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ABSTRACT

Nowadays, the research related to the development of efficient light generating
molecular materials (luminophores), based on the rational design at the molecular
level, is of primary importance. The worldwide academic and industrial interest in
the large family of chemical entities exhibiting this optical phenomenon is deter-
mined by their extremely broad range of applications in advanced technologies,
which, in particular, cover the fields of biomedical visualiza-
tion/diagnostics/therapy, light-emitting devices, new sensing techniques, pho-
toswitches/smart responsive materials, and photovoltaic cells. To meet the constant-
ly raising requirements of the related areas, many elegant and practical strategies
have been successfully applied for the construction of organic chromophores with
the desired physical properties. Among them, one popular approach relies on the
use of phosphorus to form a diversity of acyclic/cyclic scaffolds (i.e., phospholes,
phosphinines, phosphine oxides, and metal-organic phosphine complexes) capable
of emitting light. One major beneficial feature of organophosphorus blocks is their
ability to significantly impact the electronic properties of dyes. A relatively easy
chemical modification of a trivalent phosphorus center (i.e., oxidation, complexa-
tion, and alkylation) is a typical way to convert it into an electron acceptor (A) and
therefore, to tune the optical characteristics of the entire organophosphorus motif.
Simultaneously, the electron-deficient nature of the P-containing units (A: RsP=E,
E=0, S; R4P*, efc.), combined with the electron donor moieties (D) in one molecule,
can give raise to intramolecular charge transfer (ICT), thereby resulting in the dra-
matic modulation of the physical behavior. In view of these advantages, versatile
phosphorus motifs have been utilized as powerful tuning tools in molecular design
and chemical engineering.

The research presented in this thesis highlights the great potential and im-
portance of the electron-accepting phosphorus center for the development of new
chromophores of a general donor-acceptor (D-A) architecture, with the aim to at-
tain high tunability and adaptivity of the optical characteristics. Particularly, three



different approaches, which utilize electron deficient phosphonium (R2P*</ RsP+-)
and gold(I)-phosphine (-Ph2P-Au'-) motifs, were explored for the construction of
D-A dyes. Their photophysical properties were controlled by adjusting the optical
band gap, primarily achieved via systematic alteration of the m-conjugated organic
core of the chromophores. The incorporation of the phosphonium unit into the pol-
yaromatic scaffolds by facile intramolecular copper(ll)-mediated phospha-
annulation reaction allowed the elaboration of a series of very efficient P-
heterocyclic fluorophores with emission colors spanning from deep blue to near-
infrared (420-780 nm) in solution and quantum efficiencies up to unity. The ionic
nature of these polycyclic dyes provided decent water solubility that made them
suitable for bioimaging application. In turn, tailoring the pendant phosphonium
group (RsP*) to the emissive fragments D-m— delivered topologically simple linear
D-m—A* cationic luminophores with a plethora of colors ranging from sky blue to
deep red (487-709 nm). Unexpectedly, certain dyes within this series demonstrated
anomalous dual emission, resulting from the photoinduced ICT and an unconven-
tional counterion migration that occurred in the non-dissociated ion pairs. Ulti-
mately, merging the donor-acceptor phosphine-gold fluorophores with europium
(red emitter) afforded Au-Eu dyads, which exhibited a wide variation of lumines-
cence colors, including white light emission, and illustrated a convenient strategy
for the development of panchromatic luminophores with dynamic photophysical
behavior.

University Decimal Classification: 535.371, 535.373.1, 546.18, 628.9.03, 661.143

CAB Thesaurus: organophosphorus, solvatochromism, donor-acceptor, intramolecular
charge transfer, phospha-dyes, chromophores, fluorescence, metal-organic complexes
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1 INTRODUCTION

In a passionate aspiration to attain the elixir of life and the "philosopher's stone"
after hundreds of various unfortunate experiments, in 1669, the famous German
alchemist and pharmacist Henning Brandt identified a new element, which he
named phosphorus.! The white crystalline powder, obtained during the sublima-
tion of urine sludge, readily ignited in air and glowed in the dark after exposure to
oxygen (Figure 1). Brandt defined the new element by the Latin words “phosphorus
mirabilis,” which literally means miraculous light bearer. Eventually, the scientist
did not magically turn the obtained "light and fire" into gold or any of the other
noble metals; however, as a result of his contribution, after almost four hundred
years since its discovery, phosphorus chemistry today constitutes a vital part of
chemical science and everyday life.

Figure 1. Discovery of the phosphorus element by Henning Brandt, painted by Joseph
Wright in 1771.

The widespread presence of phosphorus in bound form (there are >10¢ known
phosphorus-containing compounds) arises from the particular electronic
configuration of the family of elements known as pnictogens, which form Group
VA(15) of the periodic table. Phosphorus (symbol P) is a non-metallic p-block
element with the atomic number 15 and weight 30.974 g/mol, which is defined as
the second most important and abundant pnictogen after nitrogen. Owing to its
[Ne]3s23p? electronic shell, phosphorus favors the valences three and five and
generally appears in linear, tri-, tetra-, and hexa-coordinated compounds to form
covalent, ionic, and even metallic bonds. Compared to nitrogen, phosphorus
demonstrates high chemical reactivity and is unavailable in the earth’s crust and
atmosphere in its free form; however, it is often found as a main component in
many inorganic phosphate rocks and minerals.
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Phosphorus is essential for all known forms of life: phosphates (PO4*) are major
structural blocks of the nucleic acids (DNA and RNA), energy carriers (ATP and
ADP), nutrition proteins, and phospholipids and are located in the skeleton,
muscles, and nervous tissue.

o]
1
o’oﬁp“o
yH 0.0 0O, -OH =
< OH PN Hog 5 \
Ho u ” OH NH \_\ HO,P\)'I\N 0]
Cl
Zoledronate Cytoxane PALA OH Triphenylphosphate
biphosphonate medication anti-cancer chemotherapy drugs plasticizer and fire-retardant
0, 0
0] I}
0¢ ] ~, R~ J
\©\ ’P\ HQ’F:A HO F’\'/N\‘)LOH /P[IO/L N“\O
OH F | \r‘\ll
Parathion Fosfomycin Glyphosate Sarin Tabun

insecticide and acaricide  broad-spectrum antibiotic ~ broad-spectrum herbicide  extremely toxic nerve gases
Figure 2. Selected organophosphorus derivatives and their uses.

Since the nineteenth century, the use of phosphorus compounds in industry and
low-tech fields (e.g. as fertilizers, pesticides, detergents, and flameproof agents) has
increased greatly (Figure 2).2 Later, starting from the middle of the twentieth
century, in virtue of the progress in organophosphorus chemistry, the significant
role of this element has been maintained in the newest high-technology areas.
These include nano-engineering, new electronic and optical materials,>* anti-cancer
chemotherapy drugs>® in medicine, and vectors in gene therapy’. Distinctly
standing out is their utilization as chemical warfare, e.g., the colorless and odorless
organophosphates VX, Sarin, and Tabun are extremely toxic substances in
minuscule doses and are 26 times deadlier than cyanides.??

Organophosphorus chemistry now represents an eminent segment of chemical
science. The pioneering research breakthroughs are associated with the seminal
works of August Michaelis and Aleksandr Arbuzov on the synthesis of various
phosphonates, phosphinates, and phosphine oxides. Further development of the
field has led to the disclosure of phosphorus yilides and imides, phosphonium
salts, and phospholes for P-X and C-X bond formation, where X can be almost any
main group element.?!® The scientific community has highly appreciated the
importance of these early contributors, many of which were immortalized by
naming the corresponding organophosphorus reactions after them (e.g., Michaelis—
Arbuzov, Wittig, Horner-Wadsworth-Emmons, Abramov, Appel, Staudinger, etc.)
and awarding the Nobel Prize for the most prominent advances (1957/L. Todd;
1979/H. C. Brown and G. Wittig). On the other hand, organophosphorus derivatives
serve as a diverse functional toolbox for coordination and organometallic chemistry
to produce numerous metal complexes, supramolecular assemblies, and clusters. In

14



addition to their fundamental role in the preparation of metal compounds, it is
difficult to underestimate the impact of phosphines as spectator ligands on modern
organic syntheses. This area has displayed a dramatic progress as a result of the
abundant metal-catalyzed organic transformations, spanning from fine
enantioselective catalysis!-1® to large-scale industrial processes (hydrogenation and
formylation, poly- and oligomerization, efc.).1

Finally, with reference to the etymological origin of the name of the element
(“light bearer”), the phenomenon of photoluminescence, i.e., the re-emission of light
after illumination, is one of the key features of many (metal)-organophosphorus
compounds that has been actively studied over the last decades. The continuous
growth in research interest in the development of new light-emitting phosphorus-
based materials is stimulated by their successful applications in biology and
medicine as dye vectors for screening and tracking, photovoltaics and organic light-
emitting diodes (OLEDs) as emitting and charge injecting/transporting layers,
sensing and detecting devices as stimuli-responsive species, etc.!>?? The raising
demands of these practically important fields require the judicious design of new
chemical entities with the high tunability and tailorability of optical characteristics.

1.1 GENERAL OVERVIEW AND OPTICAL FEATURES OF OR-
GANOPHOSPHORUS COMPOUNDS

For a long time, organic optoelectronic materials were predominantly constructed
of light second-row atoms (carbon, nitrogen, and oxygen).?* In the search for novel
physical properties, diversification of the molecular design relied on the addition of
heavier hetero-elements such a sulfur,?3-26 selenium, 2728 silicon,?32° boron,?32%-32 and
particularly phosphorus to the m-conjugated carboskeleton. The utilization of the
latter element has offered unique reactivity through the facile transformation of the
trivalent P-center into tetra- and pentavalent derivatives, owing to its appreciable
nucleophilicity and coordination ability. This change in the oxidation state substan-
tially affects the energy of the highest occupied and lowest unoccupied molecular
orbitals (HOMO/LUMO), which primarily regulate the processes of light absorp-
tion and emission. Moreover, phosphorus is considered as a “carbon copy” or “photo-
copy,” owing to the comparable element electronegativities (2.2 for phosphorous
versus 2.5 for carbon), chemical analogy and ionization energies of the P=C (P=P)
and C=C bonds, and isolobality of the tertial configuration PRsto C-sp® fragments.3*-
% The aforementioned arguments indicate a possible avenue for the rational design
of new photofunctional compounds, which might allow an accessible modulation
of their optoelectronic properties by careful consideration of suitable phosphorus
synthons to tune the HOMO/LUMO gap.

The nomenclature to describe the phosphorus center was accepted after the
discovery of low- and hyper-coordinate species (e.g. diphosphenes and
phosphoranes), which currently uses the two-symbol notation AXoX. The first index
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AXrepresents the valence number, which is equal to the number of bonds in which
the phosphorus atom is involved. The second term oX is defined as the coordination
number and corresponds to the number of atoms that are directly bonded to the
phosphorus center.?

The organophosphorus compounds with the A%c® configuration of the P-atom
bear three alkyl/aryl substituents connected by P-C bonds. Among them,
phosphines, phospholes, and phospholanes (Figure 3A) are found to be versatile
building blocks for the construction of more sophisticated derivatives via the
modification of the phosphorus center. This reactivity originates from the electronic
structure of the A%0® center, which can donate a lone pair (Lewis o-base) and accept
external electron density into the o*(P-C) molecular orbitals (Lewis m-acid).
Typically, such compounds demonstrate negligible luminescence, owing to the
effective non-radiative relaxation of the excited state as a result of photoinduced
electron transfer.3% To date, few highly emissive phosphines have been reported
in the literature.## Consequently, the deactivation of the electron pair by forming
covalent bonds with chalcogens (O, S, and Se), metals, organic groups (alkyl/aryl),
and Lewis acids (BRs), by means of oxidation, quaternization, and coordination
reactions, leads to diverse photophysical behavior of the A50*- and A*o*-P successors
(Figure 3A).1641.44 The rare examples of photoluminescent compounds with other
phospha-centers (not listed in Figure 3), e.g., A%c? phosphinines and A’c*
diphosphenes, will be considered below (Chapter 1.3.3).

A E B 15¢
| phesphine cxidersulfide s o ¢ S TTI—T,
hﬁﬂ" ,Pq, ﬂ! phosphinates - i . i ATSC
Ry R phosphinines . : e ats |
: phosphaphenalenes L ] 5, 41
h‘u' E= D_ '5_ SE_ C< 5|'_,5o 5 *—5,
0 l|L ¥ Fluorescence TADF
+
R.I_',Pw; Ry Mo H/Pg‘-‘ R, phosphonium sals
i
; s R Dual emission Phosphorescence
ﬁi::::; 5T _.\:.ﬁ'.' 5" :I
phospholanes I'i-'-Ln transition metal 1 T iy o
ey complexes obs ! | iwhi |
nRon-emissive Mot _,-Pw'.:u R, M =4Au Ag Cu Pt Re etc - : | 5, : |
R =Board
] L =ligan T4 55, T =S,

Figure 3. A: Diversity of organophosphorus fragments and B: Typical emission behavior of
(metal)-organophosphorus emitters.

Following light absorption, most luminescent organophosphorus species display
prompt fluorescence — a spin-allowed radiative relaxation (S1*—So) characterized by
the short excited state lifetimes (t ~ps and ns; Figure 3B). Alternatively, molecules
with a high degree of spin-orbit coupling (SOC) may change their spin multiplicity
and undergo a non-radiative transition from the singlet excited state (S1%) to a lower

16



energy triplet state (T1") via intersystem crossing (ISC). The probability of this
process depends of the degree of SOC, which is proportional, among other factors,
to the mass of the atom(s) attached to the chromophore motif. Therefore, a
“forbidden” room-temperature phosphorescence relaxation (T1*—So) might operate
for complexes containing heavy metals (i.e.,, Au!//", Ag!, Cul, Ptl, Re!, Ir'l, etc.).454
Because of their different multiplicity, the T1*—So transitions are relatively slow and
occur in a milli- or microsecond timescale.

Notably, the excited state relaxation cannot be always solely classified as
fluorescence or phosphorescence and might occur through a more sophisticated path-
way. For instance, thermally activated delayed fluorescence (TADF; Figure 3B), appears
if the excited states S1* and Ti* are close in energies (i.e., near-zero singlet-triplet
energy splitting, AEsr <1000 cm? or 0.3 eV), and the reverse ISC process (RISC)
takes place under ambient conditions because of thermal activation. In this case, the
excited molecule decays back via the radiative transition S1*—So in a timescale
between those of fluorescence and phosphorescence. The aforementioned concept of
TADF theoretically allows for approaching the 100% internal efficiency of the
OLED.¥ Alternatively, dual or multiple emission behavior can be realized via
different physical phenomena, e.g., simultaneous radiative relaxation (51" + T1")—So
(Figure 3B),%% a combination of monomer-excimer emissions, conformational or
chemical changes producing different excited species, and the binding of two or
more individual emitters in one molecular entity. This unique behavior is beneficial
for applications comprising ratiometric sensing® and white-light generation.>!

Evidently, the key to the successful tuning of the photophysical properties of
organoelement molecular materials and the perspectives of their further
applications lie around the origin of the HOMO/LUMO. The optical gap can be
controlled according to the following general strategies: (i) modification of the size
and stereochemistry of the hydrocarbon mt-conjugated chromophore; (ii) utilization
of the lateral substituents with electronically contrasting characteristics (i.e.,
construction of donor-acceptor systems); and (iif) incorporation of the heteroatomic
motifs into the polyaromatic hydrocarbon frameworks and their further chemical
modification.

In this view, the number of established synthetic ways to form quite stable P-C
bonds and the selection of organophosphorus units with P-A%0%, ASc%, and Atc*
configurations offer very attractive opportunities for the design of new
chromophores. By means of feasible electronic modifications, which are not always
accessible for conventional organic blocks, phosphorus can significantly expand the
range of di- and multi-polar compounds with new physical and chemical
functionalities.
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1.2 ACYCLIC ORGANOPHOSPHORUS CHROMOPHORES

The widely utilized and readily available tertial A0® aryl phosphines are proba-
bly the main source of engineered acyclic phosphorus-containing chromophores of
several architectures (Figure 4). Three classical approaches are currently used for
the production of various phosphines (Scheme 1).5 First, a relatively soft two-step
procedure I implies the preparation of a pre-designed organometallic aryl or alkyl
precursor (lithium or Grignard species), which is further treated with a chloro-
phosphine derivative (i.e., PCls, PhPClz, and Ph2PCl). The second path II is based on
the reaction between organophosphides (KPPhz and LiPPh2) and arylhalides, where
a halide is typically the fluoride or chloride. The third method III is the catalytic P-
C bond formation using the halo- or triflate arene substrates, diphenylphosphine
(Ph2PH), and Pd as the catalyst.
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Scheme 1. General synthetic approaches to achieve A303 phosphines.

In addition, the Friedel-Crafts acylation reaction IV and the reduction of the A%c*
phospha-derivatives by strong-reducing agents (i.e., silanes) are still employed. The
nucleophilic nature of the A3¢® phosphines determines their possible post-
modification (oxidation, coordination, and quaternization). The pronounced
reactivity of these phosphines towards molecular oxygen, hydrogen peroxide,
elemental sulfur, and selenium has attracted great attention in materials syntheses.

1.2.1 Pendant phospha-chalcogen groups P=E (E = O, S, and Se)

The strong electron-withdrawing ability together with the thermal stability and
chemical resistance of the phosphorus-chalcogen (O, S, and Se) bond and entire ASo*
P-group make this bond a particularly important electronic modifier (Figure 4). In
the case of the highly polar phosphoryl group, the strong P=O double bond charac-
ter (Ediss = 575 kJ/mol) can be expressed by a simple ionic resonance structure P=O
 P+—O-. A significant shortening of the P=O distance (~1.5 A) compared to those of
its sulfur and selenium analogues (~1.9 and 2.1 A, respectively) may be ascribed to
the different bond order [>2 for P=0O, <2 for P=5(Se)], higher electronegativity of
oxygen vs those of the other chalcogens, and the degree of effective negative conju-
gation. The latter model considers intramolecular interaction of the antibonding
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orbitals of the ArsP motif with a filled 2p orbital of the oxygen atom that stabilizes
and strengthens the P=O bond, thus increasing its order.
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Figure 4. Versatile arrangements of the acyclic organophosphorus chromophores decorated
with or built around a Ac* P-group (ArsP=E, E=O, S, and Se).

The simplest representative of this class is the non-luminescent  tri-
phenylphosphine oxide (PhsPO). Substitution of the phenyl rings for the m-
chromophore units leads to versatile phospha-emitters (7)~—(A)y, which display
numerous geometry variations resulting from the ability of one P-center to accom-
modate up to three m-fragments (Figure 4A). For instance, binding of the PhsPO-
group to pyrene (1 and 2; Figure 5) enhances the fluorescence intensity and slightly
red-shifts the emission maximum of the ASc* (Ph2PO)-pyrene derivatives (1: Qem =
91%, Aem = 380 nm, CHCls and 2: @em = 76%, Aem = 386 nm, CH2Cl2) compared to
those of the parent pyrene (®Pem = 28%, Aem = 374 nm, CH2Cl2).535 The impact of the
number of chromophore substituents around the P atom has been studied in a
series of air-stable pyrene-based triarylphosphine oxides [1 m-A, 3 (m)-A, and 4
(m)s-A; Figure 5A]% Despite the symmetric ground state, the substituent-
dependent emissions for 3 and 4 in solution arise from the locally excited and
intramolecular charge transfer (ICT) states. While an intense low-energy ICT band
was observed in 4 at room temperature, it was completely absent in 1. The emission
of 4 visibly varied from cyan to deep blue in the temperature range -50 to 100 °C as
a result of the large alteration in the intensities of the locally excited and ICT bands,
potentially making this fluorophore a molecular thermometer (Figure 5B).
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Figure 5. A: Chromophoric m-A-type A%c* (1-5 and 7-9) and A°0° (6) phospha-emitters and B:
The emission spectra of 4 in methoxyethyl ether recorded in the range -50 to 100 °C.55

These findings are in sharp contrast with the work of Yamaguchi et al., in which
the trianthrylphosphorus framework (5) with A%0*-P tetrahedral geometry
displayed very weak fluorescence (Qem <1%) vs the highly emissive phosphorane 6
(Dem = 0.28) with a hypervalent AS0c5 trigonal-bipyramidal arrangement (two fluo-
rine atoms occupy axial positions).?® Among the bis(chalcogenide)anthracene
derivatives 7-9, only the oxide decorated 7 exhibited blue emission in solution (Aem
= 450 nm). On the other hand, the intense solid-state emission of 8 (Aem = 508 nm)
was detected for its toluene solvate, owing to the specific C-H--m-ring
intermolecular interactions of the solvent molecules with the emitter; i.e., 8 acts as a
chemosensor for small aromatic hydrocarbons.?

Recently, Butckevich ef al., reported a comprehensive study of a family of
organophosphorus dyes, the rational design of which allowed for the fine-tuning of
their photophysical characteristics.” The presented strategy for the HOMO/LUMO
variation relied on the modification of the well-known electrophilic cores
(coumarine, pyronin, acridinium salt, efc.) through the direct tailoring of the A08-
nucleophilic soft bases (phosphinites, phosphonites, and phosphoramidites) and
their subsequent oxidation. These ASo*-phosphonylated dyes, exemplified by 10-12
(Figure 6), demonstrated lower fluorescence quantum yields and absorbed and
emitted at longer wavelengths with increased Stokes shifts (<7000 cm') compared
to those of the parent organic dyes. In general, the inclusion of a strong acceptor,
particularly into the polarizable chromophore moieties, facilitates the ICT
responsible for a decrease in the optical gap.
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Figure 6. Phosphonylated dyes 10-12 and their photophysical characteristics in solution.%”
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Although not all the phosphine oxides with aromatic backbones display intense
luminescence (e.g., 13-15; Figure 7), they can be applied as materials to improve the
electron injection/transporting ability in multilayer OLEDs and organic photovolta-
ic (OPV) cells.2021,58-60
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Figure 7. Simplified representation of a multilayer OLED structure (ETL/HTL = electron/hole
transport layers, EML = emissive layer) and examples of utilized phospa-derivatives (Cbz =
carbazole).

The relatively easy synthesis of P-chalcogenide derivatives and the electron
accepting properties of the -PRzE groups define their popularity in the design of di-
and multipolar “push-pull” (D-A) organophosphorus chromophores, which have
been extensively studied (Figure 4B). The fundamental outcome of connecting an
electron-rich group (D) with an electron-deficient P-A%0* center (A) through a m-
conjugated spacer is a distinct charge separation in the polarized D-m—A species;
i.e., the HOMO and LUMO are predominantly localized on the D and A moieties,
respectively. The excitation of such molecules induces an ICT, which causes unique
photoluminescence properties such as solvatochromism (i.e,, response on the
polarity/viscosity of the solvent), thermochromism, dual emission, multi-photon
absorption, and TADF.*!

Ambipolar D-A compounds®-% meet the requirements for OLED host materials,
including (i) balanced transport of the electrons and holes; (ii) a high triplet energy
level; (iii) suppressed excimer/exciplex formation due to the amorphous
morphology of the material, ensured by the tetrahedral arrangement of the P-
center; and (iv) thermal/electrochemical stability and a high glass transition
temperature.20¢7 The concept of indirect linkage was demonstrated by Ma et al.,
for the series 16-18 (Figure 7).% In these asymmetric bipolar structures, the hole-
transporting functions (diphenylamine/carbazole) did not influence the
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contribution of the electron transporting group (diphenylphosphine oxide) and
fluorene moiety to frontier the molecular orbitals, which is advantageous for
reaching the relatively high triplet energy ~3.0 eV and small singlet-triplet energy
gap AEsr <0.5 eV. These characteristics of 16-18 with unusual spiro D-A separation
allowed them to be employed as efficient hosts and achieve high EQEs, <14.4%, for
a blue high-performance phosphorescent OLED (PHOLED) with bis[2-(4,6-
difluorophenyl)pyridinato-C2,N](picolinato)iridium(Ill) (Flrpic) as the emitter. The
blue emissive dicarbazolylphosphine oxide 19 and sulfide 20 (Figure 7) are
illustrative examples of efficient semiconductors based on D-A architecture with
greatly enhanced carrier transport properties, assigned to the resonance forms N-
P=E < N*=P-E- (E = O, S).7%72 The latter form dominates in sulfur derivative 20,
where enantiotropic resonance is more favorable (AE ~0.13 eV) compared to that of
19 (AE ~0.28 eV); this is in accordance with the significant change in the bond order
(P=0O >2 and P=S <2). However, both host materials employed in the sky blue Flrpic-
doped PHOLED devices produced high external quantum efficiencies (EQEs) of
16.5% (19) and 21.7% (20). It has been shown that the connecting unit between the
donor and acceptor parts crucially influences the carrier conductivity.6367.70

In 2014 Liu ef al., communicated on a simple multifunctional phosphine-oxide 22
with intense fluorescence (Aem = 433 nm, Qem = 80% in ethyl acetate).”? This
compound was employed as a host for a green PhOLED reaching 18.1% of the EQE
as well as a pure deep blue emitter for a non-doped device with 5.4% of the
maximum EQE and the Commission Internationale de 1'Eclairage (CIE 1931)
coordinates (0.15, 0.06). Notwithstanding the seemingly moderate efficiency, the
latter OLED produced a pure deep blue color that met the current standards of
high-definition television HDTV (CIE 0.15, 0.06), which remains a technological
problem. To date, the best performance achieved for deep blue OLEDs at practical
luminance values (100-1000 cd/m?2) does not exceed 8.7% of the EQE.77

Materials exhibiting TADF, including D-A phosphine oxides, have been
considered as breakthrough emitters that realize highly efficient blue diodes.5876-78
Organic TADF emitters provide several advantages over fluorophores and
phosphors, such as (i) <100% exciton utilization upon electrostimulation that
enhances the overall efficiency and (ii) prompt and delayed singlet excited state
relaxations that result in a higher electroluminescence energy; therefore, deep blue
emission color can be achieved. Several parameters, such as the m-spacer
conjugation length, geometry and steric effects, and strength of both the acceptor
and donor units should be considered for a delicate TADF design. Owing to this
variability, there has been no general approach to develop simple and highly
efficient deep blue TADF emitters to date.”

For example, a recently reported blue emitter 21 (Figure 7) consisted of the
electron deficient 1,3,5-triazine spacer connected with a phenylcarbazole donor and
two secondary accepting triphenylphosphine oxide groups. Emission maximized at
492 nm with the quantum yield approaching unity and ~98% RISC efficiency was
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achieved in a film.” This “secondary acceptor” strategy allowed the fabrication of a
sky blue OLED (0.18, 0.42), which displayed 28.9% of the maximum EQE.
Evidently, a significant bathochromic shift occurs in the case of an extended
conjugation system that is detrimental to attaining a true blue color. To eliminate
this problem, a pyramidal ASo*phospha center can be used as a conjugation-
insulating joint.”#% The decoration of an ArsP=O acceptor with up to three donor
“phenoxazine arms” afforded the (D-m)~—A TADF molecules 23-25 (Figure 7).
Along with the increasing number of phenoxazines (n = 1-3), the
photoluminescence yield (®em) improved from 45 to 65% due to the accelerated
RISC process, with negligible emission red-shift (23, 448 nm — 24, 460 nm — 25,
464 nm). The OLED device with the CIE coordinates (0.17, 0.20) based on emitter 25
delivered the maximum EQE of 15.3%.
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Figure 8. A: Synthesis of the (D-m)s-A blue emitters 26-34 [i: n-BuLi, -78 °C, THF, PCls; ii:
H>0O: (26-28), Ss (29-31), and KSeCN (32-34), DCM]® and B: Chemical structure of the phos-
phine oxide-containing bipolar alkynylgold(III) complexes.!

Concurrently, the properties of the Csv symmetrical (D-mt)s—A molecules have
been studied by Koshevoy et al., wherein blue emission was finely tuned via the
systematic variation of the D-m spacer length and electron accepting effect of
different chalcogenide P-A%c* fragments.® The nature of the ArsP=E (E = O, S, and
Se) acceptor displayed a small influence on the emission wavelength; however, for
the Se-derivatives (32 and 33), a dramatic drop in the emission intensity was
observed. Selected compounds 27, 28, and 30 were used for the construction of
doped and non-doped OLEDs with true blue CIE (0.15, 0.06) and the maximum
EQE 6.5%, proposed to originate from singlet energy repopulation via a triplet-
triplet annihilation mechanism.

Binding the heavy metal atoms (e.g., Ir' and Au") to m—A and D-m—A phosphine
oxide moieties often ensures phosphorescence character of the emission (Figure
4C). For instance, a cyclometalating ligand (e.g., phenylpyridine) can be modified
by attaching the electron-withdrawing phosphine oxide (PO). Its further
coordination to the trivalent iridium ion yielded phosphorescent complexes with
enhanced color tuning and improved charge carrier injection/transport.s2-% The PO
substituent in the pyridine ring causes a significant reduction (i.e., stabilization) in
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the LUMO for Ir complexes, accompanied by a phosphorescence bathochromic
shift. In another approach described by Yam ef al., (Figure 8B), the heavy Au" ion
was used as a joint mediator between the dendrimeric diphenylamine/carbazole
acetylene (D) and the cyclometalating phosphoryl-doped ligand (A).8" The
incorporation of the phosphine oxide moiety doubled the electroluminescence
efficiency compared to the structural analogues, affording a green OLED (max.
EQE 15.3%) with an extremely small roll-off (<1% at 500 cd/m?).

According to the hard and soft Lewis acids and bases (HSAB) concept,
phosphine oxides are classified as hard Lewis bases (HB). Because of their semi-
ionic bond character (P=O <> P+-O-) these compounds readily act as ligands and
display good affinity to produce stable covalent M—O bonds with lanthanide(III),?
manganese(Il),#1 and iridium(IIl),°>** ions. The emission in the case of
lanthanides(Ill) dominantly occurs by means of metal-centered f—f transitions (e.g.,
Eu’* ’Do—7Fn, Tb** 5Ds—7Fj), which are characterized by sharp emission bands, long
excited lifetimes, and large Stokes shifts. Because the f—f transitions are parity-
forbidden, the excited states of the f-metal ions can be populated via the antenna
effect using the triplet state of the ligands (e.g., phosphine oxide; Figure 9A). An
incomplete energy transfer from the phosphine-oxide chromophore to the
lanthanide ion resulted in multiple emissions.*

A B
S* -, ISC 510

-E_ < X‘ ;\X 3
: Ty e . E7 O/M"\o gce
' 3. Phy” “peh g0

abs ) F————1 0 2

| z 04
; £
: OO L.
' |

S, — X=CI(35), Qn=33%1=10ms W

antenna f-frd-d Br (36), @em=82%,7=53ms Wavelength, nm

phosphine oxide transitions of Ew/Mn

Figure 9. A: Schematic representation of the ligand-induced antenna effect (ET = energy
transfer); B: Tetrahedral Mn!' highly emissive PO complexes 35, 36%; and C: Emission spectra
in the solid state for 35, 36; inset depicts a green OLED constructed from 36 .

A similar behavior has been observed for the low-cost Mn!' complexes, whereby
the metal-centered d-d (*Ti(G) — °Ai) radiative transitions are sensitized by the
energy transfer from the triplet excited state of the PO ligand (Figure 9A).
Luminescence of Mn'" strongly depended on the crystal field, whereby the emission
in the green (~520 nm)® and orange red (580-620 nm)* regions was associated with
tetra- and penta-/octahedral geometries, respectively. Thus, modulation of the
phosphorescence color can be rationally controlled by the geometry and rigidity of
the PO ligand, the transition metal-to-PO ratio, or an external stimulus (i.e., vapor
of the solvent).?! The rigidity of complexes 35 and 36 (Figure 9B) has been improved
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by selecting dibenzofuran-phosphine oxide. Preventing nonradiative relaxation
increased the quantum efficiency to values <82% with long t values of ~5.3 ms at
530-560 nm in the solid state. Complex 36 is the first example of employing the
manganese material as a dopant in a highly efficient (EQE ~10.5%) vacuum-
deposited green OLED (Figure 9C).%

Despite the fact that the coordination chemistry of luminescent phosphine oxide
complexes is interesting, it is not diverse because of the limited selection of such
ligands reported to date. However, the reduction of the oxide group and direct
usage of A’c®tertiary phosphines as building blocks have been very well studied.

1.2.2 Phosphines as active components in light-emitting metal complexes

Nowadays, tertiary phosphines serve as a unique and powerful tool in coordination
chemistry for the construction of metal-based luminophores.”> Tunable electronic
and steric properties of the three organic substituents together with the o-donating
and m-accepting abilities of their phosphorus centers makes them excellent
supporting/acting ligands.® The affinity of the neutral tertiary phosphines to soft
dé-d"0 transition metal ions (i.e., Aul, Agl, Cul, Pt!, Rel, etc.) combined with X-type
ligands (e.g., acetylenes, thiols, halides, and pseudohalides) has led to the formation
of numerous homo-/heterometallic luminescent aggregates, cycles/cages and
polymers, and simple mono- and binuclear complexes.?*-1% Diverse photophysical
properties have arisen from various electronic transitions and their combinations,
which include metal- and ligand-centered transitions (MC/LC) and ligand-to-
ligand, metal-to-ligand, and ligand-to-metal charge transfers (LLCT, MLCT, and
LMCT, respectively). The luminescence characteristics of these molecules can be
tuned in many ways: controlling the nuclearity of the metal frameworks,
modulating the metallophilic and other non-covalent interactions, and altering the
stereochemistry, rigidity, and electronic features of the ligands. In recent years,
research on metal compounds containing phosphorus ligands was stimulated by
the design of highly effective Cu'/Ag! TADF102-1% complexes, in which phosphines
play an active role as stabilizing chelates and charge transfer (CT) acceptors that
contribute to the emissive excited state.

A series of “superphenylphosphines” P{HBC(t-Bu)s}»Phs.x (n = 1-3) bearing one
to three hexa-peri-hexabenzocoronene (HBC) substituents formed the palladium
emissive species PdCl:L> and Pd2Clil2.1% The Pd-complexes mimic the HBC
characteristics, demonstrating extremely high optical absorptions (e <6.5-10° M-! cm-
1) and an intensive green emission (Aem = 469 nm) assigned to LC murt* transitions.
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Figure 10. Phosphine-decorated chromophores and their metal complexes based on A: boron
dipyrromethene (Bodipy; L1-L6)'%17 and B: Fluorescein (L7) and their emission profiles in
solution; Ph = phenyl, Me = methyl, Cy = cyclohexyl, and hfa = hexafluoroacetylacetonate.*

The phosphine-decorated chromophores, e.g., boron dipyrromethene
(Bodipy)'0e107 (L1-L6; Figure 10A) and fluorescein® (L7; Figure 10B) distinctly stand
out as a new class of photoactive ligands. The coordination ability of the fluorescent
phenyl-Bodipy skeleton functionalized with a P-A%0® diphenylphosphine group
(L1-L6) has been studied by Higham et al.1%107 The boron and phosphorus atoms
bearing aliphatic substituents (methyl and cyclohexyl) in L4 presented higher
quantum yields (L1 @em= 4% < L3 Qem=7% and L2 Pem=29% < L4 Qem=44%). Upon
coordination of the highly emissive ligand L4 to d'° metal ions, the fluorescence of
the A‘o* derivatives remained nearly unaffected (Figure 10A; Aem = 527 nm), thereby
indicating negligible contribution of the phosphorus-metal character in the lowest
excited state. In a continuation of this study, the tridentate pincer ligand L6 was
synthesized by the convenient hydrophosphination reaction of L5 with two
equivalents of vinyldiphenylphosphine. The complexation of L6 with rhenium(I)
chloro carbonyl produced Re(L6)CI(CO)2, the photophysical behavior of which is
comparable to that of its parent L6 (Aabs = 513 nm, Aem = 527 nm, Qem = 24%). This
complex was successfully applied to imaging studies of prostate carcinoma cells,
whereas the [*"Tc(L6)(CO)s]* analogue was a suitable multi-modality imaging
probe (i.e., fluorescent and radio) for in vivo and in vitro medicinal investigations.1%
Coordination-based chemosensing was exemplified by the P-A30% phosphinofluo-
rescein L7 (Figure 10B).** A moderate emission of water-soluble phosphine was
visibly perturbed by the heavy metal atom (Au", Ag!, and Hg!"), with the highest
3.8-fold intensity raise and incremental red-shift of 10 nm in response to the Au'!
ion.

Notably, although the intraligand fluorescence of coordinated phosphines has
been observed for numerous complexes, the induction of ICT in phosphines with
“push-pull” architecture, upon their coordination to the metal ion, has been
virtually overlooked in the design of photofunctional metal complexes.
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1.2.3 Phosphonium cation as a terminal group in emissive materials

While many examples of P-A50*/A*0* derivatives with terminal P=E/P-M motifs (E =
O, S; M = Aul, Ag!, and Cu') have been explored, the number of luminescent com-
pounds bearing a quaternized pendant phosphonium group (P*Rs), is still quite
limited.

The synthetic approaches to A‘c* alkyltriaryl- and tetraarylphosphonium salts
are summarized in Scheme 2.
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Scheme 2. Common synthetic pathways to quaternized phosphonium salts.

Ni- and Pd-catalyzed P-C bond formation processes (methods I and II, Scheme
2) were originally introduced by Horner and Heck!® and later, the reaction
conditions (catalyst loading, concentration, and solvent) were optimized by
Charette.!"0111 The general mechanism in both cases includes the oxidative addition
of aryl halides/triflates to the Ni* and Pd° metal center, followed by the reductive
elimination of the desired phosphonium salt. Despite the relatively high
temperature, active functional groups such as alcohols, ketones, and aldehydes
tolerated the reaction. An appealing metal-free coupling of triphenylphosphine
with a variety of arylbromides in refluxing phenol (method III) has been recently
introduced by Huang et al.1> A key feature of this procedure is the high degree of
accessible functionalization under the readily accessible conditions. A well-known
and commonly used pathway (method IV) relies on the alkylation of the A’c?
phosphines by alkyl halides/triflates (i.e., benzyl-, naphthyl-, anthryl bromides, and
methyl iodide/triflate) under soft conditions. The main disadvantage of alkyl-triaryl
phosphonium salts is the lack of stability toward basic conditions and nucleophilic
attack, owing to phosphonium ylide formation. Nevertheless, this method is
suitable for the simple construction of aliphatic phosphonium mechanochromic
solid fluorophores."3114 Other mild syntheses of quaternary salts, e.g., arylation via
aryne intermediates V,"5 synthesis of pyridine phosphonium salts VI''¢, and radical
photoredox-mediated phosphine arylation by [Ar!-I*-Ar2]X"7118 have also been
developed.
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Figure 11. A: Phosphonium-modified chromophores 37 and 38 and B: Confocal microscopy
photo of the H9¢2 cell line stained with 37.1%

Modification of the chromophore-based phosphines was carried out by method
IV to afford Bodipy-(37)""° and coumarine-phosphonium salts (38)'2° (Figure 11A). A
particular feature of lipophilic phosphonium dyes is their selective mitochondrion
localization (illustrated by 37; Figure 11B), which has been actively utilized in
bioimaging applications.!?!

The nonlinear absorption (NLA) properties together with the negative solvato-
(i.e., hypsochromic shift of the absorption band upon increasing the polarity medi-
um) and halo-(i.e., reversible color changes upon treatment with the alkali metal
cations) chromism of the dipolar linear A‘oc* phosphonioarylamino dyes (Figure 12)
have been discovered by Lambert et al.,'?2 and Allen et al.1?>12* One-, two-, and three-
dimensional dibutylaminoazobenzenephosphonium salts 39-41 illustrate the addi-
tive intensity growth of the ICT absorption band and substantial negative solvato-
chromism upon increasing the polarity of the medium (CHCls — MeCN). The NLA
of octupolar compound 41 is about threefold larger than that of dipolar congener
39.

Phosphonium chromophores of Christoph Lambert et al.
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Figure 12. Selected (D-m)n—A linear phosphonium chromophores 39-45 studied by C. Lam-
bert (top)!?2 and D. W. Allen (bottom).123124
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More drastic absorption changes were observed for betaine dyes 42 and 43 as a
result of a larger charge separation.’? Thus, 42 appeared green in toluene (Aabs = 686
nm), purple in dichloromethane (DCM; Aabs = 596 nm), violet in acetonitrile (MeCN;
Aabs = 562 nm), and red in methanol (Aas = 498 nm), producing a maximum hypso-
chromic shift of the ICT absorption band of ~188 nm (~5500 cm™). As predicted, the
presence of the electron deficient phosphonium cations in 44 (Aas = 406 nm, MeOH;
422 nm, DCM) and 45 (Aabs = 422 nm, MeOH; 442 nm, DCM) induced distinct ICT
and thus, upon photoexcitation charge migration is possible (44 — 447).124

The combination of the A*g*-phosphonium motif with triarylboranes is perfectly
suited for selective fluoride/cyanide anion optical detection by fluori- and colori-
metric responses.!?>-128
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Figure 13. Schematic structures of the D-r—A 46, 47 (left)'? and A-nt—A 48, 49 (right) linear
Atg* phosphonium chromophores; inset photo displays the emission color of the 49-PFs solu-
tion.130

Compared to the frequently used electron defficient dimesityl boron group, the
utilization of 1,3,2-benzodiazaborole as a weak donor in the push-pull linear salts
46 and 47 (Figure 13) enhances the emission. A key feature of the -PPh2Me group
vs —PPha(X) (X = O, S, and AuCl) is the lower lying LUMO; thus, a more
pronounced red-shift of the absorption and fluorescence bands accompanied with
larger Stokes shifts <11150 cm™ was achieved for the structurally analogous
species.’? The a,o-terthiophene linked diphosphonium salt 483 demonstrated
NLA and blue emission in solution (Aabs = 387 nm, Aem = 475 nm, DCM) assigned to
the mtt* transitions based on theoretical calculations.

The emitting ability of 49 significantly depended on the counter ion nature and
concentration: in the moderately polar DCM, the green emission of the diiodide salt
49-1 only reached ®em= 7% at high concentration with multiexponential decay [7 =
0.04 (76%), 0.51 (8%), 2.7 (16%) ns] whereas under the same conditions, the @em value
of 49-PFs was 86% with a single lifetime 7 of 2.8 ns.#? Additionally, the fluorescence
intensity upon titration of a DCM solution of 49-I by "BusNX was 4.9- (X = Cl) and
2.4 (X = Br) times larger than the initial value. Such an effect can be rationalized by
the presence of the equilibrium contact ion pair 2 solvent-separated ion pair and
therefore, effective quenching by the heavy iodine counterion takes place.
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1.3 CONJUGATED PHOSPHACYCLIC CHROMOPHORES

The merging the organophosphorus blocks with carbon-rich m-conjugated scaffolds
has become a useful tool for the construction and rational tuning of a diversity of
chromophores. This type of modification leads to the controllable lowering of the
LUMO, which is typically difficult to perform for pure carbon-based materials over
a wide range. Partial involvement of the phosphorus lone pair into the conjugated
system decreases the nucleophilicity of the P-donor and lowers the reactivity of the
merged A%0%- phospha center compared to those of the pendant-PPh2 groups. Nev-
ertheless, all the chemical post-modifications of P-heterocycles (i.e., alkylation, oxi-
dation, and coordination) remain accessible analogously to acyclic phosphines. A
substantial amount of publications since the 2000s have reported five-membered
phosphole-type compounds. Conversely, other four-(phosphetes), six-(e.g., phos-
phinines and phosphaphenalenes) and seven-(e.g., phosphepines) membered
homologues have been poorly explored.?2131-134

1.3.1 Five-membered luminescent phosphacycles

The widespread occurrence of phospholes is associated with their prominent fea-
ture known as the phenomenon of hyperconjugation. The effective interaction be-
tween the exocyclic 0*(P-R) and n* (butadiene) orbitals together with the pyramidal
configuration of the phosphorus atom make phospholes less aromatic compared to
their close congeners (thiophene, furan, and pyrrole) according to the nucleus-
independent chemical shift (NICS, negative and positive values indicate aromatici-
ty and antiaromaticity, respectively; Figure 14), with significantly lower LUMO
orbitals and optical band gap.?>1351% The electron-accepting properties and chemical
and thermal stabilities of phospholes can be additionally improved by converting
the A30® P-center into the ASc*/A‘0* species. Taking advantage of these molecules,
phosphole-based materials have been actively applied in the areas of organic- and
bioelectronics‘16,22,59,13],132,137
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Figure 14. Phosphole orbital coupling (left) and aromaticity (NICS values) and HOMO-
LUMO distribution of the pyrrole, furan, thiophene, and phospholes (right).
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Several routes have been described for the preparation of substituted and
annulated phospholes (Scheme 3). The first 5-phenyl-5H-dibenzophosphole was
introduced by Wittig and Geissler®® in 1953. It was obtained from the ortho-
dihaloaromatics through a metalated intermediate (e.g., lithiated) and further
treated with dihaloarylphosphine (route I#). Alternatively, the direct addition of a
dimetalphosphide (K or Na) to a haloaromatic (mainly a fluoroaromatic) has also
been studied.’®1% Similarly, modified method I* was based on the reaction of tin
phosphide with a dihaloorganic precursor via refluxing with trifluorotoluene. Since
then, a large variety of (hetero-)polyaromatic hydrocarbons (PAHs), including the
simplest diarylenes,'®-41 mono and bipyridines,#>14# dithienes,'*'¥ and even
porphyrins'*® have been merged with a phosphole moiety.
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Scheme 3. General methods for the preparation of phosphole derivatives; procedure details:
I= i) "BuLi, TMEDA, THF/Et:O, -78 °C and ii) PhPCl,, -78 °C to rt; I PhP(SnMes): or
roctylP(SnMes)z, V-40, PhCFs, 125 °C, 48 h; II PhPBr2/PhPClz, THF, -78 °C to rt; III Ag!, Mn',
Cu'/peroxide or Tf20/base, solvent, heating; IV PBrs/PCls, rt or reflux; and IV? hv, CH2Cl, 1
h.

Route II, which resembled route I, relied on the intermediate zirconium and
titanium metallacycles generated from suitable acetylenes and diynes, which
undergo metal to phosphorus exchange when treated with PhPBr2/PhPCl.. Both
these methods are popular in the construction of heteropolyaromatics*/14%1% as well
as phospholes suitable for further backbone post-modification and decoration by
functional groups.’s"1%2 The unsymmetrical benzophosphole derivatives can be
easily obtained through phosphinyl-radical metal-mediated!>*!5* and phosphenium-
cation metal-free!'®-157 [3+2] intermolecular cycloaddition (method III in Scheme 3),
which, however, exhibits poor selectivity towards unsymmetrical alkynes. The last
method, IV, comprises intramolecular cyclization. Introduced by Yamaguchi,
selective trans-halophosphanylation route IV* successfully produced a family of
environmentally sensitive D-m—A molecules.’®1% The nucleophilic cascade
marriage of phosphanyl/boryl-substituted diphenylacetylenes (Scheme 3, IV?), as a
peculiar case of IV, produces phosphonium/borate zwitterionic stilbene-like
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luminophores.®*16! Apart from the highlighted synthetic pathways, other methods
are available and can be found in the detailed review published by Batczewski.'?
The multitude of factors that influence the photophysical properties of phosphole-
containing luminophores have been systematically studied. Structural variations for
the tuning of optical characteristics considered the following concepts: (i) variation
of PAH systems linked to annulated/non-annulated phospholes,162-164 (i) utilization
of additional heteroatoms (P, B, N, Si, S, efc.) attached to the phosphole core, 45165166
(iii) functionalization with donor substituents to decrease the band gap and facili-
tate CT,158167166 and (iv) alteration of the valence/coordination environment and
accepting properties of the A’0%/A%0*/A‘0* merged fragment.*!
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Figure 15. Schematic structures and photophysical behavior of mono- and diace-
naphthophospholes 50-53'4! and dibenzophosphapentaphenes 54-584 (Ip = lone pair),
*absence of a carbon-carbon bond in phosphole 59.

For example, acene-annulated phosphole systems 50-53 differ by the position
connectivity and number of their naphthalene units (Figure 15).14! Thus, mono-
naphthalene dye 50 emitted at 552 nm in DCM, whereas the fluorescence band of 52
with two PAH units was significantly red-shifted to 128 nm. The congener species,
gold(I) chloride 51, oxide 52, and phospholium salt 53+, revealed bathochromically
shifted absorption (AAabs ~22 nm) and emission maxima (AAabs/AAem 1-22/25G29 nm)
with @em <1%. An extended family of neutral (54-56) and ionic (57* and 58)
planarized dibenzophosphapentaphenes has been designed by Hissler and Réau
(Figure 15).41 Surprisingly, the larger PAH backbone compared to those of 50-53
resulted in higher absorption and emission energies, with a drastically more
efficient mt* fluorescence (@em <80%). The modification of the A’0® phosphorus
center in 54 led to negative hyperconjugation of the PAH system with o* P-R MOs
and a considerable red-shift of the emission; however, this was accompanied by a
drop in intensity because of the growing non-radiative rates. Interestingly, the
predecessor of 54-58, without the extended planar framework (59; i.e., no carbon—
carbon bond between C7—Cs and Ci7—Cis; marked by * in Figure 14) did not display
appreciable luminescence.*!-150
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Figure 16. Schematic structures of the D-A molecules 60-68 based on benzo[b]phospholes
and their emission maxima in dichloromethane solutions.

The molecular design of the environment-sensitive fluorescent probes often
benefits from the dynamic behavior of D-m—A or similar architectures, i.e., when the
ni-connected electron accepting and donating moieties modulate the ICT process.
Following this rationale, Yamaguchi ef al., combined benzophosphole ASc*-oxide
(60), -sulfide (61), and Ato*-salt (62-OTf), (A), with triphenylamine group (D)
(Figure 16)."® The resulting D-A molecules demonstrated discernible
solvatochromism (e.g., 60 Aem, @em: 528 nm, 94% in toluene; 553 nm, 94% in
chloroform; 575 nm, 84% in acetone; 601 nm, 64% in DMSQO). The red-shift of the
emission was expectedly more pronounced for phospholium salt 62 (Aem 672 nm in
toluene — 702 nm in DMSO). Rigidification of 60 viz diphenylmethylene or
diphenylsilylene bridges drastically improved the photostability of the
fluorophores, which is crucial for bioimaging.>1¢ The photophysical parameters of
carbon-bridged 63 were similar to those of parent 60, except for the 1.5-2.0-fold
higher quantum yields in polar solvents, whereas the silicon-modified analogue 64
displayed a 35 nm emission red-shift, explained by the decreased LUMO energy.
The introduction of the electron-rich group into the second position of phosphole 65
or benzo-ring (66-68) resulted in decreased ICT character and increased emission
energy (Figure 16). For compounds 66-68, Yoshikai et al., illustrated optical tuning
using different spacers (none, ethylene, and acetylene) between the dimethylani-
line-donor and phosphole-acceptor moities.!¢”

The phosphonium-borate stilbenes are intriguing examples of zwitterionic D-A
heterocyclic luminophores (Figure 17A).30161
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Figure 17. A: Schematic structures and emission properties of the A-D 69, 70; A-D-A-D 71;
and D-A-A-D 72 molecules (Cy = cyclohexyl, Mes = mesityl) and B: Kohn-Sham HOMO and
LUMO of 69.30161

The planar scaffolds 69-72 are stable toward oxygen and moisture. Zwitterion
69 displayed green emission (@Qem = 2%), owing to the ICT from the borate donor to
the phosphonium acceptor (Figure 17B. This could be facilitated by utilizing the
silyl-substituted thiophene (70) instead of the benzene to produce an intense
orange-red fluorescence (Aem = 623 nm, Qem = 57%). Moreover, extending the
conjugated system in 71 and 72 also resulted in a significant change in the emission
to orange with ®em ~40%.

An alternative structural configuration has been proposed by Yamaguchi'”® and
Imahori,'”" which involved double merging of the electron-accepting phosphine
oxides with the PAH core, shifting the emission to <700 nm.

Rare examples of fluorescent A’c? oxa- and azaphospholes have also been
reported.’”2173  This remarkably rich variability of the phosphole-based
chromophores allowed the realization of a wide range of important phenomena of
absorption/emission dynamic behavior, such as white-light generation and dual
emission;'”7* photochromism;!¢4175176 proton transfer;'®* anion, solvato, and pH
response;'””7 and circularly polarized emission.’”® Furthermore, the peripheral
functionalization afforded intriguing phosphole-lipid dendritic architectures with
mechano-responsive properties, liquid crystals, and gels as well as self-assembled
micro-/nanostructures, which have been intensively studied as promising energy
converting materials.137,146179,180

1.3.2 Six-membered luminescent phosphacycles

Embedding of the phosphorus center into a six-membered ring is still not a trivial
task. Compared to the extensively studied phospholes, synthetic approaches to six-
membered phosphacycles have been much less explored and generalized (Scheme
4).
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Scheme 4. Synthetic approaches to six-membered phosphacycles; procedure details: I* i)
wBuLi, THF/Et:0, -78 °C and ii) PhPCl, -78 °C to rt; I' Pd(OAc):/Pd(PPhs)s, (MesSi)sSiH,
DMF, 130 °C, 12 h; ITT Cu(BF1)2:6H20/RuCl(CsMes), MeCN, 100 °C, 12 h/DCE, 70 °C, 24 h; IV
i) "BuLi, THF/Et:0, -78 °C and ii) PhPCly, -78 °C to rt; V AuCl, PhIClz or PhICl:, DCM, rt; and
VI MeCN, rt or toluene, rt; VII 17 h, 85 °C.

Similar to the original synthesis of phospholes, general method I* comprises the
dilithiation of an aryl dibromide and its further treatment with
dichlorophenylphosphine.!8!-185 The structural analogues can be obtained through
P-C bond cleavage and the reductive elimination of the metalated phosphine from
the Pd center (route I%).1%187 In a more sophisticated multi-step route (II) the closure
of the six-membered ring occurs via the addition of a bridging atom or functional
group to the ortho-carbons next to the phosphorus center.'$-% However, the
applicability of methods I and II is limited by a low degree of accessible
functionalization, poor overall yields, and the necessary synthesis of elaborate
precursors. For instance, Wang et al, prepared near-infrared-emitting ASo*-
phospha-fused rhodamines 73-75 by four- and five-step procedures (Scheme 5),
namely, nitration, reduction, alkylation, and cyclization/condensation, to attain
total yields of only 1-5%.188
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Scheme 5. Synthesis of A%c* fused phospha-rhodamines 73-75.

Despite the inefficient synthesis, the physical impact of including the P-atom
into the chromophore was significant. Dyes 73-75 demonstrated a bathochromic
shift of both absorbtion and emission with respect to oxygen- and silicon-bridged
rhodamines (AAabs = 43-140 nm, AAem = 42-140 nm), owing to the electron-
withdrawing property of the phosphine oxide group. The near-infrared emission of
73-75 (Aem = 702 nm, DCM; Aem = 712 nm, PBS) has been utilized for multicolor in
vivo imaging of subcutaneous tumors in mice.

Six-membered phosphaphenalenium salts are typically assembled following

methods III and IV via metal-mediated (Cu?+,191192 Au*?,19 and Ru?+1%41%) P-C bond
formation. Additionally, according to Toste, phospha-cyclization is also possible by
using only the PhICL: oxidant, with no need to generate gold intermediates.!*
The Lewis acid-free protocol V, realized by Romero-Nieto et al., in 2015, is suitable
for the synthesis of phosphaphenalene derivatives with accessible variation of the
aromatic backbone [Scheme 4, Ar = benzene, (benzo)thiophene, furan, pyridine, and
pyrrole]9617 to alter the fluorescence within the UV/blue region. In 2018, the same
group proposed the larger linearly fused diphosphahexaarenes, achieved by meth-
od I=.'% However, the increase in the conjugation, incorporation of two phosphorus
atoms, as well as further post-modification'®® modulated the emission only in a
narrow blue range of the visible spectrum. As an alternative avenue, the tandem
phospha-Friedel-Crafts annulation in the presence of AICIs afforded the families of
optically active “peri-fused” phospha-angulenes,'®2"  helicenes,?? and
porphyrins.?

The heavier analogues of pyridine, A’02-phosphinines, were accessed by
protocol VI using classical pyrylium salt-exchange2®?4 and [4+2] cycloaddition
reaction of 2-pyrone with MesSiC=P/NaOC=P (Scheme 4).2052¢ The simple one-pot
reaction VII to form fluorescent 2,6-dicyano-ASo*-phosphinines has been reported
by Hayashi et al., in 2018 (Scheme 4 and Figure 18).27 Initially cyan (Aem = 491 nm,
solution) and green (Aem = 561 nm, solid) emissions of 76 could be altered by
selective functionalization at the Ci atom. The electron-withdrawing group
decreased the fluorescence wavelength to 463 nm (77), whereas electron-donating
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substituents in 78-81 led to bathochromic-shifted emissions ranging from 519 to 581
nm. The solid-state luminescence of 76-81 was less intense and more red-shifted.
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Figure 18. Family of 2,6-dicyano-A>c-phosphinines 76-81 (left) and their fluorescence behav-
ior in solution and solid state (center); solution emission spectra of 76-81 (CHCls, right).2”

Other phosphinine post-functionalizations, e.g., by amination, polymerization,
and coordination to Cu* resulted in moderately luminescent materials with ICT
character.205208209 Moreover, apart from the abovementioned fluorophores, merging
of the six-membered phosphacycle into an anthracene-like backbone produced 9-
acridophosphines and  9-phosphaanthracenes, which demonstrated low
fluorescence efficiencies. 81210
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Figure 19. Phospha-cyclic fluorophores of xanthene-type compounds (82-86) and their pho-
tophysical properties (PBS solution, 10 mM, pH 7.4).18418

On the other hand, the fusion of the phosphorus block into the bridgehead
position of the well-known fluorophore framework of xanthene-type
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(rhodamine, 185211 rhodol, 190212 and fluorescein'84189,190213) and
(aza)dipyrromethene?4?5 (i.e., BODIPY analogue) compounds has been actively
studied since the pioneering report of 73-75 in 2015.188

Fukazawa, Taki, and Yamaguchi demonstrated an effective combination of the
o*—rt* conjugation of the electron-deficient phenylphosphine oxide with the
fluorescein scaffold (Figure 19).'8* Remarkably, the strategy for optical band gap
tuning not only perturbed the frontier MOs but also affected their photobleaching
properties. Thus, P-cycle 82 displayed enhanced photostability upon continuous
irradiation, compared to those of the oxygen- and silica-fluoresceins, and behaved
similarly to the commonly used Alexa 633 and 647 dyes. An unsymmetrical
structure of seminaphtho-phospha-fluorescein 83 expectedly manifested in a
smaller HOMO/LUMO band gap (Aem = 744 nm, AAem = 88 nm) with a 10-fold drop
in the emission efficiency compared to that of its congener 82.1%

Significantly, the red-shifted absorption/emission spectra reaching the far-
red/near-infrared region (NIR) together with the water solubility and low
molecular masses of the abovementioned P-containing fluorophores are of great
interest to bioimaging applications. Throughout these studies, cytosolic calcium
imaging, cellular esterase activity, and enzyme detection were described as a proof-
of-concept.188190211213216 Notably, an ideal molecular dye for imaging should comply
with the following key criteria: (i) a large Stokes shift to prevent auto-absorption,
(ii) absorption and emission in the therapeutic red-NIR window (580-1400 nm)
because of minimal cellular auto-fluorescence and a higher penetration depth of
this radiation into living tissues, and (iii) high stability, permeability, and low
toxicity.

In 2016, in the search for improved phosphacycle properties for bioimaging
purposes, Stains et al., reported on the ASc* phosphinate-based rhodamine “paint”
84, which they called Nebraska red (Figure 19).1%> The use of the phosphinate ether
and julolidine donor functionalities in 85 afforded the most red-shifted phospha
fluorophore to date operating in aqueous solution (PBS, Aem = 764 nm; brightness,
eXQPem = 12800 M- cm™). These results, obtained by three groups (Yamaguchi, Wang,
and Stains), indicated that in the rhodamine scaffold different phospha-centers
slightly impacted on the efficiency of the fluorophore (except for NIR vibrational
quenching) but played a major role in the o*-m* interaction. This resulted in the
gradual decrease in the HOMO/LUMO gap in the order: PO(OH) (Aem= 685 nm, @em
= 38%) > PO(Me) (Aem = 712 nm, Pem = 11%) > PO(OEt) (Aem = 722 nm, Pem = 11%) >
PO(Ph) (Aem =731 nm, Qem = 12%). Additionally, solutions of phospha-rhodamines
underwent color changes at pH >10. This indicated that hydrolytic deamination,
which has been utilized for the synthesis of rhodol 86 also displays NIR fluorescent
character.190212
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1.3.3 Other (4-, 7-membered) phosphacycles

Phosphacycles with other ring sizes (i.e., composed of four and seven atoms) are
much less spread. Among the four-membered cycles (phosphonio-naphtalenes, 1,3-
diphosphacyclobutane-2,4-diyls, and 1,2-dihydrophosphetes),?'-219 only the unsatu-
rated 1,2-dihydrophosphetes decorated with r-donors [naphthalene (87), carbazole
(88), and fluorene (89)] displayed reasonable luminescent properties (Figure 20).21
Similar to other organophosphorus species, the tetrahedral configuration of the P
atom in 87-89 largely prevents solid-state aggregation, which is beneficial for the
fabrication of uniform amorphous materials for optoelectronics. Thus, as a proof of
concept, blue emissive ASo*-phosphete 89 was used as an emissive layer in a sand-
wich OLED, which presented EQEmax = 2.5% and CIE (0.18, 0.34).

Four-membered 1,2-dihydrophosphetes
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Figure 20. Four- and seven-membered phosphacycles and their emission maxima in DCM
solutions; emission spectra of 91 in various solvents under different excitations; inset dis-
plays the photo of the compound in (from left to right) hexane, DCM, and MeOH under UV
light.145

A seminal work on photofunctional seven-membered P-heterocycles was
published by Baumgartner et al, in 2013.%% Dithienophosphepines 90-92
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demonstrated better electron-accepting properties than the related imides and
phospholes and the emission variation was achieved through the modification of
the lateral substituents on the triazole rings. An interesting feature of these
phosphacycles was their dynamic dual emission. For instance, in a DCM solution,
the luminescence CIE coordinates for 91 vary from nearly pure white light (0.33,
0.34) under Aexc= 365 nm to orange (0.53, 0.46) at a longer excitation wavelength (Aexc
= 460 nm). The authors associated the HE band with phosphepine-localized mm*
transitions, whereas the LE signal was ascribed to the ICT from the phosphepine
core to the peripheral triazoles. In polar solvents, the LE band was significantly
quenched (Figure 20), thereby supporting the proposed assignment.

Diazaphosphepines 93-95 were designed by Loo et al., in 2016.2° Merging of the
aromatics (e.g., benzothidiazole 93, maleimide 94, and acenaphthylene 95) with the
C=C linker between the indolyl fragments provided access to efficient tuning of the
HOMO-LUMO band gap. Unlike the carbon-based phosphepines,?2222 the A30?-
diketo- and diazacycles were more resistant toward oxidation and other reactions
involving the P-atom. This was attributed to a higher stabilization of the
phosphorus lone pair because of the electron withdrawing keto- or diaza group.

A family of luminescent seven-membered dithienophosphepines 96-99 was
described by Hissler et al.,, in 2019 (Figure 20).22 The absorption and emission
characteristics, which were widely altered by varying the pendant donor and
acceptor groups, readily linked to the phosphepine backbone by Pd-catalyzed
arylation. A boat-like nonplanar conformation of the ring, confirmed by X-ray
crystallography, displayed the non-aromatic character of the cycle compared to
those observed for phospholes and phosphaphenalenes.

5 100c 100
PhyP = Ph,P?°BMes €
.S j < i
l \ | | ) 4 | gos

Bu S increasing hydrogen 8u S S By 3
Mes;8 bonding with solvent §

100, MeOH 100¢. hexane A

Aem'= 540 NrV/em = 60% Aem = 440 nm %9750 w0 50 600

Wavelength, nm

Figure 21. Formation of the seven-membered phosphacycle in a nonpolar solvent; absorb-
ance (dashed lines) and emission (solid lines) spectra of 100 and 100c.223224

The final example of a seven-membered heterocycle is the unconventional
reversible formation of the oxa-boron-phosphorus motif examined by Wolf et
al. 2224 Flexible fluorescent Lewis pair 100 underwent structural and emission
changes in non-hydrogen bond donating solvents, such as hexane, to afford the
cyclic form 100c (Figure 21). In methanol, 100 demonstrated intense yellow
emission (Aem = 540 nm, @em = 60%) with a large Stokes shift (AA = 11800 cm),
thereby indicating the charge-transfer character of fluorescence. Folding of the
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molecule in hexanes into a seven-membered cycle is reflected by a substantial
hypsochromic shift: a blue band at Aem = 440 nm originating from the bithiophene-
localized transitions. In the more polar aprotic DCM, the emission of 100 revealed a
mixture of colors.
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1.4 AIMS OF THE STUDY

The presented literature analysis illustrates that diverse phospha-synthons com-
bined with m-organic aromatic motifs have been extensively utilized for the con-
struction of unique families of photoluminescent organo-/metalorgano-phosphorus
molecular materials. The electronic tunability of the phosphorus center significantly
affects the optical band gap and thus, the photophysical behavior of these species
can be tuned in a wide range. The preparation of new organophosphorus photoac-
tive compounds possessing “push-pull” D-ri—A molecular architecture is of prima-
ry importance; thus, these dyes proved to be superior candidates for optoelectronic
devices, optical sensing, and visualization techniques in biological systems. How-
ever, most phosphorus-containing organic luminophores are represented by five-
membered phosphole derivatives or organic chromophores decorated with pendant
-R2P=E (E = O, S, and Se) group(s), whereas six-membered P-heterocycles (phos-
phinines, phosphaacenes, etc.) remain scarcely explored. Furthermore, compared to
the terminal —-R:P=E (E = O, S, and Se) acceptors, substantially more electron defi-
cient phosphonium building blocks Rs-nP*—(chromophore). have been randomly
utilized for the preparation of photofunctional species. Therefore, the main aim of
this study was to develop a new class of efficient and tunable multipolar or-
gano/metal-organophosphorus chromophores, which would allow for the system-
atic alteration of the m-conjugated core and that contain strongly electron-accepting
—RsP*/-RoP+- or —-ReP-MLax functions. The specific objectives of the project are for-
mulated as follows:

1. Development of the synthetic approach to polyaromatic systems fused with
phosphonium heterocycles. Structural modification of the chromophoric
central core to vary the degree of m-conjugation; tailoring the electron-
donor moieties to the most promising polycyclic scaffold to alter the emis-
sion energy.

2. Construction of ionic donor-acceptor chromophores of a simple linear D-
n—A* architecture, which comprises the pendant strongly electron-accepting
phosphonium group -RsP+. Studying the effect of the —m— spacer on the
photophysical behavior, investigating the ICT process depending on the
properties of the medium and counterion.

3. Merging the donor-acceptor fluorophores, which exhibit pronounced
charge-transfer character, with metal-based emitters to attain dual lumines-
cence, dynamically dependent on the properties of the environment. Study-
ing the ICT and excitation energy processes between the constituting com-
ponents.
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2 EXPERIMENTAL

2.1 GENERAL INFORMATION

Oxygen-sensitive reactions were performed under a nitrogen atmosphere using
standard Schlenk or glovebox techniques. Tetrahydrofuran (THF), diethyl ether
(Et20), and toluene were distilled over Na-benzophenone ketyl under a nitrogen
atmosphere prior to use. Other solvents, ligands, and reagents, purchased from
Alfa Aesar, VWR, Merck (Sigma-Aldrich), and TCI Europe were used as received
without further purification.

The syntheses of the precursors (i.e., intermediates, ortho-bromo-phenylaryls,
bromoaryls, phosphines, catalysts, and Eu-complexes) and final products 1c-8c and
9-26, and 12Cbz (Figure 22) are included in the supporting information (SI) of the
original publications.

2.2 CHARACTERIZATION

The purity and identity of all the newly synthesized compounds were proven by
NMR and mass spectrometry (MS; in solution), FTIR spectroscopy (21-26), and
CHN microanalyses (in solid state). The solution 'H, 'H-'H COSY, 3P{'H}, and 3C
NMR spectra were recorded on Bruker Avance 400 and AMX-400 spectrometers
and referenced to the residual solvent signals. The mass spectra were measured on
Bruker MaXis, MaXis II, and Solarix XR instruments in the electrospray ionization
(ESI") and atmospheric pressure photoionization (APPI) modes. The infrared (FTIR)
spectra were measured on a Bruker VERTEX 70 FT-IR spectrometer. Microanalyses
were performed in the analytical laboratory of the University of Eastern Finland
using a vario Micro cube CHNS analyzer (Elementar). TGA analysis of 11, 12, 14—
16, and 18 was performed using a Mettler Toledo TGA851e instrument. The melting
points of 1c—6¢ were estimated using Stuart SMP10 apparatus.

The structures of 1¢, 2¢, 4c¢, 10, 11, and 12Cbz in the solid state were determined
by single-crystal X-ray diffraction studies. Suitable materials for crystallographic
analysis were obtained by gas-phase diffusion (1c¢, 2c, and 4c), recrystallization
from hot solvent (10), and slow evaporation (11 and 12Cbz) methods. The crystals
were immersed in cryo-oil, mounted in a nylon loop, and measured at temperatures
of 120 K (4c and 11) or 150 K (1¢, 2¢, 10, and 12Cbz). The diffraction data were
collected with a Bruker Kappa Apex II Duo diffractometer using Mo Ka radiation
(A =0.71073 A). The APEX25 program package was used for cell refinements and
data reductions. The structures were solved by direct methods using the SHELXS-
2013/2014%¢ program with the WinGX?” graphical user interface. A semiempirical

43



or numerical absorption correction (SADABS)?® was applied to all data. Structural
refinements were carried out using SHELXL-2013/2014 (original publications I-III).

The ESI* MS of 21-23 were measured by the group of Prof. Janne Janis (University
of Eastern Finland, Finland). The theoretical, electrochemical, biological (cell imag-
ing, and in-vitro cytotoxicity) and a part of the photophysical studies were per-
formed by the collaborating colleagues at Aalto-University (Finland, group of Prof.
A. Karttunen), Saint-Petersburg State University (Russia, group of Dr. V. Sizov),
Ruprecht-Karls-Universitat Heidelberg (Germany, group of Dr. C. Romero-Nieto),
and the National Taiwan University (Taiwan, group of Prof. P.-T. Chou).

2.3 PHOTOPHYSICAL STUDIES

The photophysical measurements in solution were carried out at concentrations of
1-5x10° M (10 mm cuvette), while the neat samples were used in the solid-state
studies. The steady-state absorption, emission, and excitation spectra were recorded
on PerkinElmer Lambda 900 UV/vis/NIR, Hitachi U-3310, and Shimadzu UV-1800
spectrophotometers and Edinburgh FS920, Jasco V66FP6500, Horiba FluoroMax-4,
Fluorolog-3, and Avantes AvaSpec-ULS4096CL-EVO fluorimeters, respectively.
Both the wavelength-dependent excitation and emission responses of the fluorime-
ters were calibrated. Xe lamps (300 and 450 W) and LEDs (365 nm) were used as
excitation light sources to generate luminescence. The lifetimes in solution were
determined by the time-correlated single photon counting (TCSPC) method with an
Edinburg FL 900 photon-counting system, using a hydrogen-filled lamp as the exci-
tation source or a HORIBA Fluorolog-3 spectrofluorometer and photon-counting
system with an LED (maximum emission at 340 nm) in pulse mode (width 0.9 nm,
repetition rate 100 kHz) for the nanosecond domain and a Xe lamp (450 W, repeti-
tion rate 10 kHz) for the microsecond domain. The lifetime data were fitted with the
HORIBA Instruments software package and the Origin 9.55b program. The relative
emission quantum yields in solution were determined by a comparative method
using a set of standards (further detail in the SI of the original publications).2® Ab-
solute quantum yields of the solid samples were measured using an integrating
sphere with a Horiba FluroMax-4P luminescence spectrometer as the optical detec-
tor.

Different excitation sources were used for the photostability tests (Aex = 375 nm
diode laser, RGB Photonics, MiniLas EVO 375-50; Aex =458 nm Argon ion laser; Aex =
532 nm diode laser, Suwtech, DPGL-2100). The fluorescence intensities at the
respective emission maxima were recorded with continuous exposure to the
excitation light and collected on an Edinburg FS920 fluorimeter and Zeiss LSM710
NLO confocal spectral microscope.

The CIE 1931 coordinates were calculated from the photoluminescence data
using the Origin 9.55b software pack.
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i Six-membered phosphacyclic chromophores
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Figure 22. Structures of compounds 1c-8c and 9-26 obtained in this study (Roman numbers
correspond to the original publications).
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3 RESULTS AND DISCUSSION

3.1 POLYAROMATIC SIX-MEMBERED PHOSPHONIUM HETER-
OCYCLES "

In view of the poorly explored six-membered P-heterocycles, compared to the five-
membered phospholes and conventional acyclic derivatives, the initial focus of this
work was on the elaboration of new ionic phospha-polyaromatic fluorophores. The
molecular design, depicted in Figure 23, implies the following concepts:

1) Merging a strongly electron accepting A‘o* phosphonium function (>P+Phz)
with a robust polyaromatic scaffold leads to stable and efficient fluoro-
phores and decreases the energy of the LUMO.

2) Optical properties depend on the size and stereochemistry of the polyaro-
matic core.

3) Decorating the phospha-scaffold with electron-donating groups induces
ICT that dramatically influences the optical gap.

PPhy A . "
Extension of the core n-conjugation

& —— Electron-donating/accepting moleties
X

Figure 23. Molecular design strategy to control the physicochemical properties of six-
membered cycles.

These structural variations of the central core and lateral functionalities aimed at
the wide alteration of the emission energy, ultimately reaching the deep red or
near-IR region.

The synthetic method that was applied to merge the positively charged A*c*
phosphonium group with a polyaromatic core involved intramolecular Cu'-
mediated phospha-annulation as a key step (Scheme 6, b). The starting ortho-bromo
functionalized phenylene-acenes (naphthalene, phenanthrene, and anthracene)
were synthesized via multi-step protocols, which include (i) conversion of the
acenes into bromo- and iodo-substituted derivatives followed by (if) Suzuki cross-
coupling with 2-bromophenylboronic acid. Additionally, the anthracene platform
was functionalized at the 10-position by tailoring the substituents with different
electron-donating abilities such as phenyl (4c), triphenylamine (5¢), and 4-ethynyl-
N,N-dimethylaniline  (6¢c). Similar to PAH-phenylene-o-bromides, ortho-
phenylenephosphines (1-6) were obtained in good yields (71-94%) by a procedure
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involving conventional lithiation with ‘BuLi and successive treatment of the i-
intermediate with a diphenylphosphinechloride (Scheme 6, a).

The PAH-ortho-functionalized phosphines instantly react at room temperature
with copper(Il) triflate in DCM/MeCN solutions to afford six-membered phos-
phacycles (1c-6¢, where “c” denotes the cyclization product; Scheme 6, b). Regard-
ing the cyclization step, the initial studies started from 1-(2-
diphenylphosphinophenyl)naphthalene (non-methylated structural analogue of 1),
which reacted with Cu" to yield a mixture of two products. The mass spectrum of
the chromatographically purified mixture presented one signal at m/z = 387.1,
whereas two resonances were observed in the corresponding 3P NMR spectrum (o
= 4.4 and 23.8 ppm), indicating that two constitutional isomers with six- and five-
membered P-rings were formed in a 70/30 ratio. Unfortunately, these isomers could
not be separated. To exclude the formation of the product mixture, the methyl-
substituted analogues of unsymmetrical naphthalene- and phenanthrene-
phenylenes were further utilized.

s
\% % i % ;Ph, b PPhy corp.

PAH phenylene- PAH phenylene- PAH 6-membered
o-bromides o-phasphines 1-6 phosphacyches 1:—6-: J

Scheme 6. Synthetic route to six-membered phosphacycles 1c-6¢: a (i) ‘BuLi, 1.7 M, THF, -78
°C, 40 min; (ii). PPh2Cl, =78 °C — rt, 1 h, 71-94% and b Cu(OTf)2 anhyd, DCM/MeCN, 10 min,
30-79%.

The efficiency of the cyclization reaction depended on the nature of the Cul-
mediator, as illustrated by phosphine 3 (Table 1). The copper(Il) bromide and ace-
tate did not convert 3 into the desired product 3¢ and only trace amounts of the
cyclized derivative were observed, even after six hours. A visibly better conversion
was demonstrated by the copper(Il) chloride (48%) and perchlorate (25%) hydrates
in the 1/1 DCM/MeOH mixture. The reaction proceeded most efficiently when an-
hydrous copper(ll) triflate served as the mediator (79% yield). As a result, Cu(OTf)2
was used for the synthesis of all the phosphacycles (1c-6¢). These findings can be
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rationalized by a lower solubility of the copper(Il) bromide and acetate, which evi-
dently decreased the overall oxidative activity of the Cu reactant. The counterion
might also play a non-negligible role in the stabilization of the reaction intermedi-
ates.

The Cu(OTf)-mediated phosphacyclization resulted in good phosphonium salt
yields (1c—4c; 62-79%). However, in the case of ortho-phosphines 5 and 6 decorated
with donor groups, the yields of 5¢ and 6c¢ substantially dropped to 38 and 30%,
respectively. This was attributed to their lower stability, which caused significant
losses during purification by column chromatography.

Table 1. Cyclization of 3 mediated by Cu" salts at 298 K in different solvent mix-
tures.

Cul! saltla! Solvents Yield of 3¢ %l®!
CuCl2:2H20 DCM/MeOH 1/1 48
Cu(OCls)-6H20 DCM/MeOH 1/1 25
Cu(OTf)2 (anhyd) DCM/MeCN 1/1 79
CuBrz2(anhyd) DCM/MeOH 1/1 —lel
CuBrz2(anhyd) DCM/MeCN 1/1 —lel
Cu(OAc)2:2H20 DCM/MeOH 1/1 —lel
Cu(OAc)22H20 DCM/MeCN 1/1 —le
Cu(OTf)2 (anhyd) + TEMPO (5 eq.) DCM/MeCN 1/1 —d

22.05 eq. of Cul salt; bisolated yield; ctrace amount of product observed.

On the other hand, the symmetric architecture of the diphosphine analogue of 3,
9,10-bis(2-diphenylphosphinophenyl)anthracene (dpaP? Scheme 7), was potentially
suitable for double cyclization. The reaction of dpaP? with the copper salt however
led to the formation of the monocyclic product, which was easily transformed into
the A504/A%0%ydic (7¢) and A‘0%/A%0%ydic (8¢) compounds in moderate yields (46 and
32%, respectively) by treating the second phosphine group with hydrogen peroxide
or methyl iodide, respectively (Scheme 7). The main side products of the phospha-
cyclization reaction, phosphine oxide 9 and diphosphonium salt 10, could be ob-
tained directly from dpaP? by reacting with an excess of hydrogen peroxide or me-
thyl iodide (Scheme 7). Surprisingly, even an excess of the copper salt did not lead
to the formation of the 1,4- or 1,5-dicyclic products. Trace amounts of these sub-
stances (yield <1%) were obtained under modified conditions (benzonitrile, 80 °C).
The ESI* MS of the highly emissive red species displayed one signal of a doubly
charged ion (m/z = 348.1), while two peaks were observed in the 3P NMR spectrum
(0=4.3 and 5.5 ppm). All attempts to separate the isomers were unsuccessful. Other
P-cyclization methods, such as the gold(I)-based procedure reported by D. Toste!*?
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and the metal-free protocol reported by C. Romero-Nieto,'¢ also failed in the pre-
paration of these dicycles.

O Qoo
®
pph, 201(8¢)
a, G, 7c
b, Cu7, 8¢
X
O X = PPh,O (7ck:
P*Ph,Me (8c)

Scheme 7. Synthesis of phosphacycles 7¢, 8¢, diphosphine oxide 9, and diphosphonium salt
10 from dpaP% a (i) CuCl2H2O, DCM/MeOH; (ii) H202 aq. 30%, 46%; b (i) CuCl2H20,
DCM/MeOH; (ii) Mel, 32%; ¢ DCM/H20: aq. 30%, 91%; and d DCM/Mel excess, 88%. The
dpaP? structure illustrates the numbering of the carbon atoms available for cyclization.

1,4- or 1,5-double X =PPh,0 (9)
cyclization P*Ph,Me (10)

To rationalize this problem, a mechanism based on the analysis of metal-free
and metal-mediated cyclization reactions was proposed (Scheme 8). In brief, the
highly reactive phosphoniumyl radical cation P+, formed via single electron transfer
(SET), generates the polycyclic annulated intermediate Pcr*. This is followed by the
second oxidation and proton elimination from the Pcu* species to form the final
cyclization product Pc. The involvement of radicals in the key steps was supported
by the addition of the radical scavenger 2,2,6,6-tetramethylpiperidine N-oxide
(TEMPO) to the mixture of Cu'' and phosphine 3 reactants, which completely sup-
pressed the cyclization process (Table 1). In view of the proposed mechanism, the
second electrophilic annulation in case of dpaP? seems to be unfavorable because
the formation of the first cationic phosphonium cycle probably decreases the nucle-
ophilicity of the anthracene core.

Pon*

Scheme 8. Proposed mechanism for the Cu'-mediated phosphaannulation.

The 3P NMR singlet resonances of the phosphaannulated fragments of 1c-8¢
were observed in the range 4.1-5.7 ppm, which agreed with the data for six-
membered P-cycles of the same stereochemistry.!%1% Additionally, phosphacycles
7c¢ and 8¢, bearing the second (acyclic) acceptor group, displayed low-field signals
at O =24.0 (A5o* -P(O)Ph2) and d = 19.8 ppm (A*o* —P*Ph2Me). The positions of the
high-frequency signals correlate with those of 9 (0 = 25.7 ppm) and 10 (5 = 20.8
ppm). The expected molecular compositions of the ionic compounds were con-
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firmed by high-resolution ESI* MS. The corresponding data revealed the peaks of
singly (cycles 1c-8¢) and doubly (dication 10) charged molecular ions (m/z = 401.1,
451.2, 437.1, 513.2, 680.3, 580.2, 713.2, 356.1, and 364.1, respectively), in accordance
with the proposed structures.

The solid-state structures of 1c, 2¢, and 4¢, determined by single-crystal X-ray
diffraction analysis, are illustrated in Figure 24. The phosphorus atom, integrated
into the six-membered ring, adopted a slightly distorted tetrahedral geometry. The
endo C-P-C angles were close to the idealized value of 109°, whereas significant
deviations were observed for the exo parameters inside the cycle. The phosphorus
centers were positioned slightly out-of-plane in the twisted hydrocarbon backbones
of 1c, 2¢, and 4c, resulting in a boat-like phosphacyclic motif. This arrangement was
similar to that observed in the acridophosphine family;?'® however, it is not typical
for other six-membered congeners.!81.19,208.211,230
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Figure 24. Molecular views of phosphacycles 1c¢, 2¢, and 4c (top; triflate counterions are omit-
ted for clarity) and their dimers in the crystals (bottom). Thermal ellipsoids are shown at the
50% probability level.

Despite the tetrahedral geometry of the phosphorus atom, the crystal packing of
molecules 1¢, 2¢, and 4c featured dimer pairs arranged in a “head-to-tail” fashion,
as well as the extensive hydrogen bonding S=O---H-C, which involved triflate coun-
terions. The C-P bond lengths in 1c, 2¢, 4¢, and 10 were quite similar to those of the
recently studied Ac*/A*c* phospha-oxides and phosphonium salts.!93197.212

Salts 1c—4¢c were moderately soluble in water (0.05-0.3 mg/mL at 298 K), whereas
5¢, 6¢, and 9 were more hydrophobic. Compounds 7¢, 8¢, and 10, comprising hy-
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drophilic CI- and I counterions, demonstrated better aqueous solubilities (0.5-0.8
mg/mL at 298 K).
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Figure 25. A: Absorption (dashed lines) and emission (solid lines) spectra of 1c—4c (H20) and
B: Spectra of 5¢, 6¢ (DCM).

The optical behavior of 1c—4¢, 7¢, 8¢, and 10 were investigated in water solu-
tions. Owing to poor solubility, hydrophobic 9 was analyzed in MeOH; moreover,
the photophysical properties of 5¢ and 6c were studied in DCM, water, and phos-
phate buffered saline (PBS) containing 5% DMSO as a co-solvent. The data are
summarized in Table 2 and depicted in Figures 25 and 26 (complete data in original
publications I, II). The absorption profiles of 1lc—4c, 7¢, and 8c displayed high-
energy (HE) bands in the region 268-275 nm with the molar extinction coefficients
changing from 5900 to 37600 M- cm'. Modification of the anthracene core 3c by the
phenyl (4) or acceptor—phenylene (7c, 8c) substituents did not affect the position of
the HE band; however, a gradual decrease in the absorption intensity was ob-
served, especially for 8c (¢ = 15200 M cm™). In turn, the low-energy (LE) bands
exhibited moderate absorptivity (¢ = 4800-10800 M-! cm™). The LE maxima were
progressively red-shifted upon extension of the conjugated system: naphthalene
(1c; 348 nm), phenanthrene (2c¢; 375 nm), anthracene (3¢c; 438 nm), and phenylan-
thracene (4c, 7c, and 8c; 448-450 nm).

According to the TD-DFT calculations, the HE absorption resulted from mixed
HOMO-2 to LUMO+2 transitions. The LE broad band was correlated with the
HOMO—LUMO transition, which mainly occurred within the PAH fragment and
phenylene ring, suggesting charge-transfer character.
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Table 2. Photophysical data of 1c-8¢, 9, and 10 in solution at 298 K.

Aabs, Aem, Av, T, | @em, | 02,11 | d2XDem,

(¢, 103 M1 cm) nm cm?! | ns % GM GM
1ckl 275 sh (5.9), 344 (7.0) 420 5260 | 3.3 | 38 277 105
2clal | 268 (21.7), 290 (12.3), 344 (11.2), 375 (5.1) 425 3137 | 3.5 49 183 90
3clal 272 (37.6), 360 (1.1), 379 (2.3), 438 (6.7) 533 4070 [16.0| 99 637 630
4clal 274 (35.8), 362 (0.7), 383 (1.8), 450 (9.1) 547 3941 | 9.3 69 634 437
5clb] 280 (38.0), 307 sh (24.5), 480 (7.9) 760 7676 | 3.4 10 - -
5cld 281 (31.2),472 (7.1) 640 5561 | 3.5 2 151 ~3
5cldl 280 (29.5), 472 (6.9) 640 5561 | 3.3 2 - -
6¢lbl 276 (27.6), 367 (8.5), 570 (17.4) 780 4723 | 1.5 18 - -
6cld 277 (28.3), 365 (7.9), 540 (14.5) 665 3481 - <1 266 ~2
6¢ld! 272 (32.3), 374 (7.2), 555 (10.3) 690 3526 - <1 - -
7clal 274 (28.9), 450 (9.4) 536 1014 | 16.1 99 423 419
8clal 275 (15.2), 448 (4.8) 527 1333 | 16.1 99 310 307
9lel 365 (4.0), 379 (6.6), 401 (6.5) 418 3566 | 84 | 99 - -
1012l 367 (5.9), 382 (9.1), 404 (9.0) 427 3346 [135] 99 640 634

an H20; bin DCM; <in H20/DMSO (5%); 4in PBS/DMSO (5%); ¢in MeOH; faveraged value of three
replicas measured at 800 nm
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Figure 26. A: Absorption (dashed lines) and emission (solid lines) spectra of 7c, 8c in (left)
H20 and 9, 10 (right) H20 and MeOH and B: Electron density difference plot for the lowest
energy singlet excitation (So — S1) of 8c.

The electronic absorption spectra of the red 5¢ and violet 6¢ generally resembled
those of 3¢, 4¢, 7¢, and 8c. The HE bands positioned at 272-281 nm were nearly in-
sensitive to the polarity of the solvent and in a similar manner were attributed to
the HOMO-2—LUMO+2 transitions. The LE maxima were significantly red-shifted
with respect to the congeners at Aabs <480 nm for 5¢ and Aabs <570 nm for 6¢ in DCM,
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probably because of a more pronounced ICT caused by the D-A architecture (Fig-
ure 25B); this is in agreement with the TD-DFT results. Notably, the dimethylaniline
donor of 6¢ should be more susceptible to the formation of Me2N--H20 hydrogen
bonding than the triphenylamine unit of 5c. This might cause a more effective stabi-
lization of the ground state and a more distinct impact of the protic solvents on the
energy of the CT band [Aict = 540 nm in H2O/DMSO (5%); 555 nm in PBS/DMSO
(5%); and 570 nm in DCM].

The HOMO-LUMO gaps for 1c—6¢ gradually decreased upon the extension of
the mt-conjugated motif, enhanced by the increased D-A character of 5¢ and 6c¢ (Fig-
ure 27). This was in line with the absorption data and confirmed the validity of the
chosen molecular design. The introduction of the A*0*ydic cationic phospha-group
into the phenylnaphthalene scaffold better stabilized both frontier orbitals (HOMO
and LUMO) in 1c compared to its ASo*ydic phospha-oxide analogue (Figure 27A).1%7
Thus, a large reduction in the optical gap from 3.975 eV (1c) to 2.215 eV (6¢; Figure
27) was successfully achieved via rational structural variations.
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Figure 27. A: energies of the molecular orbitals and HOMO-LUMO gap for 1c-6¢ obtained by
TD-DFT calculations and B: Orbitals involved in the LE photoinduced electronic transitions
for 6c¢.

Acyclic compounds 9 and 10 demonstrated optical behavior similar to that of the
diphenylanthracene and its silane-modified analogue.?' For instance, the electronic
spectra of 10 displayed vibronically structured absorption (Aas = 404 nm) and emis-
sion (Aem = 427 nm) profiles with small Stokes shifts of ~23 nm (Figure 26A) and a
mono-exponential decay of the excited state (t = 13.5 ns, Table 2). The highly in-
tense blue emissions (QPem ~99%) were dominated by the 'mtrt* transitions of the an-
thracene moiety.

The phosphacyclic compounds 1c-8c exhibited remarkable luminescence in so-
lution, which covered a wide interval of wavelengths (360 nm or 12103 cm) from
deep blue (420 nm) to near-infrared (780 nm; Figures 25 and 26A). The structureless
fluorescence bands followed the bathochromic shift of the LE absorption bands
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caused by m-extension. Naphthalene- and phenanthrene-derived cations 1c and 2c,
respectively, featured deep blue emissions with maxima at 420 and 425 nm, respec-
tively. Effective delocalization of the HOMO and LUMO over the A*C%ydic RaP*
fragment led to double the quantum yield for 1c (®@em = 30% in DCM) and ~41 nm
emission red shift vs the congener A’c*ydic oxide (Aem = 389 nm, @em = 14% in
DCM)."%” Changing the PAH core to the anthracene (3c) decreased the luminescence
energy (113 nm or 5047 cm bathochromic shift) resulting in bright green emission
with a relatively long lifetime and an efficiency close to unity (Aem = 533 nm, Qem =
99%, t© =16.0 ns). Further increase in the emission wavelength (~14 nm) was detect-
ed for 4c¢ (Aem = 547 nm), which contained the phenyl substituent in the 10-position
of the acene. This also influenced the quantum efficiency of 4c¢ (Qem = 69%), pre-
sumably due to the increased degree of stereochemical freedom. The unrestricted
movement of the phenyl group facilitated the non-radiative decay of the excited
state (knr = 3.3x107 s for 4¢c and 0.1x107 s for 3c). Such an effect was recently found
for other emitters.?322% In accordance with this hypothesis, the rotational dissipation
of the excitation energy was blocked by the inclusion of bulky electron-deficient
ASg*/Ado* groups into the ortho-position of the phenylene rings [-P(O)Phz in 7c, -
P*PhoMe in 8c]. This restored the efficiency to unity (knr = 0.1x107 s! for 3¢ = for 7¢
and 8c) with some hypsochromic shifting (11-20 nm; Aem = 536 and 527 nm for 7c
and 8c, respectively). The blue-shifted emission maximum for 8c with respect to
that of 7c suggested larger HOMO stabilization by a stronger phosphonium accep-
tor.

The luminescence features of compounds 5¢ and 6c were determined by their
donor-acceptor configuration. Thus, 5¢ with a -NPh2 electron-rich function dis-
played broad emission bands in water/DMSO and PBS/DMSO solutions maximized
at 640 nm. The rather low efficiency (2%) indicated fast rotational/vibrational relax-
ation (k. = 28.0x107 s1) and the presence of the solvent polarity effect, typical for
many organic fluorophores with ICT 3116719023 In ]ine with the absorption behavior,
the emission maximum for 6¢ was more sensitive to the properties of the medium
than that for 5c. Thus, in the water/DMSO mixture, the former presented a band at
~665 nm that was red-shifted in a more ionic PBS/DMSO solution to ~690 nm. As
compared to that in the aqueous medium, the luminescence of 5¢ and 6c in DCM
was considerably more intense and simultaneously red-shifted (Aem = 760 nm, @em =
10% for 5¢ and Aem = 780 nm, @em = 18% for 6¢). Furthermore, in aprotic DCM, 5c¢
and 6¢ were among the most efficient and lowest-energy fluorophores found within
the family of organophosphorus dyes.185188211,212216

The emission maxima for the powder samples of phosphacycles 1c—4c¢ displayed
10-20 nm bathochromic shifts with respect to the DCM solutions [Aem (nm) = 430 1c,
450 2¢, 541 3¢, and 556 4c], which probably resulted from the dimer formation as a
solid-packing effect. More drastic changes were observed for 6¢c, which presented
an emission band at 825 nm and superior @em (7%), arising from the lack of solvent
quenching.
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Importantly, the pronounced CT nature of the excited states for 5¢ and 6c¢ en-
sured the respective large Stokes shifts 280 nm (7676 cm™) and 230 nm (4723 cm;
Figure 24, Table 2), thereby producing negligible overlap of the absorption and
emission profiles (i.e., minimizing the reabsorption) that is crucial for imaging ap-
plications.

Essentially, all the ionic compounds (1c-8c and 10) exhibited moderate to high
two-photon absorption (TPPA) cross sections at the excitation wavelength 800 nm (&%
= 151-640 GM, Table 2). These data were similar or considerably higher than the
TPA values of the commonly used coumarin 485/480 and rhodamine 6G/B dyes (&%
= 36-160 GM).»+2% The phosphonium species displaying good one- and two-
photon excited brightness (¢x®em and 02x®@em, Table 2) served among the best mito-
chondrial probes (e.g., 2 and 3 GM for MitoTracker green and red, respectively).?”

Furthermore, the aerated solutions of the phosphacycles exposed to continuous
high-power irradiation revealed their excellent photostability. The changes in the
initial intensities (I/Io) of dyes 3c, 4¢, and 7c were compatible with those observed
for coumarin 480 and fluorescein. On the other hand, 1¢, 5¢, 6¢, and 8c demonstrat-
ed visibly slower degradation (original publications I, II).

The combination of the ionic nature (i.e., solubility in aqueous medium) with
outstanding optical behavior and good photostability make the title phosphonium
dyes potentially suitable for cellular bioimaging. Thus, as a proof of concept 4c, 6¢-
8¢, and 10 were tested for in vitro imaging of the HeLa and CCD cells. The positive-
ly charged phospha-salts demonstrated high cell viability and permeability in the
1-5 um concentration range.

B | Red channel

Red channel

Figure 28. A (first column): Two-photon confocal images of living HeLa incubated with 6c
(Aex = 800 nm) for 10 min (top) and 2 h (bottom) and B (next three columns): confocal images
of HeLa (top row) and CCD cells (bottom row) labeled with 8c and MitoTracker (blue chan-
nel: 460-620 nm, Aex = 458 nm; red channel: 640-740 nm, Aex = 633 nm).
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For instance, the results for 6c are illustrated in Figure 28A. The two-photon flu-
orescence images obtained at the excitation wavelength 800 nm displayed strong
red emission in the living HeLa cell cultures. The dyes were localized primarily in
mitochondria (Mt) organelles after 10 min incubation. However, after 2 h of co-
culturing, the lipid-rich endoplasmic reticulum (ER) and endosome (Es) membrane
were labeled too (Figure 28A). The selective mitochondrial uptake was additionally
studied by co-localization of diphosphonium 8c with commercial MitoTracker deep
red dye in both HeLa and CCD cells. Figure 28B reveals that the overlay images
presented the Pearson’s correlation coefficient R = 0.85, demonstrating highly spe-
cific location of the dyes in mitochondria.

In summary, the strategy to alter the photophysical properties by incorporating
the A‘c* phosphonium (*PRs) unit into the naphthalene-, phenanthrene-, and an-
thracene- polyaromatic scaffolds viaz intramolecular Cu'-mediated phospha-
annulation was successfully realized. The novel phosphacycles demonstrated rich
possibilities for emission tuning from deep blue (420 nm) to near-infrared (780 nm)
in solution, which was extended up to 825 nm for the pristine solid. As proof of
principle, the water-soluble dyes were demonstrated to be useful for the visualiza-
tion of the biological samples.
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3.2 DYNAMIC D-A PHOSPHONIUM FLUOROPHORES

A literature analysis revealed that the A‘c* phosphonium unit (-P*Rs) has been
poorly utilized as a strong pendant acceptor (A) for the construction of acyclic
fluorophores having the simplest linear D-mt—A architecture (Figure 29). To fill this
gap, a systematic study of the family of Pho2N-n—P+Phs ionic dyes was next carried
out. Aimed at the modulation of the ICT properties and optical gap, the structural
tuning of these chromophores mainly focused on the variation of the polarizable -
spacer system.

polarisable m-system variation

Figure 29. Illustration of the concept: systematic HOMO-LUMO and ICT alteration in linear
“push-pull” phosphonium salts.

Following this strategy, the bromoarylamine intermediates (Br—m—D) were syn-
thesized according to standard protocols. In brief, the procedure involves N-
arylation of the secondary amines (diphenylamine and carbazole) and Suzuki and
Sonogashira cross-coupling of the aryl dihalide derivatives with triphenylamine-p-
ethynyl or boronic acid precursors (synthetic details in original publication III).23-
240

Similar to bromoarylamines, the target D-m—A phosphonium salts 11-15 and
12Cbz were prepared via the Ni-catalyzed Charette and Maroux P-C bond forming
reaction' in moderate to high yields (34-92%; Scheme 9, method I). A perceptible
drop in the reaction efficiency was observed for the extended oligophenylene and
naphthalene derivatives (quaterphenyl 14, 40% and naphthalene 15, 34%). Firstly,
these lower yields were attributed to a gradual decrease in the solubility of the
bromoarylamines in ethylene glycol upon the extension of the hydrocarbon -
spacer. Secondly, oxidative addition to the reactive nickel center should be sensitive
to the steric hindrance and electronic factors and is therefore inhibited by the bulky
naphthalene motif.

In the case of 10-bromo-9-(N,N-diphenylamino)-anthracene, no expected
quaternized salts were observed in both the Ni- and Pd-catalyzed reactions,0%111.241
which was in line with the aforementioned results. Alternatively, a two-step proce-
dure (Scheme 9, method II) was utilized. Thus, anthracene-16 and extended naph-
thalene-based 17 and 18 A‘o* phosphonium salts were obtained in satisfactory 35—
51% yields from the corresponding phosphines quaternized with excess methyl
iodide.
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1. Nickel-catalyzed P-C bond forming reaction @

n= 1 {17, 92%); 2 (12, 89%)

PPhy NiEr,? @ e 3 (13, 77%}; 4 (14, 40%}, 15, 34%
Er“@“hﬁu — Phy MPh,  Br ¥

II. Methylation of the phosphines
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Scheme 9. Synthesis of phosphonium salts 11-19 and 12Cbz: a PPhs, NiBr2 anhyd, ethylene
glycol, 180-200 °C, 5 h; b (i) "BuLi, 2.5 M, THF, -78 °C, 1 h followed by (ii) PPh2Cl, -78 °C —
rt, 2 h; ¢ Mel, DCM, 2 h; and d DCM, reflux, 4 h. e DMF, 120 °C, 12 h.

I, Multistep alkylation of the phosphines

In turn, diphosphonium salt 19, which bears two different D-n—A fragments
connected by the —(CHz)s— spacer, was synthesized in an overall yield of 27% yield
by a two-stage alkylation protocol (Scheme 9, method III). The first step proceeded
via refluxing with DCM, whereas the second alkylation required more severe condi-
tions (DMF, 120 °C, 12 h).

The 'H, ®C, and *P{'H} NMR spectroscopic measurements in solution con-
firmed the composition of the salts. Particularly, the phosphorus spectra of 11-18
and 12Cbz demonstrated singlet resonances in the range 17.8-23.7 ppm, in accord-
ance with the data for the previously reported tetraaryl/triarylalkyl phosphonium
derivatives.#211912012 Two distinct phosphonium groups in 19 generated two dou-
blets (0 =23.4 and 22.0 ppm) with the clearly resolved long-range coupling constant
4Jp-p = 9.9 Hz. The ESI* MS of the mono- (11-18 and 12Cbz) and dicationic (19) spe-
cies displayed dominating signals at m/z = 506.2, 582.2, 658.3, 734.3, 556.2, 544.2,
570.2, 594.2, 525.2, and 580.2, respectively. The masses and observed isotopic distri-
butions completely matched the simulated patterns for these molecular ions.
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Figure 30. A: Molecular views of phosphonium salts 11 and B: Of 12Cbz (only one of two
independent molecules found in the unit cell is depicted). Thermal ellipsoids are shown at

the 50% probability level.

The X-ray crystallographic studies confirmed that the quaternized phosphorus
atoms in 11 and 12Cbz (Figure 30) adopted a tetrahedral geometry with 2C-P-C
and C-P bond lengths in the range 107.9-112.5° and 1.781(2)-1.812(2) A, respective-
ly. These structural parameters agreed with those of the other A‘c* tetraaryl-

phosphonium centers.242243
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Figure 31. Absorption (dashed lines) and emission (solid lines) spectra of the 11-14 (A) and

15-18 (B) in DCM and salt 13 in different solvents (C; water, DCM, MeOH, and MeCN). The
photos reveal the appearance of the corresponding solutions under 365 nm excitation.
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Table 3. Photophysical data of 11-19 and 12Cbz in solution at 298 K.

Aabs, Aabs.calc,| Aem, Av, T, Dem, | ki, knz,
nm (¢, 103 M1 cm-?) nm nm cm? ns % 107s1 | 107 s
110 275 (10.3), 333 (19.8) 316 487 | 9496 | 92 | 72 | 78 | 30
120 268 (20.2), 387 (27.2) 349 528 | 6900 | 44 | 88 | 200 | 27
o 262 (20.1), 375 (28.6) ; 538 | 8583 | 38 | 84 | 221 | 42
td 260 (21.5), 372 (26.8) ; 555 | 8se4 | 41 | 51 | 124 | 120
ta 256 (21.0), 369 (26.1) ; 568 | 9495 | 04 7 | 175 | 2325
12Cbzl 261 (28.9), 343 (13.9) ; 488 | 8663 | - 85 | - -
130 294 (43.9), 379 (32.0) 341 577 | 9054 | 42 | 71 | 169 | 69
o 290 (36.3), 365 (31.5) ; 508 |10675| 16 | 44 | 275 | 350
ta 288 (41.1), 364 (38.0) ; 617 |11265| 24 | 54 | 225 | 192
ta 286 (40.8), 362 (32.7) - 534 | 8898 éé%z(?f%;) 1 | 09 | 80
14 305 (53.4), 364 (42.0) 333 619 [11317| 43 | 95 | 221 | 12
o 299 (42.8), 353 (41.7) ; 670 |13403| 01 | ~1 | 100 | 990.0
td 298 (46.4), 354 (47.0) ; 687 |13693| 02 | ~1 | 50 | 4950
1501 278 (13.9), 407 (10.6) 420 560 | 6713 | 142 | 29 | 20 | 50
1601 | 264 (89.6),398 (5.9),519 (62) | 465 69 | 4900 | 25 2 | 08 | 392
17 301 (30.8), 402 (15.0) 398 579 | 7604 | 68 | 95 | 140 | 07
1801 310 (21.6), 438 (27.4) 449 626 | 6857 | 41 | 81 | 198 | 46
1901 332 (43.6), 437 (31.2) ; 627 | 6934 | a1 | 89 | 217 | 27

aln DCM,; bin MeOH; ¢ in MeCN; and 4in H20.

The relevant photophysical data for 11-19 and 12Cbz in polar solvents are dis-
played in Figure 31 and listed in Table 3 (complete dataset in original publication
III). The lowest energy CT band in the absorption spectra of the phosphonium salts
was attributed to the donor-acceptor architecture, which was confirmed theoretical-
ly (Table 3). This absorption demonstrated a gradual bathochromic shift (<186 nm,
10760 cm) along with the extension of the polarizable spacer [Aabsict) = 333 nm for
11 (-m— is phenylene); 387 nm for 12 (—m— is biphenylene); 519 nm for 16 (-m— is
anthracene)]. On the other hand, the elongation of the oligophenylene spacer
caused a slight blue shift (I) in the range 8-13 nm (DCM) with an expected rise in
the extinction coefficient [Aabs (¢ M1 em?) = 387 (27200), 379 (32000), and 364 (42000)
nm for 12, 13, and 14, respectively]. The maximum of the ICT absorption band for
12Cbz shifted to 343 nm as a result of a lower donicity of the carbazole function
compared to that of the diphenylamine in 12. The absorptions of the close conge-
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ners PhsnP(E)-[(CeHa)m—NPhz]a (E = O, S, Se, and AuCeFs; n = 1 or 3; m = 1-3)7380
systematically appeared at higher energies. This pointed towards a higher degree of
ICT in the ionic dyes because of a stronger electron-accepting ability of the —P*Phs
group. The absorption bands of all the title phosphonium salts demonstrated mod-
est negative solvatochromism upon increasing the solvent polarity (e.g., Aabsqcr) for
13 = 379 nm in DCM, 365 nm in MeOH, 364 nm in MeCN, and 362 nm in water),
which is consistent with the properties of the reported push-pull phosphonium and
pyridinium compounds.122-124244

The emission maxima for molecules 11-19 and 12Cbz also varied as a function
of the medium nature and size of the conjugated system (Figure 31). All the com-
pounds displayed structureless emission profiles with fluorescence lifetimes of 2.5
14.2 ns (DCM) and luminescence colors covering the entire visible range (Aem = 487-
696 nm, DCM). The quantum yields of fluorophores 11-14, 17, 18, and 12Cbz in
DCM solutions fell in the range 71-95%. On the other hand, dyes 15 and 16 with
naphthalene and anthracene polyaromatic cores, demonstrated lower efficiencies of
29 and 2%, respectively, owing to the visibly smaller radiative and higher non-
radiative rate constants along this series (Table 3). A notable bathochromic shift of
the emission (~132 nm, 4378 cm) was observed for oligophenylene phosphonium
salts: blue emission observed for 11 (487 nm) changed upon elongation of the phe-
nylene chain to green for 12 (528 nm), yellow for 13 (577), and orange for 14 (619
nm), as illustrated in Figure 31A. The weaker donor carbazole substantially in-
creased the emission energy for 12Cbz (478 nm in DCM) vs 12. The emissions of
salts 15 and 16 with polyaromatic backbones expectedly revealed an energy reduc-
tion to 560 and 696 nm, respectively; notably, the latter wavelength was the most
red-shifted within the series 11-19. The quantum efficiency of 15 was improved by
inserting the phenylene (17) or ethynyl-phenyl (18) spacers to produce the remark-
able values @em = 95 and 81% together with significant red-shift of the emission
maxima (Aem = 579 nm for 17 and 626 nm for 18). In turn, di-phosphonium salt 19
mimicked the fluorescence of 18 with a slightly higher quantum yield (8% increase).
The absence of dual emission denoted a complete excitation energy transfer from
the phenylene to the naphthalene moiety.

The luminescence of the given phosphonium salts was sensitive to the solvent
properties (Figure 31C, Table 3). Increasing the polarity from DCM to MeOH and
MeCN led to a bathochromic shift of the emission. For instance, the emission of
biphenyl dye 12 demonstrated a shift of ~10 nm in methanol (Aem =538 nm) and ~27
nm in MeCN (Aem =555 nm), reaching the largest value of ~40 nm in water (Aem =568
nm), compared to that of the DCM solution (Table 3). Such a decrease in energy
was accompanied by substantial fluorescence quenching, caused by static interac-
tions with the water molecules.?*> Anthracene salt 16 reached NIR emission in
MeCN (709 nm), which presented low efficiency (<1%), attributed to a lowered

energy gap (energy gap law).24
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For salts with longer aromatic spacers, i.e., 13, 14, 17, and 18, the emissions in
water appeared at higher energies than those observed in DCM (e.g., 13, Aem = 534
nm in water and 577 nm in DCM; Figure 31C). The rise in the optical gap in water
can be explained by effective stabilization of the ground state in view of possible
HOH--NPh2 and H-O>+PRq interactions.

Broad structureless profiles, emission quenching in the polar medium, pro-
nounced solvatochromism and large Stokes shifts (from 4900 to 11300 cm) indicat-
ed the pure ICT character of the fluorescence.®'

Dyes 12-15 and 18 exhibited moderate to high two-photon absorption properties
measured under 800 nm excitation in water (0 = 263, 299, 321, 313, and 977 GM),
which have application potential for bioimaging.!

Unexpectedly, investigation of the photophysical properties of salts 11-13, 17,
and 12Cbz in nonpolar toluene revealed unusual dual emission (Figure 32A, Table
4). While compound 11 demonstrated only visible broadening and asymmetry of
the emission profile (Aem = 480 nm, Qem = 7%), two distinct bands, F1 (high energy)
and F2 (low energy), were identified in the spectra of salts 12, 12Cbz, 13, and 17 in
toluene. The ratio of the Fi/F: intensities and the energy of the F2 band were evi-
dently dependent on the length of the conjugated —mt— spacer and the strength of the
donor group. The emission of 12 was comprised two complementary bands with
maxima at A(F1)= 480 nm and A(F2) = 600 nm and the Fi/F2 ratio 1.9. This resulted in
white light with the CIE coordinates (0.29, 0.34), which are close to those of pure
white. The intensities of the F2 bands for 12Cbz and 13 were substantially lower and
presented Fi/F2 values of 10.0 and 5.6, respectively. Moreover, the elongated ter-
phenylene chain in 13 decreased the F2 energy to Aem = 674 nm and the total quan-
tum yield for 13 improved to 37% compared to that of 12 (Pem = 17%). Notably, salt
14, which bears a quaterphenylene spacer did not demonstrate any dual emission.

; B
e n oz o3
04 | <IO§,° 210
: - X -
B rv 198 § os 208
End £ €
) 4 R °6§om ©06
=154 N =
W 04 ™ 044 =04
104 g E
54 02z 02 202

gl 0.0
40 500 600 700 400 00 600 700 800 400 500 600 700 800
Wavelength, nm Wavelength, nm Wavelength, nm

Figure 32. A: Absorption (dashed lines) and emission (solid lines) spectra of 11-13 in toluene
(inset: corresponding solutions under 365 nm excitation) and B: Emission profiles of 12[X], X
=Br, BARF, and CFs50s in toluene (left) and 1,4-dioxane (right).

To gain insight into the observed phenomenon, compound 12 was selected as a
model for additional studies because of its appropriate Fi/F2 ratio and superior sol-
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ubility. Firstly, the dual emission resulting from micelle-like aggregation or excimer
formation could be excluded because of the: (i) constant Fi/F2 ratio at variable con-
centrations; (i7) identical excitation spectra, monitored at both high and low energy
emission maxima; and (iii) presence of only one emission band in the solid state
(Aem =510 nm).

Table 4. Photophysical data of 12[X], 12Cbz, and 13 in toluene, 1,4-dioxane, and
CCls solutions at 298 K.

Aem, Fi/Fac T (F1h), T (F2), dﬁfm, CIE¢
nm ps psc¢ Yo
12[Brl/1.81 A e
Toluene 468, 592 1.85 | 67 (63), 459 (37) | 93 (-49),792 (36), 2439 (15) | 17 | 0.29,0.34
1,4-dioxane 477 - | 73(56), 600 (44) | 73 (-51), 652 (37),2066 (22) | 15 | 0.23,031
CCl4 450, 606 8.33 - - 14 | 021.0.17
12[OTf1/2.48 A«
Toluene 468 sh,589 | 039 150 (73), 660 (27) 298 (-45), 3807 (55) 47 | 042,043
1,4-dioxane | 482sh,584 | 0.69 |265 (70), 917 (30) 431 (-46), 3063 (54) 35 | 0.39,043
CCla 450, 590 227 - - 26 | 029,026
12[0CL]/2.22 A «
Toluene 468 sh, 587 | 0.33 | 86 (70), 503 (30) 219 (-46), 3948 (54) 44 | 043,044
1,4-dioxane | 480sh,586 | 0.59 |144 (63), 678 (37) 358 (-47), 3167 (53) 34 | 040,043
CCl4 450, 590 2.08 - - 20 | 029,027
12[CF:CO01/2.35 A ¢

Toluene 468 sh, 588 | 0.43 |[128 (68), 744 (32) 274 (-48), 3574 (52) 45 | 041,043
1,4-dioxane | 483, 590 1.09 | 235 (60), 784 (40) 412 (-44), 2163 (56) 25 | 0.35,0.39
CCls 450, 580 1.72 - - 25 | 0.30,0.30

12[BARF] | 493/518/522/ | - - - 81 -

12Cbz 382, 550 10 - - 10 -
13 500, 674 555 |120 (39), 780 (61) 120 (-39), 2540 (61) 37 | 021,029

17 495, 650 2.86 - - -

2Calculated using intensities of the emissions at 470 and 600 nm for Fi and F2, respectively. "Monitored at
430 nm, ‘monitored at 650 nm; dcalculated from the emission spectra; ecalculated thermochemical radii of
the anions,?” and fin CCls, toluene, and 1,4-dioxane, respectively.

Secondly, the F1/F2 emission ratios were found to be highly dependent on the na-

ture of the counterion (Figure 32B, Table 4). The anion exchange afforded a family
of the phosphonium salts 12[X], where X = Cl, I, NOs, ClOs+, PFs, CFsSOs,
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CFsCOO, and BAREF- [tetrakis(3,5-bis(trifluoromethyl)phenyl)borate]. Thus, substi-
tution of the halide for the bulkier trifluoromethanesulfonate enhanced the overall
quantum yield and F: intensity, leading to the marked emission color changes and
CIE coordinates of the toluene solutions [12[Br] white, (0.29, 0.34) — 12[OTf] yel-
low, (0.42, 0.43)]. Notably, in 1,4-dioxane and CCls, dual emission of 12[X] was ob-
served with a noticeable drop in the intensity of the F2 band (Figure 32B, Table 4). In
fact, the HE F1 emission maxima varied in the order CCls > toluene > 1,4-dioxane for
the 12[X] series, i.e., according to the solvation/stabilization effect of the ICT in the
D-m—A systems. On the other hand, the LE F2 band was almost insensitive to the
polarity of the medium. A larger BARF- anion completely suppressed dual emis-
sion to produce one band maximized at 493/518/522 nm in CCls/toluene/1,4-
dioxane, respectively, behaving as a “normal” dye molecule with ICT character.

Two decay components (t1 = 67 ps and 11 = 450 ps) were retrieved from the time-
resolved measurements of 12[Br] in toluene for the HE band F1 (i.e., at ~430 nm).
From the experimental data monitored at the maximum of the F2 band, one rise
component (11 =93 ps) and two relatively long decay times (12 =792 ps and s = 2439
ps) could be resolved. Similar behavior was observed along the 12[X] series with
the rise of the decay component monitored at 650 nm (Table 4). The results of the
spectral temporal evolution for 12[Br] in toluene (Figure 33) demonstrated continu-
ous spectral evolution and absence of an isosbestic point, indicating the presence of
several emitting species during the relaxation period.
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Figure 33. Time-resolved emission spectra of 12[Br] in toluene at 298 K.

Thus, in polar solvents, the emission of the studied phosphonium salts was virtual-
ly independent of their counterion nature. The photophysical behavior of the sol-
vent-separated ion pairs (Scheme 10A) was mainly determined by the solvation
effect and change in the dipole moment upon excitation (Ap between the excited
and ground states), results that comply with the literature data for the A‘c* phos-
phonium salts.130.158177
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Scheme 10. A: Proposed energy diagram of the excited state relaxation mechanism in polar
and B: In nonpolar solvents for salts 12[X].

The observations for the weakly polar and nonpolar solvents allowed the eluci-
dation of the relaxation mechanism (Scheme 10B), using the phosphonium salt
12[X] as a prototype. The poor dipole interaction with the solvent and appreciable
electrostatic attraction suggested that the salt probably existed in the form of a con-
tact phosphonium-anion pair. The excitation-relaxation cycle is initiated via photon
absorption by the non-separated species. Consequently, because of the fast ICT (i.e.,
the donor -NPh: and acceptor —*PRs moieties became more positively charged and
neutral, respectively), two emissive states could be considered. The first one (S1)
with unfavorable charge separation mainly acted as a locally excited state and gen-
erated the HE emission band Fi. The formation of the second state (S'1) was sup-
posed to result from anion X- migration promoted by Coulomb forces from the less
positive “=PPhs” part to the formally (in the extreme representation) “+vely”
charged =‘NPhz group. Therefore, the second bathochromically shifted emission
band F: arose from the stabilization of the excited state simultaneously accompa-
nied by the destabilization of the “hot” ground state (S'0).

According to the hypothesized mechanism, the characteristics of the anions (e.g.,
size and charge distribution) would play a major role in the behavior of the non-
dissociated pair and govern the migration and relaxation processes. Hence, the
larger thermochemical radii*” of the X- anions corresponded to longer decays of the
Fiband (e.g., 12[Br] r = 1.81 A, © =67, 459 ps; 12[CFsCOO] r = 2.35 A, © =128, 744 ps;
Table 4 and Figure 34A). Apparently, a larger counterion increased the probability
of migration, which in turn decreased the Fi/F: ratio. The exceedingly large size of
the BARF- anion disfavored the relaxation dynamics described in Scheme 10B and
suppressed dual emission. Moreover, the solvent viscosity also effected the migra-
tion rate and population of the S'1 state (Figure 32, Table 4). Thus, toluene with its
smaller viscosity parameter (0.56 cp) demonstrated accelerated anion motion com-
pared to that of 1,4-dioxane (1.19 cp). This was revealed in the reduced Fi/F: ratio
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and faster decay times. Additionally, monitoring the emission at different tempera-
tures in the 1,4-dioxane and toluene solutions of 12[OTf] revealed that the intensity
of the F2 band systematically increased upon heating as a result of the decreased
viscosity (Figure 34B). This dynamic emission indicated the possibility for such
molecules to serve as molecular thermometers.?4
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Figure 34. A: Dependence of the fast decay time component of the HE band F1 for 12[X] on
the anion thermochemical radius®*’ and B: Temperature-dependent emission spectra for
12[OTHf] in toluene.

In summary, the combination of the electron-poor A*c* phosphonium group (-
“PRs) and diphenylamine/carbazole (-NPhz/-Carb) donors with different aromatic
spacers produced highly emissive fluorescent dyes 11-19 and 12Cbz spanning over
the whole range of the visible spectrum. Such D-rt—A-type molecules demonstrated
pronounced solvatochromism in polar solvents. More importantly, in nonpolar
media, salts 11-13, 17, and 12Cbz exhibited dual emission, which was dependent
on the counterion nature, size of the conjugated spacer, and viscosity of the fluid.
To the best of our knowledge, this unusual approach to attain dual emission has
been virtually unexplored to date. Furthermore, the counterion migration mecha-
nism reminisced the charge-induced translational motion machines,? paving a
new avenue for controllable panchromatic light generation and the relevant optical
functionalities.

66



3.3 (PHOSPHINE-AU)-EU EMISSIVE DYADS "V

This last chapter is devoted to the utilization of donor-functionalized phosphine
ligands for the construction of push-pull phosphine—Au fluorophores (D-m—R2P—
Aul), which were merged with luminescent Eu(tta)s f-block (tta = 3-
thenoyltrifluoro-acetonate) compounds. The proposed design (Figure 35) represents
a simple pathway for the combination of an ICT chromophore and lanthanide emit-
ter with the aim to achieve tunable dual luminescence.

7 N N —  Au—pph, ICTfluorescence
N\ ’l
(tta),
NPh,
{-f Eu™ red sharp emission polarisable rr-system variation of the phosphines

Figure 35. (Phosphine-Au)-Eu dyads capable of multiple emissions.

The phosphines L1-L3, which comprise a diphenylamine-functionalized -
spacer (biphenyl L1, naphthalene-ethynylphenyl L2, and ethynyl-anthracenyl-
ethynylphenyl L3) were synthesized from the corresponding bromoarylamine pre-
cursors according to a conventional two-step procedure (a4, Scheme 11). L1 and L2
were related to the phosphonium salts 2 and 18, discussed in the previous chapter.
Depolymerization of [Au(epbpy)ln [epbpy = 5-(4-ethynylphenyl)-2,2"-bipyridine]
with L1-L3 under an inert atmosphere afforded the metalloligands 21-23 in high
yields (86-95%; b, Scheme 11).
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Scheme 11. Synthesis of 21-26: a) n-BuLi 2.5 M, THF, =78 °C, 1 h for L1 and L2; n-BuLi 1.6 M,
diethyl ether/THF (1/1) -85 °C, 1 h for L3 followed by PPh.Cl, =78 °C — rt, 2 h; b) DCM, 1 h,
298 K; and c¢) Eu(tta)sx2H20, DCM, 1 h, 298 K.
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Gold(I) complexes 21-23 with a diimine function underwent chelating coordina-
tion and readily produced the Au-Eu dyads 24-26 by reaction with Eu(tta)s, in a 1:1
ratio, under mild conditions (72-83%; ¢, Scheme 11). Compounds 21-26 were stable
in the solid state and in solution, whereas the phosphines were susceptible to oxida-
tion when dissolved in air.

Singlet resonances of L1-L3 in the 3'P{H} NMR spectra (o = -6.2 to -32.8 ppm)
shifted to a low-field region (0 = 41.7 to 16.5 ppm) upon binding of the -PPhz group
to the Au(epbpy) fragment, reaffirming the formation of metalloligands 21-23. Fur-
ther coordination of the bipyridyl functions of 21-23 to the Eu atom did not impact
on the position of the 3P signals in 24-26. The chemical shifts for 21-26 well
matched the previously reported values for tertial-phosphine-gold(l)
complexes.*>80250 Further, the 'TH NMR spectra of the novel ligands and their com-
plexes well agreed with the proposed molecular structures. In particular, the Au-
Eu dyads 24-26 demonstrated visible broadening and significantly low-field reso-
nance shifts. These were assigned to the protons adjacent to the Eu-bound N-atoms
of the bipyridine moiety, additionally confirming the coordination of the paramag-
netic {Eu(tta)s} fragments to precursors 21-23.

The ESI* MS of the metalloligands displayed dominating signals at m/z = 958.26
(21), 1032.28 (22), and 1106.29 (23), corresponding to the protonated molecular ions.
Unfortunately, for the successor dyads 24-26, only the products of fragmentation
were observed.

The FTIR spectra of 24-26 in KBr demonstrated intense absorptions at ~1600 cm-
1, attributed to the C=O bond stretching vibration of the coordinated tta ligand.2512%
Additionally, the IR spectra also demonstrated weak bands in the region 2114-2197
cm, assigned to the C=C vibrations.

Table 5. Photophysical properties of 21-26 in 1,2-dichloroethane (DCE) at 298 K.

Aabs, Aabs, Aem. nm @ Av, T, T, dem,
nm (g, 103 M1 cm-Y) calc ’ cm-1? nsc¢ us 4 %
21 330 (55.7) 307 460 8560 1.8 - 30

1.2 (70),
22 324 (67.9), 400 (34.6) 356 525 5950 35 (30) - 31
264 (54.3), 277 (60.2), 325 (60.7), )
23 495 (31.5) 337,441 635 4620 4.0 29
460, 580, 592,

24 271 (44.1), 339 (100.3) 308 611,654,700 | 7760 | 22 | 2800 |15(4)¢
25 | 280 (63.2), 337 (139.1), 404 (44.0) 356 525,611 5700 1.7 434.0 21
26 | 276 (93.6), 336 (117.8), 495 (35.8) | 337, 441 611, 635, 705 4620 4.1 404.1 16

2Aexc = 360 nm; ¥Stokes shift; ‘monitored at the fluorescence ICT band; {monitored at 611 nm; ¢ overall
Dem (Qem of fluorescence ICT band).
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The optical characteristics of metalloligands 21-23 and dyads 24-26 in 1,2-
dichloroethane (DCE) solution are summarized in Table 5 and Figure 36. The ab-
sorption spectra of 21-23 resembled those of the starting phosphine ligands L1-L3,
although the LE structureless ICT bands for 22 and 23 exhibited some bathochromic
shifts (~15 nm). A decrease in the absorption energy caused by the coordination of
the phosphorus atom to the gold(I) center, indicated the enhanced ICT character of
the LE excitations as was postulated earlier.®® These ICT transitions displayed a
systematic red-shift in the order 21 (m-spacer = biphenyl, 330 nm) < 22 (naphtha-
lene-ethynylphenyl, 400 nm) < 23 (ethynylanthracenyl-ethynyl, 495 nm), in accord-
ance with the increase in the conjugated system. The absorption bands at 324-330
nm with large extinction coefficients (¢ = 55700 M-' cm™ for 21, 67700 M-' cm-! for 22,
and 60200 M1 cm for 23) were attributed to the intraligand m—m* transitions local-
ized on the ethynylphenyl-bipyridine fragment.?®> The quantum chemical calcula-
tions supported the proposed assignment, although the predicted wavelengths

were overestimated.
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Figure 36.A: UV-vis absorption (left) and emission (right, solid lines) spectra of metallolig-
ands 21-23 and B: Au-Eu dyads 24-26.

As predicted, the absorption profiles of dyads 24-26 were correlated with those
of the gold precursors 21-23 (Figure 36B). The LE CT bands were not affected by
the Eu(lll) coordination and were positioned at the same wavelengths as those of
the parent metalloligands. In turn, the large growth in absorptivity in the range
336-339 nm (e = 100300-139100 M-' cm'), which was similar for all three dyads,
could be explained as a cumulative contribution of the m—mt* transitions of the
diketonate tta ligands. This was proven by the computational results and previous
reports?®+2% and indicated the presence of the Eu(tta)s fragment in dyads 24-26.

The metalloligands exhibited blue (21, Aem = 460 nm), green (22, Aem = 525 nm),
and orange red (23, Aem = 635) intense emissions in DCE with similar quantum effi-
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ciencies of ~30% (Table 5, Figure 36A). Structureless broad profiles accompanied by
large Stokes shifts (4620-8560 cm-!) are typical for D-m—A-type molecules, thus in-
dicating the ICT character of the lowest excited state.®® The close congeners of
metalloligand 21, Phs.nP(E)-[(CéH4)>-NPhz]n (E= O, S, Se, and AuCeF5; n =1 or 3),7380
exhibited comparable fluorescence properties with emission maxima in the range
450-457 nm; however, with significantly higher efficiencies (® = 80-95% in DCM).
With respect to the phosphonium analogues 12 (Aem = 528 nm, @Pem = 88%) and 18
(Aem = 626 nm, Qem = 81; Scheme 9), the absorption and emission bands of 21 and 22
were at higher energies and exhibited lower intensities. This drop in efficiency
might originate from a possible nonradiative ISC process (S1—T1), induced by the
heavy gold atom.## In turn, the short lifetimes of the excited state of several nano-
seconds (T = 1.8-4.0 ns) indicated prompt fluorescence (S1—So) as the radiative re-
laxation, while phosphorescence was not observed evidently due to the relatively
weak SOC.

Figure 36B illustrates that blending of the sharp f—f emissions of the Eu(tta)s
motif with the ICT fluorescence of the metalloligands led to panchromatic lumines-
cence of the dyads 24-26. The corresponding spectrum of 24 consisted of a minor
broad band centered at ~460 nm and a major set of signals positioned at 580, 592,
611, 654, and 700 nm. The HE peak originated from the ICT (phosphine) and
matched the emission of metalloligand 21, whereas the LE set resulted from intra-
configurational Do—7Fn (n = 0-4) electronic 4f—4f transitions of the Eu(Ill) center;
the well resolved hypersensitive transition Do—7F2 dominated over other bands.
The relatively high ratio of the integral intensities for the SDo—7F2 and *Do—7F:1 tran-
sitions (Io/li = 12) indicated low symmetry of the europium local environment. The
overall quantum yield for dyad 24 was 15%, 4% of which was related to the intra-
phosphine fluorescence and the remaining 11% appeared from Eu(lll) emission.
The perceptible drop in the fluorescence intensity compared to that of 21 (Qem =
30%) was associated with the partial energy transfer (ET) from the phosphine-
gold(I) moiety to the Eu(Ill) fragment; results that were in accordance with the TD-
DFT calculations. The Si levels of the tta, epbpy (Es; ~32894 cm™), and L1 (Es, ~32467
cm?) ligands were close in energy and could be populated simultaneously upon
photoexcitation. The lowest lying triplet excited state of 21, localized on the tta lig-
and (Er; ~20500 cm; i.e., used for sensitization by ET from tta to europium?s), also
suggested possible ET from the triplet states of epbpy (Er; ~22500 cm!) and L1 (Er,
~23700 cm™) to the >Do level of the Eu(Ill) ion (E ~17500 cm™). The emission spectra
of dyads 25 and 26, contrary to that of 24, exhibited profiles that were dominated by
fluorescence bands at 525 and 635 nm, respectively, with sharp Eu(Ill) peaks at 611
nm (Figure 36B). The calculated energies of the lowest lying triplet states (18000 cm-
1 for 25 and 10530 cm! for 26) confirmed the absence of the ET from the phosphine
chromophores to the lanthanide. Moreover, the decrease in the quantum yield for
dyads 25 and 26 (21 and 16%, respectively) could be explained by the excitation
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transfer from the Do state of the europium(Ill) ion to the “dark” triplet CT state
localized on the gold(I)-phosphine part.

The lifetimes of the dyads measured at the fluorescence maxima conformed with
those of the metalloligands. The long lifetimes monitored at 611 nm (t = 280.0,
434.0, and 404.1 ps for 24-26) agreed well with the data observed for the radiative
relaxation of the other Eu(Ill) complexes.?”

Owing to the ICT nature of the excited states of the D-n—A metalloligands 21-23
and binuclear Au-Eu dyads 24-26, their photophysical properties (i.e., absorbance
and emission) were investigated in solvents of various polarities [cyclohexane
(CHX), toluene, DCM, chloroform, diethyl ether, THF, acetone, and MeCN]. The
relevant data are summarized in Table 6 and depicted in Figures 37 and 38.

Table 6. Solvatochromic behavior of 22 and 24-26 in solution at 298 K.

CHX Toluene Et0O CHCIs THF DCM |Acetone| MeCN

22

Aabs @ 334,388 | 336,401 | 332,393 | 321,402 | 334, 395 | 321, 400 393 321, 392

Aem @b 428, 450 460 480 495 515 525 560 580

vst, cm1 ¢ 3550 3198 4612 4673 5899 5952 7588 8269

CIE 4 0.15, 0.08 | 0.16, 0.19 |0.17, 0.30]0.21, 0.40(0.28, 0.50(0.31, 0.53{0.42, 0.51|0.47, 0.48

24
Aabs 342 339 337 336 339 338 334 335
Aem 403, 423 425 435 445 450 460 475 490

CIE 0.34,0.13 | 0.56, 0.26 (0.27, 0.12(0.30, 0.16]0.29, 0.18]0.52, 0.280.35, 0.28|0.52, 0.33

25

Aabs 334,405 | 336,402 | 330,393 | 321,402 | 334,396 | 322,401 | 393 | 328,392

Aem 428, 450 460 480 495 515 525 560 580

CIE 0.22,0.11 | 0.28, 0.23 ]0.39, 0.31]0.35, 0.32(0.40, 0.45(0.34, 0.52{0.51, 0.45|0.53, 0.44

26

Aabs 336,494 | 337,498 | 333,486 | 334,492 | 336, 488 | 336, 494 | 332, 484 | 333, 483

Aem 520, 555 550 572 590 -€ 630 -e -€

CIE 0.37,0.58 | 0.46, 0.53 |10.58, 0.41]0.59, 0.39|0.64, 0.36]0.61, 0.380.66, 0.33|0.67, 0.33

“Measured at 0.15 optical density at the excitation wavelength; tfluorescence band Aexc = 365 nm;
<Stokes shift; 4calculated from the emission spectra; and ‘only Eu-emission was observed.

The absorption spectra of metalloligands 21-23 exhibited little variance in dif-

ferent solvents, except for the small negative solvatochromism (7-13 nm and 296—
820 cm™) that was observed for the ICT band upon increasing the polarity. This
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hypsochromic shift was attributed to the effective stabilization of the ground state
So by the polar solvents. In turn, the emission spectra of the gold(I) complexes 21-23
demonstrated a perceptible shift of the wavelength maxima and therefore, a wide
color diversity. For instance, in nonpolar cyclohexane the luminescence spectra
appeared in the blue (Aem = 403, 423 nm for 21, Aem = 428, 450 nm for 22) and green
(Aem = 520, 555 nm for 23) regions. The structured bands, with vibronic progressions
in the range 1140-1210 cm!, indicated the radiative relaxation of the locally excited
state. The use of more polar solvents (toluene, diethyl ether, etc.) led to visible
broadening of the fluorescence band, thereby indicating an increase in the CT char-
acter of the excited state. Figure 37 illustrates that the emission profiles and calcu-
lated CIE coordinates for 22 changed within a wide spectral region, from deep blue
(cyclohexane; CIE = 0.15, 0.08) to green (Aem = 515 nm in THF; CIE = 0.28, 0.50) and
orange (Aem = 580 nm in MeCN; CIE = 0.47, 0.48), with a maximum red-shift of 152
nm (4719 cm™). The spectral modulations for 21 and 23 were less pronounced.

Normalized intensity, a.u,
oo g OO -
LR RO S

&
S

500 600 700
Wavelength, nm
Figure 37. A: Emission spectra and B: CIE 1931 coordinates of 22 in different solvents.

The Stokes shift varied from a minimum of 1177 cm™ (cyclohexane) to the large
value 10173 cm (MeCN), suggesting considerable stabilization of the ICT excited
state S1. Additionally, the solvatochromic behavior of the metalloligands was stud-
ied using the Lippert-Mataga approach.?$?® The estimated change in the dipole
moments upon photoexcitation (Ap = ues — pcs) ranged from 24 to 37 D for 21-23,
which is typical for neutral D-mi—A molecules.®!

The absorption spectra for dyads 24-26 were similar to those of the metallolig-
ands upon solvent variation. The high-energy peak at ~330 nm was almost polarity
insensitive, whereas the ICT band revealed a minor hypsochromic shift of 11-13 nm
upon polarity growth.

72



,,.»—-—v-_--' —
11 L]

A B
08

, | r
3 e i /MeCN 1053, 0.44) 0
é‘ 8 “ fAcetone (051, 0.45)
£°] P DCM{(034,052) Y04
g 61 - HF (0.40, 0.45) 620
£, CHO), (0.35,032)
g £t.0(039,03)) 02
N2 Toluene (0.28,0.23)
z o CHX(0.22,0.11)
§ 4% 00 @0 " 70  Sohvem(CE) %% 02 04 06 0
-0 Wavelength, nm %

Figure 38.A: Emission spectra and the CIE coordinates for 25 in different solvents and B: CIE
coordinates for 25 in chloroform at different excitation wavelengths; inset displays the solu-
tion under 255 and 365 nm excitations.

The ICT emissions of the dyads exhibited a bathochromic shift upon the increase
in solvent polarity, which was nearly identical to that observed for the metallolig-
ands (Table 6). On the other hand, the energies of the intraconfigurational SDo—7Fn
(n = 0—4) Eu-centered transitions were not influenced by the solvent, although the
relative intensities of the ICT (phosphine) and Eu(Ill) emissions were significantly
varied. This dual emission fluctuation produced diverse luminescence colors. For
example, solutions of 24 in acetone (CIE 0.35, 0.28) and 25 in Et2O (CIE 0.38, 0.31)
and CHCls (CIE 0.35, 0.32) demonstrated near-pure white light upon 365 nm excita-
tion (Table 6). The less pronounced solvatochromism of dyad 24 covered a smaller
sector of the CIE space from violet pink (CIE 0.30, 0.16 in CHCls) to red (0.56, 0.26 in
toluene). Evidently, for 26, the color coordinates were in the reddish-orange corner
of the CIE palette, except for nonpolar CHX (0.37, 0.58) and toluene (0.46, 0.53),
where the contributions of the Eu(Ill) emissions were minimized.

In addition, for 25 in chloroform, which demonstrated white emission, different
excitation wavelengths (280400 nm) were used. Excitations ranging from 320 to
375 nm influenced mostly the x coordinates (0.25<>0.37), in particular 340 and 370
nm led to pure white light with CIE = 0.31, 0.32 (Figure 38B). A lower energy excita-
tion (390—400 nm) only resulted in the intraligand fluorescence band that clearly
demonstrated the absence of ET from the phosphine moiety to the lanthanide ion.

In conclusion, the combination of the chromophore-containing phosphines L1-
L3 with gold(I)-diimine acetylide afforded the highly emissive metalloligands 21-
23. Their optical behavior was primarily dictated by the intraphosphine CT that
depended on the length of the conjugated spacer. The D-mt—A architecture allowed
to achieve ~30% quantum efficiency with color variation from deep blue to orange
red (460-635 nm). Consequently, the family of dyads 24-26 synthesized by the co-
ordination of complexes 21-23 to the Eu(tta)s fragment demonstrated intriguing
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dual emission as a result of incomplete ET from L1-L3 to the lanthanide ion. The
resulting luminophores exhibited marked solvatochromism accompanied by excita-
tion dependence of the emission components, which provided a convenient route
for the wide tuning of the emission color.
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4 SUMMARY

This study focused on the synthesis and structure-property analysis of novel or-
ganophosphorus dyes comprising three types of A‘c*-P accepting blocks.

In the first direction, a facile approach to integrate the electron deficient A‘c*
phosphonium group (>*PPh) into the polyaromatic scaffold via intramolecular Cu™-
mediated phospha-annulation was elaborated. This method delivered a family of
cationic six-membered P-heterocyclic fluorophores (1c-8c) with emission quantum
efficiencies up to unity. The optical band gap systematically decreased together
with the extension of the conjugated framework. The use of the electron-donor
functions further led to a noticeable reduction in the HOMO-LUMO separation,
owing to a greater CT character of the excited state. As a result, for the donor-
modified phospha-anthracene dyes 5c and 6c, efficient near-infrared emission was
achieved in solution (Aem = 760-780 nm, @em = 10-18% in dichloromethane), which is
among the best performances for organophosphorus chromophores reported to
date. Moreover, in the solid state, 6c exhibited a superior efficiency of ~7% at the
wavelength 825 nm. In contrast, the acyclic diphenylanthracene dyes 9 and 10, bear-
ing pendant phosphorus accepting units, emitted in the deep blue region, thereby
emphasizing the major electronic perturbation brought to the PAH core by the six-
membered phosphacycle. As a proof of concept, in view of the intense lumines-
cence, selected dyes with satisfactory two-photon properties, water solubilities, and
high stabilities were successfully applied to cell imaging using one- and two-
photon excitation. The selected dyes displayed low toxicity against cultures and
selective localization in the mitochondrial organelles.

The second avenue was dedicated to acyclic push-pull D-n—A luminophores.
Linking of the electron-poor A*c* phosphonium group (-"PRs) with aryl-amine do-
nors (—-NPhz/-Carb) via different m-aromatic spacers afforded the highly emissive
fluorophores 11-19 and 12Cbz. Their photophysical behavior in polar media could
be classically rationalized in terms of the ICT excited state. The emission of these
push-pull phospha-dyes varied from sky blue (Aem = 487 nm) to red (Aem = 696 nm)
in dichloromethane, with a maximum @em of 95% and large Stokes shifts reaching
~13693 cm!. Intriguing dual fluorescence was observed for ionic salts 11-13, 17, and
12Cbz in non-polar solvents (toluene, carbon tetrachloride, and 1,4-dioxane). This
was plausibly ascribed to intramolecular charge-transfer-driven counterion migra-
tion, resulting in the appearance of different excited states. The relaxation dynamics
were dependent on the counterion size, viscosity, and temperature of the medium
as well as on the length of the m-conjugated spacer. Accessible tuning of these pa-
rameters paved a new way to unconventional optical functionalities based on light-
triggered ion motion. This was exemplified by panchromatic emission, including
pure white light generation (0.29, 0.34).
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In the last section of this thesis, phosphine ligands L1-L3, which adopted the
PhoP-mt-spacer-NPh2  configuration (m-spacer = biphenyl, naphthalene-
ethynylphenyl, and ethynyl-anthracene-ethynylphenyl), were employed to produce
the fluorescent gold(I) complexes 21-23, which acted as metalloligands. The use of
the metal-bound A‘c* organophosphorus (-Ph2P-Aul-) fragment as the electron ac-
ceptor facilitated photoinduced intraligand CT. The emission behavior of the phos-
phine-gold species was strongly dependent on the length of the m-spacer (Aem = 460,
525, and 635 nm for 21-23, respectively) and demonstrated pronounced solvato-
chromism. Metalloligands 21-23, comprising a non-coordinated bipyridine func-
tion, were combined with the {Eu(tta)s} fragment to deliver the family of Au-Eu
dyads 24-26. The bimetallic assemblies exhibited dual luminescence resulting from
the intraphosphine CT fluorescence and intraconfigurational Do—7Fn (n = 0-4)
Eu(Ill) transitions. Owing to the strong solvatochromism of the CT band and the
excitation-dependent ratio of the ligand and lanthanide emissions, these dyads
offered an unusually wide color variation achieved by a single-molecule emitter.

Overall, the class of A‘c* phosphorus motifs, particularly those of ionic nature,
remain a largely unexplored building block, in view of constructing compounds
with advanced optical functionalities. In this study, these electron-deficient units
were considered in a systematic manner for the design of tunable push-pull chro-
mophores. The promising photophysical properties of these novel bipolar dyes are
expected to provide rich opportunities for further development of the field of lumi-
nescent molecular materials.
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ANDREI BELIAEV

The research results presented in this work
emphasize the great potential and importance
of the electron-accepting phosphorus
units in the rational design of (metal)
organophosphorus chromophores of a “push-
pull” donor—acceptor architecture. The novel
luminophores demonstrate high efficiency,
tunability and adaptivity of the optical
characteristics, and are expected to provide
rich opportunities for further development of
the field of light-emissive molecular materials.
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