.68
(m, 1H, terpy), 8.57 (td, J = 7.4, 1.0 Hz, 2H, terpy), 7.96 (m, 2H, terpy), 8.01-7.73 (m,
13H, Py,), 7.62 (t, J = 8.1 Hz, 1H, P,), 7.55 (dd, J = 16.9, 7.7 Hz, 1H, P,), 3.29 (s, 3H,
Me(P,)). *'P NMR (162 MHz, DMSO-d;) & 22.07 (s, 1P, P,).

ESI HRMS (m/z): caled for [M]**: 389.0909; found: 389.0884. Anal. calcd for
C4oH30CloN3sPPt + 1.3CH,Cl, + 1MeOH: C, 51.21; H, 3.72; N, 4.24%. Found: C, 51.22;
H, 4.00; N, 4.61%. FTIR (KBr): 2107 cm ! (C=C vibration).
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3.6. Synthesis of Pt(II) mono-alkynyl complexes with ancillary N*N”N
ligand

The synthesis of CNC complexes was carried out according to the modified
literature method [97]. At the first step, 0.28 mmol (2 eq) of corresponding
alkynylphosphonium ligand P; was dissolved in 10 ml of freshly distilled THF, degassed
and cooled to —50°C. Then, 10% excess of 2.5M nBuLi hexanes solution was added (ca.
0.1 ml). The resulting yellow solution was stirred for half an hour. After that, 0.14 mmol
(1 eq) of [Pt(CNC)dmso] was added under argon and the reaction mixture was left to stir
overnight, slowly coming to the room temperature. The resulting suspension was
centrifuged. The orange precipitate was washed with DCM (4 times), methanol (1 time),
diethyl ether (1 time) and dried in vacuo.

[Pt(CNC)(P1)], 1CNC. Orange powder, yield 56%. 'H NMR (400 MHz, DMSO-
ds) 0 7.87 (m, 2H, P;), 7.77 (m, 8H, P;), 7.76 (m, 2H, CNC), 7.66 (t, J = 7.9 Hz, 1H,
CNC), 7.50 (m, 6H, P,), 7.49 (m, 2H, CNC), 7.03 (m, 2H, CNC), 6.92 (m, 2H, CNC),
3.06 (d, J=14.3 Hz, 3H, Me(P;)). *'P NMR (162 MHz, DMSO-ds) § 21.74 (s, 1P, P)).

ESI HRMS (m/z): calcd for [M+H]": 725.1687; found: 725.1689. FTIR (KBr):
2068 ¢cm™! (C=C vibration). Single crystals of 1CNC were obtained by the slow
evaporation of diluted acetone solution. 1ICNC: (I12/c (15), a = 24.9558(8), b =
12.2843(3), ¢ =21.9034(7) A; 0.= 90, B = 115.373(4), y =90 °; V= 6067.1(4) A%; Z= 4;
R =4.82%; CCDC 2383597).

[Pt(CNC)(P2)], 2CNC. Orange powder, yield 66%. 'H NMR (400 MHz, DMSO-
ds) 0 8.07 (dd, J = 8.5, 2.8 Hz, 2H, P»), 7.90 (m, 2H, P,), 7.84 (m, 2H, CNC), 7.77 (m,
10H, P»), 7.70 (d, J= 8.5 Hz, 2H, P»), 7.65 (t, J= 7.9 Hz, 1H, CNC), 7.48 (d, /= 7.9 Hz,
2H, CNC), 7.38 (d, J = 24.3, 8.4 Hz, 4H, P»), 7.06 (m, 2H, CNC), 6.93 (m, 2H, CNC),
3.13 (s, 3H, P;). *'P NMR (162 MHz, DMSO-ds) § 22.21 (s, 1P, Py).

EST HRMS (m/z): calcd for [M+H]": 801.2004; found: 801.2001. FTIR (KBr):
2073 cm™! (C=C vibration).
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[Pt(CNC)(Pw)], nCNC. Dark-brown powder, yield 8%. ESI HRMS (m/z): calcd
for [M+H]": 775.1845; found: 775.1840. FTIR (KBr): 2053 cm™!' (C=C vibration).
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CONCLUSION

In this work, the following results were obtained:

1. A set of alkynylphosphonium salts, D-n-A type compounds with different
linkers that can act as ligand due to the C=C donor site (4 compounds in total) have been
synthesized.

2. Six series of platinum(II) alkynylphosphonium complexes (29 compounds
in total) were synthesized, among them:

(1) Bis-alkynylphosphonium complexes based on 4,4'-di-tertbutyl-2,2'-
bipyridine in cis-configuration (8 compounds);

(2) Bis-alkynylphosphonium complexes with additional triphenylphosphine
and cyanide ligands in trans-configuration (6 compounds);

(3) Mono-alkynylphosphonium complexes based on tridentate N"N"N
2,2":6',2"-terpyridine and cyclometallating C*N”N and C*"N”C ligands 6-
phenyl-2.2'-bipyridine and 2,6-diphenylpyridine (15 compounds).

3. The influence of charged phosphonium group in alkynylphosphonium ligand
on copper-catalyzed chloride to alkyne substitution reactions was investigated. The
optimization of the corresponding synthesis methods was carried out.

4. The obtained complexes were characterized by a full set of modern
physicochemical analysis methods, including polynuclear ('H, *'P{'H}, F{'H}) NMR
spectroscopy and two-dimensional "H'H COSY NMR spectroscopy; high-resolution
electrospray ionization mass spectrometry in positive mode (ESI+), IR spectroscopy and
elemental analysis. The structures of seven compounds were established by X-ray single
crystal analysis.

5. Optical and photophysical properties of all obtained platinum (II) complexes
were characterized using absorption spectroscopy in solution and luminescence
spectroscopy both in solution and in solid state. The lifetime of excited states and
luminescence quantum yields were measured both in aerated and deaerated solution and
in solid state, and the stimuli-responsive and nonlinear optical properties of the obtained

compounds were investigated.
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Based on the results obtained, the following conclusions can be drawn:

1. For bis-alkynylphosphonium complexes of platinum(Il) in the cis-
configuration of NN[CI] and NN[BATrF] series, the luminescence depends not only on
the structure of alkynylphosphonium ligands, but also on aggregation effects. Increasing
the length of the linker leads to a bathochromic shift in luminescence in solution, allowing
structure-property correlation and using this to obtain emitters with desired photophysical
characteristics. Introduction of alkynylphosphonium fragment along with bulk tert-butyl
groups in the diimine ligand leads to the appearance of stimuli-responsive properties and
enhancement of nonlinear-optical (two-photon absorption and emission) properties of the
obtained complex compounds.

2. The geometrical arrangement of alkynylphosphonium ligands in different
positions around the metal is able to fundamentally change the character of luminescence
in the solid state. The trans- positioning of alkynylphosphonium ligands improves the
conjugation between them, leading to dominant ligand-centered emission. The
controllability of emission by varying the length of the linker, however, is also seen in
trans- systems, allowing the design of phosphors with a given emission wavelength. The
introduction of a phosphonium fragment at the periphery of the ligand environment leads
both to the appearance of double emission in some systems and to the appearance of bright
3LC emission in the P[OTf] series. This series is the first example of trans-alkynyl
complexes of platinum(Il) with additional aryl phosphine ligand possessing triplet
emission in solid state.

3. Mono-alkynylphosphonium complexes of platinum(I) with additional
NAN”N and C*N”N ligands also obey the general trend for the bathochromic shift of
emission in solution with increasing linker length, but to a lesser extent than bis-
alkynylphosphonium derivatives. The luminescence character of these systems in the
solid state is determined by packing and metallophilic interactions. Also in this work it
was shown for the first time that the increase of the anion size can increase the emission
energy in the solid state.

4. The introduction of charge transfer systems as ligands into the coordination

environment allows to “turn on” the luminescence of monoalkynylphosphonium
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complexes of platinum(II) based on C*N”C ligands. It was shown for the first time the
presence of emission in solution and solid state at room temperature for such compounds.
Unfortunately, it seems that the leading role in phosphorescence quenching in C*"N*C
systems is played by distortions of the structure under excitation, which does not allow
to obtain effective luminescence.

5. The presence of a naphthyl linker in an alkynylphosphonium ligand is a
determinant of the nature of alkynylphosphonium complexes’ luminescence in solution,

regardless of the ancillary ligands.



1,2-DCE
I9F {H}
BODIPY
COSY
DCM
DMF
DMSO
dpbz
dphpy
dtbpy
ESI+
ILCT
IR

LC
LLCT
LUMO
MC
MLCT
MMLCT
MTHF
NHC
NMR
OFET
OLED
phbpy
PMMA
Ry
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LIST OF ABBREVIATIONS

1,2-dichloroethane

F without spin-spin interation of '°F and 'H

boron-dipyrromethene

correlation spectroscopy
dicloromethane
N,N-dimethylformamide
dimethylsulphoxide
2,6-dipyridylbenzene
2,6-diphenylpyridine

4,4’ -ditertbutyl-2,2’-bipyridine
positive-mode electrospray ionisation
intra-ligand charge-transfer

infrared

ligand-centered

ligand-to-ligand charge-transfer
lowest unoccupied molecular orbital
metal-centered

metal-to-ligand charge-transfer
metal/metal-to-ligand charge transfer
2-methyltetrahydrofuran
N-heterocyclic carbene

nuclear magnetic resonance

organic field-effect transistor
organic light-emitting diodes
6-phenyl-2,2’-bipyridine
polymethylmetacrylate

retardation factor



SSI
TD-DFT
TEACI
terpy
THF
TMACI
XRD
HOMO
MO
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spin-spin interation

time-dependent density functional theory
tetracthylammonium chloride
2,2":6',2"-terpyridine

tetrahydrofuran

tetramethylammonium chloride

X-Ray diffraction analysis

highest occupied molecular orbital

molecular orbital
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Figure S11. FTIR spectra of NN[BArF] in the region of C=C vibration, KBr.

Figure S12. ORTEP view of 2NN|CI] molecular structure, the thermal

ellipsoids are set at a 50% probability level. Counterions are omitted for clarity.
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Figure S13. Fragment of crystal packing of 2NN[CI]. Counterions are omitted
for clarity.
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Figure S17. 'H (top), *'P{H} (bottom) spectra in
aromatic range of 1CN.

All NMR spectra were measured in DMSO-dg.
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vibration, KBr.
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Figure S29. ORTEP view of 2C[Cl] molecular structure, the thermal ellipsoids

are set at a 50% probability level.
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Figure S30. Fragment of crystal packing of 2NNJ[CI]. Counterions are omitted

for clarity.
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Figure S31. Schemes of unsuccessful syntheses for Pt(I[) NCN complexes. 1:
MeOH, 1 eq. KOH, 18/48/72 h, or DCM:Et;N 7:2, 5 mol.% Cul, 24/48 h. 2:
MeCN, 1 eq. AgOTTf. 3: 2 eq. KOH, 24 h.
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Figure S42. ORTEP view of 1CNC molecular structure, the thermal ellipsoids

are set at a 50% probability level.



175

7 L 1 i 1 L | i 1 1 1 L 1 i 1 i 1

1[ = 1NN[BArF] 0.997

64| o 2NN[BArF] ¥
s 1| # 3NN[BArF] /" 0.998
© 59| v nNN[BArF] A -
B 4] o 0.996
o g
e 7 (|
5 31 A -
9 _—Y" 0998

1— ."./ r//r’

| //L/

0 '/I ' T i I I I ' I I I

0 2 4 6 8 10 12 14 16 18

P2, 104 W2

Figure S43. Power dependence of the upconverted luminescence intensity of

NN[BATrF] series (MeCN, r.t.). R-factors of linear fits are indicated on diagram.



normalized emission intensity

emission intensity

Figure S44. Stimuli
nNN|BArF], r.t.

normalized emission intensity

grinding

+ Et,0

+ CeFs

DCE
. 2NN[BAF]

.
/ .
a
.
. C
L 5
. {n
.
[T LE) . T

450 500 550 600 650 700 750 800 850 900
wavelength, nm

.{
”kahq,f'

450 500 550 600 650 700 750 800 850 900
wavelength, nm

------ solid
grinding

+ Et,0
+ CgFg

drying

“|:-o- 1,2DCE
. LT I
/ “... S| NNN[BArF
450 500 550 600 650 700 750 800 850 900
wavelength, nm

responsive normalized emission spectra of 2NN|[BArF]-



177

] 520
05| L0 | 0s| 4
500 1 g 2 500 3
044 _ : 044
: 2 : 620
0.2+ ) . 024
| 480 480°
1NN[BATrF] 2NN[BAFF]
0.0 T T T 1 0.0 T T T T T T T 1
00 o1 02 03 04 05 06 07 08 00 o1 02 03 04 05 06 07 08
X X
520
05| L0
500 1y
= = .
04 Y
: 620
0.2
: 480°
3NN[BArF] nNN[BATrF]
. T T T 1 0.0 T T T T T T T 1
00 o1 02 03 04 05 06 07 08 00 o1 02 03 04 05 06 07 08
X X

Figure S45. CIE 1931 coordinates for NN[BArF] series under different
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Legend: solution [1,2-DCE, 107> M, r.t.], solid [“as-obtained” powder, r.t.], 1 [powder
after grinding] — 2 [+ Et20] — 3 [+ C¢F¢] — 4 [dried powder].
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Figure S48. UV-vis absorption spectra of complex 2P[OTf] before and after UV

irradiation (365 nm).
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Figure S49. Ligands used in Ref. [43].
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Figure S50. UV-vis spectra of C[X] and N[X] series.
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Table S1.  Crystallographic data for compounds of NN[CI] series.
Compound INN[C]] 2NN[C]]
Formula Ce2He2CIsN2PoPt C72HesCIoN2P2Pt
Crystal system triclinic orthorhombic
a(A) 12.22580(10) 26.5050(5)

b(A) 15.0341(2) 15.4826(3)

c(A) 19.24880(10) 17.1901(4)

a(®) 89.8380(10) 90

B(® 73.6110(10) 90

v (°) 69.2840(10) 90

V(A3 3156.20(6) 7054.2(3)
Molecular weight 1269.41 1287.19

Space group (number) P1(2) Pbcn (60)

u (mm™") 6.864 5.132
Temperature (K) 100.00(10) 99.9(3)

zZ 2 4

Pealc (g/cm ™) 1.336 1.212

Crystal size (mm?®)

0.06x0.12x0.12

0.1x0.13x0.17

Diffractometer SuperNova, Single SuperNova, Single
source at offset/far, source at offset/far,
HyPix3000 HyPix3000

Radiation Cu K, CuK,

Total reflections 68717 25297

Unique reflections 11527 6504

Angle range 26 (°) 8.09 to 138.15 6.61 to 138.80
(0.83 A) (0.82 A)

Reflections with |Fo| > 10954 4730

4o

Rint 0.0317 0.0324

Ro 0.0182 0.0261

Ri1 (|Fo| > 40r) 0.0409 0.0480

WR> (|[Fo| > 40F) 0.1116 0.1333

R (all data) 0.0426 0.0621

wR> (all data) 0.1131 0.1527

Goodness-of-fit on F? 1.049 1.024

Dimax, Pmin (€/A%) 2.41/-1.27 1.30/-0.61

CCDC number 2269523 2269524

Ri = Z||Fo| — |Fell/ZIFof; wR2 = {Z[W(Fo” — F&)V/Z[W(Fo*) 1} w
=1/[6*(F,?)H@aP)? + bP], where P = (Fo* + 2F2)/3; s = {Z[w(Fo> — F)]/(n —

p)}l/z

parameters.

where 7 is the number of reflections and p is the number of refinement
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Table S2.  Selected structural parameters of NN[CI] series.
Bond lengths, A Literature range, A
INN[C]] 2NNI[C]
Pt1-N1 2.054(3) 2.064(4) 1.959-2.077
Pt1-N2 2.062(3) 2.064(4)
Pt1-C19 1.951(4) 1.966(6)
1.932-1.994
Pt1-C40 1.968(4) 1.966(6)
C19-C20 1.211(6) 1.189(7)
C40—C41 1.205(6) 1.189(7) HO7e 24
Bond angles, ° Literature range, °
NI1-Pt1-N2 78.88(13) 78.6(3) 76.81-79.27
C19-Pt1-C40 87.91(15) 87.4(3) 85.75-91.88
Table S3.  Selected structural parameters of P[OT].
Bond lengths, A
TPOTT SPIOTH] Literature range, A
Pt1-Cl1 2.020(3) 2.024(4) 1.981-2.053
Pt1-P2 2.3143(7) 2.3053(9) 2.286-2.325
C1-C2 1.195(5) 1.186(6) 1.188-1.223
Bond angles, ° Literature range, A
C1-Pt1-C1° 180.0 180.0 179.68-180.0
P2—Pt1-P2’ 180.0 180.0 179.68-180.0
C1-Pt1-P2 92.85(8) 92.16(11) 92.54-94.10
C1-Pt1-P2’ 87.15(8) 87.84(11) 85.90-87.46
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Table S4.  Crystallographic data for compounds of P[OTf] and CNC.
Compound 1P[OT{] nP[OT{] 1CNC
Formula CssH76F6OsP4PtS, CssHesFsOsP4PtS) C79He2N2OP, Pt
Crystal system triclinic triclinic monoclinic
a(A) 9.27050(10) 9.5089(2) 24.9558(8)
b (A 14.1404(2) 11.4039(2) 12.2843(3)
c(A) 14.58660(10) 19.8310(3) 21.9034(7)
a(®) 85.9460(10) 77.297(2) 90
B (°) 79.6510(10) 78.273(2) 115.373(4)
v (°) 88.9410(10) 66.447(2) 90
V(A% 1876.29(4) 1906.97(7) 6067.1(4)
Molecular weight 1734.55 1718.51 1507.42
Space group (number) P1(2) P1(2) 12/c (15)
u (mm) 5.440 5.329 9.385
Temperature (K) 99.99(10) 100.00(10) 100.00(10)
Z 1 1 4
Peale (g/cm ™) 1.535 1.496 1.650
Crystal size (mm?) 0.08x0.1x0.23 0.05x0.07x0.09 0.08%0.14%0.18
Diffractometer SuperNova, Single SuperNova, Single SuperNova,
source at offset/far, | source at offset/far, | Single source at
HyPix3000 HyPix3000 offset/far,
HyPix3000
Radiation Cu K, Cu K, Cu K,
Total reflections 36952 18463 5420
Unique reflections 6965 7051 5420
Angle range 20 (°) 6.17 to 138.46 4.61 to 138.33 7.84 to 138.18
(0.82 A) (0.82 A) (0.83 A)
Reflections with |Fo| > 6772 6883 5196
4or
Rint 0.0859 0.0430 0.0395
Ro 0.0507 0.0492 0.0348
Ri (|[Fo| = 4orF) 0.0382 0.0415 0.0482
WR (|[Fo| > 40F) 0.0914 0.1052 0.1425
Ry (all data) 0.0397 0.0425 0.0494
wR> (all data) 0.0924 0.1063 0.1441
Goodness-of-fit on F2 1.037 1.064 1.074
Pmax, Pmin (e/A%) 2.35/-1.88 1.43/—1.58 3.83/-1.41
CCDC number 2360483 2360484 2383597

Ri = Z[|Fo| — |Fell/E|Fo|; wR2 = {Z[W(Fo* — FEPVEIW(Fo Y1} % w =1/[6*(Fo’)+aP)” + bP],
where P = (Fo> + 2F2)/3; s = {Z[W(Fo* — F2)]/(n — p)} " where n is the number of
reflections and p is the number of refinement parameters.
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Table S5.  Selected structural parameters of 1CNC.
Bond lenghts, A Bond angles, °
Pt1-N1 2.016(6) C1-Pt1-C17 160.5(3)
Pt1-Cl1 2.064(7) NI1-Pt1-C1 80.4(3)
Pt1-C17 2.063(7) N1-Pt1-C17 80.1(3)
Pt1-C18 1.944(7) C1-Pt1-C18 99.1(3)
C18-C19 1.228(10) C17-Pt1-C18 100.3(3)

Table S6. Optical and

complexes in MeCN solution, r.t.

photophysical properties of NN[BArF]

7,7 ns D, %
Complex ;\.abs, nm )\.em,* nm
aer. deaer. aer.
INN|BArF] 307, 318, 372 510 20.1 20.8 <]
2NN|[BArF] | 266, 321, 339, 390 537 203.4 2533.7 <1
3NN|[BArF] | 273, 323, 336, 390 558 182.7 5026.9 <1
nNN|[BArF] 320, 350, 386 563 377.8 21189.3 <1

" hex 365 nm. * Aex 351 nm




Table S7.

mechanical grinding and after fuming with Et,O

Photophysical properties of NN[BArF] complexes after

Aem after
Aem after T after T after fuming QY after
Complex . fuming with » » .
grinding, nm . grinding, ns with Et2O," ns grinding, %
Et20,” nm
598 [503 nm] 250 [500 nm]
INN[BArF] 503, 634 500, 638 20.8
904 [634 nm] 713 [638 nm]
s 1010 [541 nm]
2NN[BATrF] 541, 649 53777, 659 529 [659 nm] 7.4
808 [649 nm]
1026 [560 nm] 850 [562 nm]
3NN[BATrF] 560, ~648 562, 648 3.5
863 [648 nm] 796 [648 nm]
4247 [568 nm] 3110 [574 nm]
4NN[BATrF] 568,617 574, 628 2.4
2601 [617 nm] 2222 [628 nm]

" hex 365 nm. " dex 351 nm. " very low intensity




