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Abstract:

The intramolecular charge-transfer (ICT) process occurs within a conjugated molecule
from an electron-rich part to the electron-poor part, resulting in different absorption and
emission properties, which is shown to be important to biology, like fluorescence
sensing and bioimaging, optoelectronic materials and other technological applications.
Studies focus on the incorporation of different elements or groups into special
conjugated systems to design a specific structure to achieve a certain function or emit
a certain color. For example, main group elements were widely studied, such as nitro
groups, cyano groups, sulfur-containing groups, boron groups as well as phosphorus-
containing groups. Through introducing different electron-donor and electron-acceptor
to various m-fragments, electron movement can be tuned by their various electron-
pushing and -pulling abilities, leading to the changes on their photophysical properties
when combined with a n-spacer.

After the construction of their structures, the photophysical applications and properties
were studied, including sensing and response to certain chemicals, pH, polarity,
solvatochromism, imaging. Various phosphine oxides attached to different n-spacers
have been investigated. Electron-withdrawing abilities of phosphine oxides and
phosphonium units promote electron transport, while my work is dedicated to the
synthesis and analysis of chalcone-based chromophores functionalized with
phosphonium and phosphine oxide acceptors.

The series of phosphonium salts and phosphine oxides were obtained using a variable
spacer, one compound was characterized by single-crystal diffraction study. The
photophysical properties, including absorption, emission in solutions and in solid state,
and some solvent effects were analyzed. Comparison of the length of the conjugation
of compounds with the same donors and acceptors was carried out; absorption shape,
intensity and the nature of counterions. The variation of acceptors was correlated with
the photophysical properties. Furthermore, the influence of solvent polarity was
evaluated in chloroform and acetonitrile, and the effect of acidity has also been proved
to be governing factors of the ICT process.

Keywords: ICT, Phosphonium salts, Phosphine oxides, Crystal structure,

Photophysical properties.
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MS
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HOMO
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KBr
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DSSCs
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SMOSCs
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STED
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X-ray diffraction
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Organic light-emitting diodes
Aggregate-induced enhanced emission
Thermally activated delayed fluorescence
External quantum yield
Tetrahydrofuran

Dibenzothiophene

Organic photovoltaic cells

Single material organic solar cells
Power conversion efficiency
Stimulated emission depletion



1. An Introduction to the Charge-transfer Process

The phenomenon of excited-state charge-transfer (CT) is of fundamental importance
for many fields dealing with photophysical and photochemical properties, starting from
biology (photosynthesis and metabolism)! to modern technological applications,
including optoelectronic materials for organic light-emitting diodes (OLEDs), solar
energy conversion and nonlinear optics (NLO), fluorescence sensing and bioimaging.*
® The transfer of charge typically is an intrinsic feature of organic donor-acceptor (D-
A) molecules. When this process occurs within one molecule, charges move from an
electron-rich motif (donor) to an electron-poor motif (acceptor), it is termed as
intramolecular charge transfer (ICT). This charge transfer generally proceeds in the
electronically excited state. In other words, when a molecule interacts with the light of
a proper wavelength, the energy absorbed from light can push the electron from one
part of a molecule or an ion in the ground state to its other part in the excited state, so
it makes a huge change in the charge distribution between the ground and excited states.
The through-bond ICT process occurs in a special molecule where a m-conjugated
bridge connects the donor and the acceptor groups (Figure 1). In some uncommon cases,
the ICT can happen through space when the donor and acceptor groups are in a spatially
favorable position (e.g. close proximity).’
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Figure 1 The illustrations of intramolecular charge-transfer processes in two systems (a)
(poly)ene system and (b) aromatic system.’

The n-electron bridge is called chromophore, which can absorb the energy of light of a
proper wavelength. Donors and acceptors (auxochromes) are functional groups, which
can be viewed as extended conjugated systems by resonance. When they are attached
to a chromophore, both the intensity of absorption is altered and the shifted wavelength
of UV or visible light is absorbed. Hence the molecule appears colored. When
auxochromes are attached to the molecule, the electronic structure of the chromophore
gets changed and thus its color is modified.


https://en.wikipedia.org/wiki/Resonance_(chemistry)
https://en.wikipedia.org/wiki/Absorption_(light)

Examples of donor motifs include: the hydroxyl/alkoxyl group (-OH/-OR), the amino
group (-NR2); the popular acceptors are the nitro group (-NO2), the cyano group (-CN),
the carbonyl group (> C=0) and the phosphorus-containing groups (-PR2=0/-PR3").
When those auxochromes are connected to a m-fragment, the donor provides more
electrons into the conjugated system and enhances the mobility of the electrons. The
donor and acceptor change the energy difference between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
resulting in a verified wavelength.

When light passes through the compound, energy can be absorbed from the light to
promote electrons to anti-bonding orbitals from a non-bonding or bonding orbital. The
possible electronic transitions are shown in Figure 2.
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Figure 2 The demonstration of bonding, non-bonding and anti-bonding energies.’

A filled orbital electron can be excited into an empty anti-bonding orbital when the
energy is absorbed from the light. The larger energy gap shown above, the more energy
needed, the shorter wavelength absorbed, because every wavelength of light
corresponds to certain energy. A photon will be absorbed when the energy of the light
is right for the transition gap, promoting an electron to anti-bonding orbitals. The spin
of the electron is still paired with the ground-state electron. In the excited state,
electrons only stay for a short period of time (ca. 10~!° s) and then immediately fall back
down into the ground state. Then electrons reach the lowest vibrational level (vo) in a
form of non-radiative relaxation. Finally, electrons return to the ground state, which can
lead to an emission of photons possessing a certain wavelength. When electrons are
back to the lowest vibrational level, some energy is lost through vibrational relaxation
or dissipation and solvent reorganization, which means the energy of emitted light is
lower than that of absorbed light. The difference between wavelength of absorption and
emission band maxima is called Stokes shift.

The peaks in emission spectra are at the blue end, which generally comes from a locally
excited (LE) state, while the peaks at the red end of its emission spectrum are commonly
believed to be ICT process that results in its fluorescence emission sensitive to
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environment and solvent polarity.!®!* Solvent stabilization of molecular excited state
also cause stokes-shifted ICT fluorescence.!*

In Figure 3, the energy of ground state (So) and of the two lowest excited states (Si1, S2)
were drawn on potential energy surfaces (PES) as well as the LE and ICT states. The
energy of different energy level is represented by vertical coordinate, LE—ICT reaction
changes, like bond lengths and angles, are represented by horizontal coordinate (&).
Excitation of electrons from a molecule can reach Sz state, then relaxes to equilibrated
LE state by internal conversion (vibrations and rotations). In order to achieve LE to the
ICT transition, enthalpy difference AH and reaction barrier Ea must be overcome. This
can give rise to dual luminescence with different emission maxima, ¥max (LE) and ¥max
(ICT), respectively, if the transition to the ICT state is incomplete.

Fmax (ICT)
pmax (LE)
h
E(FC, ICT)
S
°| 4 EFCLE) vy
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Figure 3 Schematic representation of ICT process in a model system.

The S2 excited state can be reached by exciting a molecule, then through internal
conversion, Si-LE state could be reached. The ICT state can be accessible through the
Si-LE state. Dual emission can occur from LE and ICT emissions of a molecule.'

An electron-rich donor is the place where HOMO is localized in D-n-A systems, while
an electron-deficient acceptor is a place where LUMO is localized. Donor and acceptor
provide lone pairs and orbitals, respectively. The spatial separation of HOMO and
LUMO, caused by the conjugated system, causes a formation of special excited states,
which are polar because of separated charges. Some factors can also affect ICT
processes, such as solvatochromism. Finally, a variation of color can be realized by
incorporating different donors and acceptors.



1.1. Solvatochromism

Absorbance/fluorescence spectral properties are strongly affected by solvent effects,
like polarity and polarizability of solvents. Due to the ICT, organic compounds could
have a greater dipole moment value in their singlet excited state than its ground state.

In order to get a quantitative estimation of solvatochromic parameters, Moyon and
Mitra conducted a series of analyses on solvent polarizability and the ability of the
solvent to be a hydrogen-bonding donor and a hydrogen-bonding acceptor.'® Different
pure solvents were chosen, they are different in polarity and the ability on hydrogen-
bond donating and accepting to figure out their relative contribution to LC
solvatochromism. Their analysis unmasks that behavior of lumichrome is influenced
by solvent acidity that is an important parameter on characterizing the excited-state.
More specifically, redshift was shown in absorption/emission maxima as well as an
increase on quantum yield. In a polar protic medium, it is more stable for fluorescence
states than in aprotic environments.

The interaction between amphiprotic solvents and a solute molecule, like alcohol, water,
and so on, is a contributing factor to the solubility and has impacts on solute chemical
properties. New molecular complexes can be formed by hydrogen bonds because of the
interactions of amphiprotic solvents and heterocyclic organic compounds. Hydrogen-
bonded complex can affect the chemical natures of solutes. The formation of hydrogen
bond relays on the special structure of both the solute and solvent. If there are multiple
hydrogen bonding positions in one solute molecule, and solvent works as a proton
donor and a proton acceptor like acetic acid and water, the situation can become more
complicated. Hydrogen bonding interactions among solvent molecules and solute
remain inevitable. Besides, the formation of hydrogen bonds in the excited state and
tautomerization could be changed due to the redistribution of charges after excitation.

From non-polar solvent to polar solvent, solvent polarity increases, absorbance and
fluorescence spectra show an obvious redshift, which implies a stabilized excited state
compared to ground state. The charge distribution is reached because of the interaction
of the polar solvent and excited state of the solute. A highly stable excited state is
formed and longer wavelength of light is released

1.2. Variation of Color

The preparation of long emission-wavelength organic materials and high yield on
fluorescence quantum is highly attractive. The charge-transfer process can be achieved
through a small polar solvent bandgap by connecting electron-donating and accepting
groups to a fluorophore to form D-A scheme, therefore, longer wavelength was emitted.
Color variation from blue to red can be tuned by changing different groups. For example,



a cross-coupling reaction catalyzed by nickel (Figure 4)'7 was designed to connect
electron donor (1,3,5-triaryl-2-pyrazoline) and an electron acceptor (o-Carborane
moiety), redshift (Amax = 596-638 nm) from photoluminescence spectra was observed
as well as color-tuning in its solid state, changing from yellow to bright red with good
quantum yield (35.7%).

CT-1 CT2 CT3 CT-4
R=CF; R=H Rr=CH; R=O0CH3

Figure 4 The structure of o-Carborane-Bis(1,3,5-triaryl-2-pyrazoline) Triads."”

Two most-preferred color Red and NIR are widely applied in fluorescent probes,
immune-staining, immunohistochemistry, and biochemistry for optical imaging and
analytical sensing.'® For example, green and red dyes with excitable chromophores are
used in the research of tissues and cells without damage after the cells were irradiated
with the visible light.

Numerous studies have been conducted in order to construct more complicated
fluorescent probes and to explore their specific applications and properties.'”
Fluorescent probes are known by its excellent ability to modulate the optical properties,
including excitation and emission spectra, lifetime, intensity, specificity and sensitivity.
Most commonly applied biological sensing probes?’ are rhodamine and fluorescein
dyes. They have high fluorescence quantum yields, high extinction coefficients and
long excitation wavelength (A=500 nm). Specific to particular chromophores, donors
and acceptors can tune the energy gap between HOMO and LUMO, which can facilitate
the design of better fluorescent probes with different color.

2. Main group element acceptors

Tuning the energies of HOMO and LUMO levels can be done by choosing suitable
donor and acceptor groups, which can tune absorption energies and can change
emission colors.

A conjugated system has been incorporated with donor and acceptor groups for the
purpose of tuning the optoelectronic properties to reach the aim of a longer wavelength
of fluorescence. But the ability of the electron-pull ability of different acceptor groups



is different. Typical thiadiazoles, diimides, quinoxalines and oxadiazoles are commonly
used as acceptors with intermediate electron-withdrawing ability. While nitro moiety is
found strong in its excited state, resulting in a more highly polar state and charge
transfer state’’ which means that a highly tunable ICT process can be designed by
introducing a stronger electron-withdrawing group. Phosphorus centers were also
incorporated into organic compounds and electron mobility of guest materials is
strengthened.

The P=0 bond of the phosphine oxide is very polar. If this electron-withdrawing P=0O
unit is connected to a conjugated bridge, it can make the connected core electron-
deficient and thus improve its electron-transport properties. Therefore, the degree of -
conjugation can be tuned, ability on electron-accepting, solid state packing, the thermal
stability of the phosphole materials can also be modified. Organophosphorus-based
material is scientifically important and can be applied in dye-sensitized solar cells
(DSSCs), organic photovoltaic cells (OPV cells) and organic light-emitting diodes
(OLEDs).?

The addition of phosphorus-containing acceptor to the conjugated groups can
contribute to tune charge transfer and also help in shifting the emission wavelengths
further into the red region. Developing a variety of molecules and materials bearing
variable electronic properties.

2.1. Nitro group

Through regulating the charge distribution over the molecule, a controllable ICT
process can be achieved, suitable acceptor like nitro group groups is the key. -NO2 group
is known as having a strong electron-withdrawing ability, which is expected to disperse
electrons on the resonance structure. Besides, the nitro group increases the extent of the
expansion of positive potential by attracting electronic charge from conjugated systems.
If a conjugated system attaches a strong electron-withdrawing group, the electron
distribution can be changed by electron movement from donors. Thus, spectral
properties were changed significantly. Nitrophenolate ion and nitro phenolic derivatives
have shown significant changes in spectral maxima and pattern of absorption spectra
compared to complex that was formed with different amino groups in solution. Until
now, few experimental and theoretical studies have been reported related to
nitrophenolate derivatives.”> El-Dossoki has disclosed the ion-pair association of
potassium and sodium picrate in 2-butanone by spectroscopic and conductometric
analysis.**

Panja and co-workers synthesized and studied three nitrophenolate salts with simple
substitution with nitro group in ortho and para position (Figure 5). By simply
incorporating of nitro groups in the aromatic ring at two different ortho and para
positions, two different charge transfer was observed. ICT and m—n* transition



processes are determined in these derivatives by theoretical calculation and UV-Vis
spectroscopy.

COH OH OH oOK* oK' oK*
NO, O.N NO, NO, O,N NO,

NO, NO, NO, NO,  NO, NO,

al bl cl a2 b2 c2

Figure 5 Nitrophenolate salts with nitro groups in ortho and para position.”’

The nitrophenolates serve as D-n-A molecules, upon photoexcitation, an electron from
the negatively charged phenolate is transferred to the nitro group, leading to evident
charge redistribution among the molecule. The negative charge was dispersed along the
benzene ring because of the stronger electron-donating abilities of O". As a result, the
phenol and the related phenolate ions show distinct absorption optical properties.

2.2. Cyano group

Apart from nitro group, electron-withdrawing cyano groups were incorporated into a
conjugated system to achieve intense near-UV emission. The incorporation of cyano
groups benefits a lot of molecular materials, which have been reported.® For instance,
Thomas et al. investigated carbazoles (Figure 6) that can exhibit green emission and
enhance its electroluminescence performance functionalized with the incorporation of

a cyano group leading to improved enhancement in electron movement;?®

Wong and
co-workers discovered an improved electron transport and injection and thermal
morphological stability from N,Ndicarbazolyl-3,5-benzene with a cyano group attached
with no change of the triplet energy for the functionalization.”’ Incorporation of
electron-withdrawing substituent CN affects the emission, thermal, and electronic
properties of compounds. Reasonable alteration both in HOMO and in luminescence
maximum can be realized by a slight modification of the structure. Specific
chromophores, attached with cyano-functionalized carbazole units and connected by
acetylene spacer, was chosen.*® It can behave like an acceptor to regulate the electron-

donating strength of the 7 system of carbazole unit.>!
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Figure 6 Carbazoles with a cyano group at C-3 and an arylamine group at C-6.>*
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While for some compounds, their behaviors in the aggregated state like nanoparticles
and crystals or in dilute solution, are different because of several reasons: (1) Internal
molecular motion caused nonradiative decay; (2) In aggregated state, rather rigid
environment for molecules suppress the nonradiative decay process. Hence the
fluorescent behavior shows differences both in the aggregated state and in solution.**
3> Some fluorescent dyes emit differently when dissolved in solution and in its solid
state, strongly emitted in solution but only slightly or no emission in its solid state.
While aggregated-state dyes can show higher fluorescence quantum yields than that in
dilute solution, which is known as aggregate-induced enhanced emission (AIEE).>¢8

An AIEE dye, called cyanobis(biphenyl)ethene is reported by Park and coworkers,
when it is dispersed in THF/water, nanoparticles were formed and it gives rise to shifted
emission and improved fluorescence.*” Emission in solution and in its solid state results
from different emissive processes because of the large shift. P-distyrylbenzene
substituted with cyano group was studied by Oelkrug et al.** Fluorescence with $=0.92
was observed in nonsubstituted p-distyrylbenzene, however, ¢r decreases to 0.05-0.1 in
aggregation state of nanoparticles.

The behavior of AIEE for the cyano-substituted 1,2-bis(pyridylphenyl)ethene (Figure
7) was revealed because of substitution with cyano groups that have serious quenching
on fluorescence in solution but not in the solid state.*! Red emission was observed after
dicyanoethenyl moiety was chosen as an acceptor. (1-cyanotrans-1,2-bis-(4'-
methylbiphenyl)ethylene) has a polar and bulky cyano group that contributes a lot to
restrict the intermolecular interactions in the aggregated state.*? Cyano substitution
causes the expansion m-conjugation, leading to a redshift.

Figure 7 Cyano-substituted 1,2-bis(pyridylphenyl)ethene.*!



2.3. Sulfur-Containing Groups

Sulfur oxides acceptor can regulate the extent of charge transfer of their wave function
in its excited state. Anthracene chromophores packed into D-A and D-A-D molecules

(Figure 8) have been reported by Pahlavanlu and co-workers.*

Figure 8 Anthracene chromophores-based sulfur-containing molecules.*

For other categories, comparing to unoxidized thiophenes, thiophene dioxide has a
lower LUMO orbital energy level, so it is an efficient electron acceptor. The extent of
charge transfer in D-n-A scheme and electron efficiency of acceptors could be improved
by incorporating oxidized sulfur-containing groups. In 2015, Pahlavanlu and coworkers
reported a novel method to regulate intramolecular charge transfer character between
donor-acceptor among a molecule by controlling the electron deficiency of acceptor.*
It can be achieved by changing its oxidation state of the acceptor. Anthracene was
selected to be an electron donor because its photoluminescence and absorption
properties are unique and distinguishable. Dibenzothiophene (DBT) was chosen as an
acceptor, in contrast to thiophene, the sulfur atoms in DBT are easily oxidized to open
a way to sulfoxide and sulfone derivatives.

Previously, improved photoluminescence among symmetrical sulfur-bridged dimers
was reported by Peter R. Christensen and co-workers.** Excited-state wave functions
were mainly contributed by CT, giving rise to an enhancement in photoluminescence
with the increase in the oxidation state of S (S < SO < SOz2). Thiophenes were also
reported to undergo oxidation of S,S-dioxides and it shows changes in optoelectronic
properties.*’ Photovoltaic applications based on oligothiophene-S,S-dioxides (Figure 9)
as electron-acceptor materials were reported by N. Camaioni. Oligothiophene
derivatives have stronger electron affinity properties when thienyl rings were
transformed into thienyl S, S-dioxide. It dearomatizes the oxidized thiophene ring
giving to obvious development of electron affinity and lifted electron dispersion.
Narrowed energy gap between p and p* molecular orbitals can be achieved through
oligothiophene-S, S-dioxides transformed from oligothiophenes.*®



1 R = Si(Me,)Butyl-t, X = lone pair
2 R = Si(Mey)Butyl-t, X = O

3 R = Si(Me,)Butyl-t

4 R = Methyl, Ry = n-Hexyl, Ry = H
5R = n-Hexyl, R4 =H

6 R = n-Hexyl, Ry = Methyl

7 R = n-Hexyl, R4 = cyalo-Hexyl

Figure 9 Molecular structures of the oligothiophene-S, S-dioxides.

Sulfur-bridged terthiophene dimers have a special feature that can increase the bridging
sulfur oxidation state, ranging from sulfide (S) to sulfoxide (SO) and ultimately to
sulfone (SOz2). It can modify its electronic coupling of inter-chromophore.

Upon photoexcitation, a delocalized charge resonance state (S1) can be formed, which
relaxes in a short time (<10 ps) to a CT state (S1*). The degree of charge transfer in S1*
can be lifted by increasing the polarity of solvents and the oxidation state of the sulfur
group bridge. Controlling of the oxidation state of sulfur bridge gives molecules a way
to alter interactions between inter-chromophores in covalent assemblies without
changing the molecular polarity or geometry. This tuning provides a new sight for
designing functional supermolecules in organic electronics with different functions.

2.3.1 Sulfur-based acceptors in organic photovoltaic (OPV) cells

Organic photovoltaic cells have the potentials to save energy because of their unique
properties, such as flexibility, lightweight, plasticity and low environmental impact.
The studies of photovoltaic conversion of solar light into electricity are intensively
conducted, even though silicon solar cell techniques are well established. Because of
the overlap of pm(C)—dn(S) orbitals, sulfur atom has m-acceptor characters. Electrons
from C=C double bond can be accepted by empty 3d orbitals of divalent sulfur. The
construction of the bulk heterojunction solar cell, especially containing sulfur atom, is
developed. Those materials rely on the optimization of the spacer by connecting the
acceptor unit to the m-conjugated framework to control specific nanophase separation
and self-organization. The construction of the first organic heterojunction was
conducted by contacting electron acceptor and an electron donor material by Tang in
1986.%8

Guo et al. reported a single material organic solar cells (SMOSCs) with all-conjugated
block copolymers 1 (Figure 10).* Through altering acceptor and donor domains, in-
plane lamellar morphologies can be achieved by copolymer self-assembly with a



characteristic size of 9 nm (d-spacing of 1 nm). It was proved that the duration of
thermal annealing and the temperature shows a significant effect on cell performances
increasing power conversion efficiencies (PCE) from 1.5% for 20 min at 100 °C to 2.7%
for 10 min at 165 °C.

A category of copolymers with different substituents on the thiophene units and
fluorene (2) was also reported by same research group, in order to study their effects of
packing of the polymers and solubility.’® A face-on orientation with n-stacking direction
can be realized for all polymers in an out-of-plane direction. These materials in all
SMOSCs presented PCE inferior to 0.10%, showing that solubilizing chains have an
important impact on phase segregation.

2

R, =CH;. C4Hy;. CgHyy
R, = n-Hexyl. Ethylhexyl

Figure 10 Chemical structure of copolymers.*”’

2.4. Boron-containing groups

Organoboranes are broadly regarded as boron-containing organometallic schemes
because they are regarded as BHs derivatives. Organoboranes are usually more
susceptible to Oz because stronger B-O bond is thermodynamically favorable than a
common B-C bond. In order to achieve an effective control over the properties of
organoboranes, substituents around the boron center should be chosen carefully. For
instance, a kinetically stable organoborane was got by connecting mesityl substituents
to the boron center. In solid state, interactions between m-n stacking was affected by
twisted molecular shape. Commonly, a redshift was detected in its solid state due to the
narrower bandgap caused by n-m interactions. Furthermore, a certain n-n interaction,
such as H-aggregation, may cause a quench on luminescence in their condensed states
of fluorescent materials.’> Enhanced strong emission quantum yields and higher color
purity are observed for organoboranes in the solid state.

In addition, when a boron atom was attached to bulky aromatic units, they prevent the
interaction with large Lewis bases or nucleophiles. While the boron center can be



approached by small fluoride and cyanide anions to form stable adducts through a
reversible process. Modified optical properties may be caused by the disruption of =-
conjugation through boron atom. Small anions can be incorporated into organoboranes
to form selective chromogenic and fluorescent sensors.

Borylaniline is the simplest borane-based donor-acceptor organ compound that

connects to conjugated systems like aryl group, by a primary-amine and a boryl.>

Thilagar et al. disclosed that borylanilines (Figure 11, compound 1 and 2)>* show an
important charge separation in its ground state, and it is enhanced further for its excited
states.
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Figure 11 The compounds of 1, 2, 3 and 4.”*

In 2005, a simple donor-acceptor organoborane (compound 3) was chosen by Wang et
al., it is applied in a single-layer electroluminescent device.’> After that, extensive
explorations of organoboranes for OLEDs are conducted. Wang et al. also researched
the use of metal-containing phosphorescent molecules attached to D-A scheme. To
enhance the Lewis acidity of the boryl motif, one efficient way is to use electron-
withdrawing groups or atoms around the terminal aryls. In 2007, Jikle et al. reported
the preparation and detailed studies of a D-A system (compound 4) with a terminal -
B(CsF5)2 unit.>® This modification leads to a lower HOMO-LUMO gap with a strong
bathochromic shift of the absorption and fluorescence bands compared to its non-
fluorinated relatives. However, the lower stability was generated by raising electron
deficiency of the boron atom compared to non-fluorinated similar compounds.

In the same year, Yamaguchi et al. reported a borylsubstituted molecules which show
chromatically pure and strong solid-state emission because solid-state interactions can
be prevented by a sterically bulky boryl group. Compounds 1-6°” on Figure 12 show a
fine-tuning of donors at the terminal positions which lead to a wide variety of emission
colors, covering the whole visible region of the electromagnetic spectrum (Figure 12).



1. 2:34 5 6

1Ar=H

2 Ar =Mes

3Ar=Ph

4 Ar = p-carbazolyCgzH,
5 Ar =p-Phy,NC:H,

6 Ar = p-PhyN-2-thienyl

300 400 500 600 700 800 900
Anm —=

Figure 12 Structure and fluorescence spectra of 3-borylbithiophene derivatives 1—6.”

2.5. Phosphorus-containing groups

Phosphorus offers a special geometry, when incorporated with conjugated ring systems,
an orbital coupling of s*-p* is expected, lowering the energy level of the LUMO.
Phosphine oxides further enhance electron-withdrawing abilities of the phosphorus
moiety resulting in a tunable photophysical and chemical properties.’®
Organophosphorus fluorophores are found suitable for the application due to favorable
characteristics. Excellent fluorescence properties, high absorptivity, great photostability
and tunability, make it profitable probe in medicine, environmental indicators,
biomolecular tags and cellular stains. High sensitivity and high fluorescence quantum
yield make organophosphorus-based probe extensively used for fluorescence detection.

Various phosphorus heterocycles like chiral, helical, annulated and substituted
phospholes have been synthesized in order to expand the classes of compounds. The
explore of phosphole derivatives and substitution patterns has been developed.
Phosphination elimination under high temperatures was carried out for most methods.
Two acetylene moieties were connected into an alkyl bridge (-CH2-)n (n=3, 4), leading
to lifted yields and high (regio-) selectivity.

Other synthetic routes like cascade reactions,” radical reactions®, or carboboration

followed by rearrangements® were also used to get other interesting derivatives.
Mixing phosphole building blocks with more complicated structures was prepared to
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form hybrid carbaboranes® in order to create excellent properties.

Optical properties were tuned by the lone pair on phosphorus atom through chemical
reactions like borane and metal (Ag, Au, Pd) coordination and oxidation with Se, O and
S, or quaternization (Mel, MeOTT, Ph-CH2X). The larger aromatic systems are often
incorporated into (hetero-) cyclic systems and phosphole core. A decrease in
aromaticity of the phosphole ring results from aromaticity in an annulated (hetero-)aryl,
leading to a change of optical properties. Reduced splitting energy of HOMO-LUMO,



shifted emission maxima as well as red-shifted absorption, was caused by the formation
of greater planar p-conjugated systems.

3. Application of organophosphorus chromophores

3.1. Sensing

In a low coordination state of organophosphorus compounds, it is regarded as an
outstanding tuning element when connected with other units. Because of the electron-
accepting abilities of phosphine oxides, it has been applied in various optical materials.
An important application in optoelectronic is single molecular sensing. A direct
electronic signal response and induced dramatic changes in optical properties of the
whole system were caused by the interactions between lone pairs on p in phospholes
and P=0 unit of phosphole oxides. But when analyte interacts with attached donor, the
CT properties of the phosphole systems can be changed.

Strong fluorescence of benzophosphole derivatives that have strong fluorescence and
electron-accepting nature, was studied, especially for benzophosphole oxides.®*%* 2,3-
diarylbenzophosphole oxide was constructed recently by Yamaguchi and co-workers as
solvatochromic fluorescent dye with diphenylamino group at 2-position as an electron-
donating group (Figure 13).°. Their functions as an environment-sensitive biological
probe were also studied, they were tested at a variety of solvents with different polarity
and they showed large Stokes shifts depending on the solvent polarity, which can be
reflected by emission color. The benzophosphole probe have special features, constant
absorption around 405 nm and good photostability. Position 3 of 2,3-
diarylbenzophosphole oxides was still be studied by the same research group.®®> Matano
and co-workers studied the effects on Solvatochromic properties of 2-arylnaphtho[2,3-
b]phosphole oxides and 2-arylbenzophosphole, they also use the electron-donating
diphenylamino group.®
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Figure 13 Solvatochromic fluorescence of benzophosphole oxides %%

Purely organic fluorescent systems are widely reported. Analyte detection can be
realized by a “turn-on” fluorescence response. Young Hoon Lee reported a novel



method of fluorescence sensor with time-dependent turn-on abilities’’ shown in Figure
14. A donor (carbazole)-acceptor (triarylborane) was added into a phosphine reagent 1
for the application of detecting hydrogen peroxide (H20:2). They also demonstrated that
the phosphine oxides 2 by H20: through oxidation of phosphines, giving a turn-on
fluorescence within microsecond lifetimes.
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Figure 14 donor (carbazole)—acceptor (triarylborane) phosphine and phosphine oxides.
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3.2. Optoelectronics

For optoelectronic materials, a good tuning element is organophosphorus, which can be
used as molecular building blocks. This tunable and controllable materials are highly
desired in an organic light-emitting diodes (OLED) device.

In order to generate white color, phosphole-based materials were searched. Dual
emission at 543 and 560 nm from a multilayer OLED was observed by preparing a
hybrid thiophene-phosphole-fluorene scheme. white-light emission was observed from
the devices. Electron-host and transporting materials in OLEDs were prepared by
constructing aromatic molecules functionalized with phosphine oxide.”!

P-conjugated phosphorus systems are typical benzo- and thieno-fused phosphole
derivatives and they have significant potential for organic semiconductors in building
blocks. Phosphole-based gold complexes and oligomers show luminescence, reported
by Réau and coworkers in 2003. 15a is an organophosphorus emitter example in
OLEDs.”> Baumgartner and coworkers demonstrated a novel category of p-conjugated
organophosphorus materials with highly color-tunable capabilities, luminescent
dithienophosphole derivatives (Figure 15, b). oxidation to phosphine oxides can tune
the electronic properties’
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Figure 15 Examples of phosphole-based luminescent n-conjugated molecules.”

Lee has prepared and reported a novel class of dibenzo-fused phenoxaphosphine and
phenothiaphosphine derivatives (Figure 16) used in thermally activated delayed
fluorescence emitters’*. They also tested TADF properties of phosphacyclic emitters by
steady-state photophysical and time-resolved measurements, as well as quantum
chemical calculations. Based on thermally activated delayed fluorescence (TADF), all
these phosphacyclic emitters displayed efficient EL emissions and blue PL. Also, it is
shown that subtle chemical tuning in the phosphorus center and connecting
heteroatomic parts (—=S— vs. —O-) lead to an important influence on the OLED
performance and TADF properties. Organophosphorus luminophores showed a
promising potential in OLEDs.
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Figure 16 Phosphacycle-related TADF emitters 1-4.

Various phosphine oxides attached to different m-spacers have been investigated.
Electron-withdrawing abilities of phosphine oxides promote electron transport. For
example, carbazole spacer connects some kind of most efficient phosphine oxide hosts.
one of the deep-blue materials is carbazole-based material mCPPO1 (Figure 17, 1)7°
While phosphine oxide material (Figure 17, 2) was shown to be an effective host for
blue (dopant Flrpic), red (dopant Ir(piq)3) and green (dopant Ir(ppy)3).”

Phosphine oxides combined with carbazoles have often been attached to other scaffolds
to generate hosts for phosphorescent complexes. Poriel et al. attached a host consisting
of phosphine oxide and carbazole units to a spirobifluorene core (Figure 17, 3).”” They
produced a single-layer green PhAOLED (Ir(ppy)3 emitter) with a very high EQE of
13.2%. Xu et al. synthesized a quaternary host system (Figure 17, 4), consisting of a
phosphine oxide acceptor, a carbazole donor, a fluorene chromophore, biphenyl -
extender. They can display a blue PAOLED (FIrpic emitter) with an external quantum
yield (EQE) of 22.5%.7® Lee et al. developed a high triplet energy host TSPC (Figure
17, 5) for blue PhOLEDs due to its bulkiness and high triplet energy.”’
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Figure 17 Selected hosts based on phosphine oxides and carbazole, phosphine oxides and
other scaffolds.”””

3.3. Imaging

Fluorescent dyes needed for biological applications are required to be excited at 650-
900 nm at near-infrared range due to low autofluorescence of background and
absorption by minimal tissues. Therefore, NIR fluorescent dyes are urgently needed for
vivo imaging and diagnosis of diseases.

Rhodamine was widely used in bioimaging, but it still faces an adaunting challenge:
the short of absorption and emission wavelengths, normally below 600 nm, are
sometimes not suitable in vivo imaging. Xiaoyun reported phosphorus-substituted
rhodamines (compound 2, Figure 18)* which displays extraordinary long-wavelength
fluorescence emission with 140 and 40 nm bathochromic shifts compared to silicon-
substituted rhodamine and rhodamine (compound 1), resulting to expanding the region
above 700 nm.

X=0.85. Se. Te, CMe,. S1Me,. GeMe,
R=Me, Ph
1 2
Figure 18 Rhodamines, silicon-substituted rhodamines and phosphorus-substituted
rhodamines.”’

Stimulated emission depletion (STED) microscopy for live imaging needs enhanced
photostability of a certain fluorescent dye.®! Chenguang reported excellent small
fluorescent molecules that have promising photostability under continuous STED



imaging conditions and in living cells, compared to currently available photostable
fluorophores.®?

R=Ph:Ph-Bphox C-Bphox C-Naphox
H :H-Bphox 0%
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Figure 19 Phosphole P-oxide fluorescent dyes.*’

The combination of the electron-accepting benzophosphole P-oxide with the electron-
donating amino moiety (Figure 19) leads to strong fluorescence emissions, having lifted
fluorescence quantum yields both in protic and polar solvents.®* With the increase of
solvent polarity, the maximum of emission undergoes an obvious bathochromic shift,
changing color from bluish-green to reddish-orange.

4. Conclusion

Even charge transfer has dramatic importance, the studies to these n-stacked molecular
or high conjugated system were rare. Bioimaging dyes, photovoltaics and organic
electronics need the contribution from m-conjugated donor-acceptor molecules. Such
molecules with ICT are also promising candidates in dye-sensitized solar cells and
OLEDs. The research into the boron group, cyano group, sulfur-containing group has
grown immensely and more practical applications have been applied in modern
materials. The continuous researches between synthesis, characterization and
applications have enriched the chemistry of fluorescence, with a great number of
remarkable results, especially in sensing probe and OLEDs.

The explorations have been conducted from exclusively amine-type donor materials to
a wide variety of phosphorus functional groups recently. Then fluorescence of
organophosphorus was synthesized and characterized. It is believed that D-A systems
containing organoboranes, can realize a range of optoelectronic applications based on
the principles of charge storage, separation or changes in photoemission of materials.
Recent developments of phosphorus-containing molecules have received a great
concern because phosphorus and phosphorus oxides can behave as P-transfer reagents
in the synthesis of novel materials to achieve optical properties.

In the future, further tuning of the D-A of organophosphorus is expected to bring further
new practical ideas and the combination of conjugated systems with unique m-acceptor



PO will be widely used in phosphorus-based optoelectronics as well as
organophosphorus-based sensing.

5. Aims of the work

The develop push-pull (D-n—A) chromophores were studied widely into nitro and
cyano groups, elements sulfur and boron, but the investment into phosphorus centers is
not sufficient, especially when chalcone is chosen as m spacer. Chalcone provides an
excellent conjugation system and its photophysical properties had been studied for
many years, which could be used to compare the difference of that when phosphine
oxides and phosphoniums were connected to be acceptors. The insufficient studies on
phosphine oxides and phosphonium salts as acceptors push me to explore the changes
of photophysical properties.

6. Results and Discussion

To develop push-pull (D-n—A) chromophores, we focus our attention on the
construction of the phosphonium salts and phosphine oxides decorated by diethylamine
groups and linked via a conjugated spacer. When phosphorus was incorporated into the
structure, high inversion barrier (30-35 kcal mol')* and tetrahedral shape makes the
phosphorus lone pair electrons involved slightly. Moreover, the lone pair electrons on
phosphorus have a tendency to quench the luminescence as a result of photoinduced
electron transfer and only seldom of these -\’ phosphine materials exhibit high
fluorescence quantum yields.3*¢ Oxidation of the phosphines leads to the formation of
P=0 bond in phosphine oxides, which is very polar and electron-withdrawing because
of the high electronegativity of the oxygen atom, causing a lower delocalization within
conjugated system. If this electron-withdrawing Ph2P(O)- unit (acceptor) is connected
with an organic spacer, it can make the connected spacer electron-deficient and thus
improve its electron-transport properties. Moreover, the addition of donors modulates
intramolecular charge transfer. In addition, the phosphonium cations, are relatively
stronger acceptors due to a positive charge on itself, which could contribute to redshifts
of absorption and emission.®” Although it has obvious properties on electron deficiency
of a quaternized —R3P" motif, combining with an extended conjugated spacer to
generate donor/acceptor chromophores has been seldom reported. These characteristics
together are reasons why phosphonium salts/phosphine oxides are suitable candidates
for D-A luminophore constructions.® 2

With these properties in mind, extensive surveys on the structure with different
phosphorus centers (PhsP’-/Ph2P(0O)-), donors, as well as a variety of conjugated
systems were carried out in order to compare each other in various aspects (Schemes
1,3,4). Initially, the -NEt2 group as an electron donor was chosen.



6.1. Synthesis of Phosphonium Salts.
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Scheme 1 Synthetic procedure for phosphonium salts 1, 2-1, 2-2, 2-3, 4 and 6.

Benzylideneacetophenone (i.e. chalcone) conjugated system (Scheme 1), with a double
bond connecting to a carbonyl group in the middle of two phenyl groups, was chosen
as a basic conjugated spacer. Chalcone is one of the most used n-conjugated structures,
being used in various areas, including dye-sensitive solar cells and electronics, and their
photophysical properties were also widely studied. A condensation reaction of 4-
(diethylamino)benzaldehyde and 4'-bromoacetophenone in the mixture of methanol
and ethanol at 0 °C delivers molecule 1 in an appropriate yield of 85%.
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Figure 20 400 MHz'H NMR spectrum of 1, CDCls, 298 K.

"H NMR spectrum of the molecule 1°° depicted in Figure 20 confirms it’s the molecular
structure. The hydrogens on the ethyl group are located at positions H and G, and
coupled with each other, giving a triplet and a quartet, which can be found in the
spectrum. And the integration also proved this. Due to the lone pair on the nitrogen


https://www.sciencedirect.com/topics/chemistry/chalcone
https://www.sciencedirect.com/topics/physics-and-astronomy/dye-sensitized-solar-cells

atom, hydrogens on position F were shielded by electron densities from nearby nitrogen,
leading to a shift to upfield, which corresponds to a doublet at 6.76 ppm (J =8.8 Hz,
2H). Its coupled protons locate at C, 7.63 ppm (d, J= 8.8 Hz, 2H). Equivalent hydrogens
on position A experiences a de-shielding because of the electron deficiency of the
carbonyl group, giving a doublet at 7.97 ppm (J = 8.4 Hz, 2H). Its coupled protons
locate at D, 7.72 ppm (d, J = 8.4 Hz, 2H). The integration of a doublet at 7.89 ppm (d,
J =15.2 Hz) shows that there is only one hydrogen as well as the other doublet at 7.35
ppm (d, J = 15.2 Hz). They are hydrogens on position B and E. Those relative peak
positions can be found on compounds with similar structures. But sometimes those
peaks overlap with peaks from triphenyl group, and cannot be distinguished.

For the construction of compound 2-1, phosphonium center was introduced into the
position of Br- via Ni-catalyzed reaction.”® Catalyst NiBr2 and solvent ethylene glycol
were chosen for classical Horner reaction. Control experiments on different reaction
temperatures (150°C, 170°C, 180°C, 190°C, 195°C) were tested to figure out the best
reaction temperature. At 150°C, the reaction just starts to proceed, with the color
changing of the reaction solution. When rising the temperature from 170°C to 180°C,
the yield, rising from 35% to 70%, was calculated and compared with each other after
column chromatography. When rising the temperature from 180°C to 190°C, the yield
rising to 77%, but the content of impurities rises at the same time. At 195°C, the yield
decreases to 50%. Finally, the optimized temperature was established at 190°C. A
possible mechanism was proposed in Scheme 2.

Under heating to 190°C, ethylene glycol was used to disperse NiBry,
{Ni[(CH20H)2]3}Br2 complex was formed by replacing Br ions with ethylene glycol
molecules. While solvent molecules will be replaced because of the higher ligand field
of triphenylphosphine. Finally, tetracoordinated {Ni(CH20H)2(PPhs)2}Br2”® was
formed. {Ni(CH20H)2(PPhs)2} "Br™ could be got to start the catalytic cycle. When the
oxidation addition of compound 1 happened, a breaking of O-Ni bond occurred. Then
compound 2-1 was got and the catalytic cycle continues to be active for the next cycle.
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Figure 21 400 MHz 'H (left), 162 MHz *' P (right) NMR spectrum of 2-1 in CDCl; at 298 K.

"H NMR spectra of the molecule 2-1 were depicted in Figure 21. Due to the lone pair
on the nitrogen atom, hydrogens on position A were shielded by electron densities from
nearby nitrogen, leading to a shift to upfield, which corresponds to a doublet at 6.65
ppm (J = 7.2 Hz). Doublet (J = 7.2 Hz) at 7.60 ppm is from position B. Equivalent
hydrogens on position E experience a de-shielding due to the electron deficiency of
carbonyl group, giving a doublet at 8.34 (J = 2.8 Hz, 2H). Its coupled hydrogens locate
atF, 7.79 ppm (J = 2.8 Hz, 2H). From the integration, peak at 7.35 ppm corresponds to
only one hydrogen at position C (J = 12.4 Hz, 1H). Another doublet from position C
may overlap with peaks from three phosphorus-bound phenyl groups. Hydrogens on
ethyl group correspond to a triplet and quartet, which are easy to identify. 3'P NMR was
also tested, which is in accordance with reported data.”” Elemental analysis was also
carried out. Comparing calculated data (C37H3sBrNOP: C, 71.71; H, 5.70; N, 2.26) and
experimental data (C, 70.41; H, 5.81; N, 2.21), the deviation is small, and these two
sets of data can confirm the structure of 2-1.

Ion exchange was further conducted to get compound 2-2, yield 92 %, and 2-3, yield,
95%, in order to explore the differences in luminescence caused by different



counterions which could have different interactions in solid state. Mass of negative ions
was measured in order to identify the existence of OTf- and BARF-, as well as positive
ions to identify the cation compositions. For negative OTT ions, calculated mass is
149.070 a.u., in accords with the measured data, 148.9541 a.u.. For positive ion [M]",
calculated mass is 540.25 a.u. and it is almost the same to measured mass 540.2503 a.u..
Calculated elemental composition for C3sH3sF3sNO4PS: C, 66.16%; H, 5.13%; N, 2.03%;
S, 4.65%. it is close to found data: C, 66.11%; H, 5.34%; N, 2.07%; S, 4.36.

For BARF ion, elemental analysis was conducted to prove the elemental composition
of C, H, N. Calculated elemental composition for CeoH47NOPBF24 is C, 59.03%; H,
3.37%; N, 1.00%, which is close to found data: C, 59.92%; H, 3.40%; N, 0.98%. For
negative BARF- ion, the measured mass is 863.0883 a.u. (calcd 863.211 a.u.). For
positive ion [M]*, calculated mass is the same as measured data, 540.2503 a.u..

Compared to compound 1, a more extended conjugated system 4, yield (64%), was
constructed for the synthesis of final desired phosphonium salt 6. Under the catalysis
of Pd(PPh3)Cl2, a coupling reaction occurs between compound 1 and 1-Bromo-4-
ethynylbenzene. Then the transformation of compound 4 to 6 requires a zero-valent
palladium, like Pdx(dba)s, Pd(dba):.”* In my case Pd(dba): was chosen. It was also
carried out under nitrogen to avoid the oxidation of Pd’ to Pd*" which form an inactive
catalyst for phosphonium transformation. The 4 reacted with triphenylphosphine under
the presence of Pd(dba): in toluene at 130 °C for 15 h, yield 59%.
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Figure 22 400 MHz'H (left) and 162 MHz *'P (vight) NMR spectrum of 6 in CDCl; at 298 K.

The "H NMR spectra of compound 6 (Figure 22) is not easily distinguishable due to the
existence of more phenyl groups. They have a similar chemical shift, leading to three
main overlap areas. In order to confirm the identity, other effective analysis methods
were chosen, they are mass and elemental analysis. For positive cations, a measured
mass is 719.20 a.u., its original mass is also 719.20 a.u.. Its elemental composition was
also calculated, C, 75.08%; H, 5.47%; Br, 10.97%; N, 1.94%; O, 2.22%, which is
almost same as found data, C, 75.00; H, 5.45; Br, 11.09; N, 1.94; O, 2.22; P, 4.30. 3'P
NMR was also tested, there is only one peak at 22.62 ppm (no internal standard was



used for chemical shift, it needs to subtract 7.8 ppm form 30.42 ppm) and it is close to
reported data.”’

6.2. Synthesis of Phosphine Oxides
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Scheme 4 Synthetic procedure for phosphine oxide 3.
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Scheme 5 Synthetic procedure for phosphine oxide 5.

Compound 3 has the same conjugated system compared to compound 2-1 apart from
the phosphorus center. Different assumptions (Scheme 3 and 4) were tested: the first
one is that diphenylphosphine reacts directly with compound 2-1. Unfortunately, it only
gives minor product, yield, 0.0966%. Then the other possible synthesis pathway was
proposed on Scheme 4. 4-bromoacetophenone reacts with diphenylphosphine to get 1-
[4-(Diphenylphosphino)phenyl]ethenone.”® The reaction conditions were strictly
controlled under an inert environment to avoid the oxidation of diphenylphosphino
group. Then  1-[4-(Diphenylphosphinyl)phenyl]ethenone reacts with  4-
(diethylamino)benzaldehyde. Finally, oxidizing the diphenylphosphino group with
H20: followed by a fast column chromatography to obtain 3.
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Figure 23 400 MHz'H NMR spectrum of 3, CDCls, 298 K.

Compound 3 has two phosphorus-bound phenyl groups, which causes the overlap of
peaks, giving multiple peaks. '"H NMR spectrum of 3 was depicted in Figure 23, A
doublet at 6 = 8.10 (J = 8.0 Hz) belongs to hydrogen at position A because of the de-
shielding of a neighboring electron-deficient carbonyl group. Another doublet at 6.76
ppm (J = 8.8 Hz) is from hydrogen at position B, caused by a neighboring electron-rich
nitrogen atom. Lone pair electrons cause shielding of an external field, moving to
upfield. Integration shows that doublet at 7.90 (J = 15.6 Hz) and 7.37 (J = 15.6 Hz)
corresponding to the hydrogen at position C and D, because of the identical coupling
constant.

Compounds 5 and 6 also have similar conjugated system apart, but decorated with
Ph2PO- and PPhs- groups, respectively. The procedures for the construction of 5 were
shown on Scheme 5. The main effort is done to get 4-
(Ethynylphenyl)diphenylphosphine oxide. The synthesis of 4-
(trimethylsilylethynyl)bromo benzene was the first step as well as a vital step. On the
catalysis of PdCl2(PPhs). and Cul, 4-iodo-bromobenzene reacted with
trimethylsilylacetylene at the temperature of the ice bath. Due to the different activities
of bromide and iodine atom, strict control of the molar ratio (1.5/1) of 4-iodo-
bromobenzene and trimethylsilylacetylene was fundamental for the successful
synthesis of 4-(trimethylsilylethynyl)bromo benzene.”® If the former was far more
excess, the relatively more active iodine atom can react with trimethylsilylacetylene. If
the molar ration was not strictly controlled, the trimethylsilylacetylene will react further
with the inert bromide atom, leading to another product, 1,4-
bis[(trimethylsilyl)ethynyl]benzene. It will give a mixture. So strict control of ratio is
the one of most fundamental requirements.

Lithiation of phenyl carbon and substitution of the Br” with Li" happens in the second
step. Electrophilic substitution occurred when the electron-poor phosphorus center of
chlorodiphenylphosphine  attacks the electron-rich carbanion, giving 4-
(Ethynylphenyl)diphenylphosphine. 4-(Ethynylphenyl)diphenylphosphine was
prepared according to the published literature.!” Then, adding K2CO3 to methanolic
solution removes the trimethylsilyl group. Oxidation of trivalent phosphorus center by
means of H202 allows to get 4-(Ethynylphenyl)diphenylphosphine oxide'’!. The final



step is to combine the two molecules via Sonogashira coupling method under the
catalysis of Pd(PPh3)Clz and Cul at room temperature, yield 75%.
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Figure 24 400 MHz"'H (left), 162 MHz {*' P right} NMR spectrum of 5, CDCl;, 298 K.

Compound 5 has a longer conjugation system than compound 3, which still causes the
overlap of peaks (Figure 24). A doublet at 6 = 8.10 (/= 8.4 Hz) belongs to hydrogen at
position A because of the de-shielding of a neighboring electron-deficient carbonyl
group. Another doublet at 6.76 ppm is from hydrogen at position D, caused by a
neighboring electron-rich nitrogen atom. Lone pair electrons cause shielding of external
field, moving to upfield. Chemical shift on the phenyl group is similar due to the
equivalent chemical environment. Doublets at 7.90 ppm and 7.40 ppm have same
coupling constant J = 15.6 Hz corresponding to position B and C. Apart from the
hydrogen on position A and D that have distinct chemical environment because of their
neighboring electron density factor, and position B and C have large coupling constant,
other hydrogens from phenyl groups give large overlaps. *'P NMR was also tested,
single peak at 28.33 ppm. %2



6.3. Unsuccessful Results
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Scheme 6 Failed attempts to prepare compounds 7-11.

Compounds 1-6 show positive results after various attempts. Even though reactions
should happen from theoretical points of view in some cases, syntheses of compounds
7-11 were failed after a series of attempts (Scheme 6), I cannot manage to get separable
and pure desired products.

Compounds 8 and 2-1 have same conjugated systems and electron acceptors, but
distinct electron donors. The electron donor for compound 2-1 is NEt2 group, but a
hydroxyl group for compound 8. Diethylamino group and hydroxyl group are all strong
electron-donating groups. Although the two structures are similar, the reaction
conditions are not applicable to the other. The desired product 8 has a hydroxyl group
as electron donor. For the first step, the reaction conditions are totally the same, KOH
dissolved MeOH and EtOH at the temperature of ice bath, yield, followed by the
substitution of the triphenylphosphine group. Unfortunately, only trace amount of
compound 7 was got. Then a new method'® was tried, using phenol as a solvent without
the catalyst. It has shown that there is no compound 7 generated. Therefore, a negative
result was got. Then the next step cannot be proceeded further, compound 8 cannot be
obtained through two trials.

In scheme 5, the conjugated system was changed by replacing the carbonyl group with
cyano group, but the same electron donors and electron acceptors as for compounds 2
and 4. From the '"H NMR spectra (Figure 25), it shows that the product contains a
mixture of Z, E isomers, and the minor Z isomer cannot be separated. Further
experiments for the synthesis of phosphonium 10 were conducted. From 'H NMR
analysis (Figure 26), it showed that there are two sets of signals but different chemical
shifts. The mixture cannot be separated and purified by silica gel chromatography. It is
also the case for phosphine oxide 11, they are failed results.
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Figure 25 400 MHz'H NMR spectrum of 9, CDCI;, 298 K.

Peaks circled have the same multiplicity with nearby main peaks, it may be caused by
the introduction of CN- group because the CN- group has a strong electron-withdrawing
ability, which can change surrounding electron densities. Those peaks cannot be
removed from silica gel chromatography and the situation gets worse for 'H NMR
spectrum of 10 (Figure 26). In the process of synthesizing processes, heating to 110°C
was needed, these energies for the cis and trans transformation were provided by
heating, giving higher proportion of cis or trans forms.
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Figure 26 400 MHz'H NMR spectrum of 10, CDCl;, 298 K.

7. Single Crystal Analysis

The suitable crystal for single X-Ray analysis was prepared by slow evaporation of the
dichloromethane/hexane mixture of 3 at +5°C. It has good solubility on
dichloromethane but bad in hexane. Dissolving compound 3 in dichloromethane and
then adding hexane (volume ratio: 1/1) carefully to disperse solute molecules. Finally,
orange crystals were formed in several days.



Y

iD|
]
30

|

- [70316)

~  PLATON-Mar 17 11:27:23 2020

Figure 27 Molecular views of compound 3 (white: hydrogen, red: oxygen, yellow: phosphorus,
blue: nitrogen and the rest atoms are carbon)

The XRD structural analysis reveals its crystalline data with high accuracy and these
crystallographic data allow for clear distinguishing of atoms, like phosphorus, oxygen
and nitrogen atoms. The molecular structure accords to the 'H NMR analysis.

Table 1 Parameters of the crystal unit cell for compound 3.
Length | a=10.3626(11) b=11.2713(12) c=11.8475(12)
Angles | 0=68.758(3) =74.401(3) v=83.980(3)

From these data (Table 1), it belongs to the triclinic crystal system due to the total
irregular angles and length of the unit cell. Bond length for P-C varies from Pi-Ce,
1.8020 A to P1-C1, 1.8074 A'® and other interested bond length is also shown: C1s=02,
1.230 A, average C-C bond 1.4082 A. The angle of CiP1Cs is 106.59°, 108.40° for
CiP1Ce.

Figure 28 Dimer packing pattern of crystal molecules.

There is a dimer packing pattern for crystal molecules shown in Figure 28, it is mainly
because of the interaction between two molecules, the spatial position also contributes
part of the effort. The interaction of P=0---H and H---O=C draws tensely every two
facing molecules to offer the highest extent of packing. In addition, the dislocation
between two molecules also provides the best interaction positions, keeping ethyl



groups at the two ends to ensure that the molecules have the closest connection. It also
shows a flat conjugated spacer. Any rotations on double and single bonds could lead to
a loss of conjugations, which will be energetically unfavorable for the system. Only a
flat spacer could provide the lowest energy.

8. Photophysical Properties

The incorporation of organophosphorus centers into a largely n-conjugated system has
become a meaningful research area for the construction and tuning of a large variety of
chromophores. Those modifications want to lower the energy levels of the LUMO and
then to change the photoluminescence properties. The involvement of electron-
deficient phosphorus centers (phosphine oxides and phosphonium salts) into the
conjugated systems decorated with donor could enhance the charge transfer (CT)
characteristics. Upon photoexcitation, electron density movies from electron-rich part
(donor) to electron-deficient part (acceptor). They are markedly stronger acceptors
compared to the neutral oxide/sulfide species, phosphonium cations can give redshifts
on absorption and emission spectra.'%

Connecting an electron-deficient P center (A) with an electron-rich group (D) through
a m-conjugated spacer provides a charge separation in the polarized D-n-A species. The
energy levels of HOMO and LUMO are mainly localized on the D and A moieties,
respectively. The excitation of such molecules with a suitable wavelength of light can
induce an ICT process as well as their unique luminescence properties such as
thermochromism, emission, dual emission, multi-photon absorption, solvatochromism
(effects of polarity/viscosity of the solvent). The acceptor (A) and the donor (D) are
connected by a spacer, but no effective interaction among their ground state, it is proved
to be feasible energetically to occur CT in their excited state.!%¢-108

Significant charge redistribution appears in the molecule when the electron density is
transferred from the electron efficient diethylamine group (-NEt2) to the electron-
deficient phosphonium (-"PPh3) or phosphine oxides (-PPh20) upon photoexcitation.
The energy of ICT process mainly relays on the strength of donor and acceptor, for
example, the relative size of the energy of the HOMO of donor and LUMO of acceptor
and the degree of electronic coupling between spacer orbitals. The spacer causes the
coupling of the two groups and the conjugated system is alike an insulator or a
conductor depending on the coupling magnitude. The coupling between both donor and
acceptor groups are relevant to transition energies as well as oscillatory strengths. The
weaker coupling in the ground state, the smaller the excitation energy.'” Therefore, the
photophysical properties were studied in these three aspects: donor types, the length of
conjugations and acceptor types.



8.1. Absorption Spectra
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Figure 29a Absorption spectra of compound Figure 29b Absorption spectra of compound
2-1 and 6 in chloroform. 3 and 5 in chloroform.

The absorbance spectrum of compound 2-1, measured in dichloromethane, is depicted
in Figure 29a. There are several peaks found and a low energy peak located at 470 nm,
most probably, it is attributed to intramolecular charge transfer transitions. Higher
energy peaks, located at 322 nm of 6 and 320 nm of 5 may be n-n*, may belong to =-
n* comparable to reported data.!!”

The absorption maxima relay on the nature of the connected substituents and the lengths
of the conjugated spacer. Redshift in the absorption band might be expected with
increasing spacer length (i.e. 2-1—6 and 3—5). While Figure 29a shows an opposite
result with the extension of the conjugation, a blue shift was observed, the ICT peak at
470 nm of 2-1 shifted to 450 nm of 6 in chloroform, when the conjugation length
becomes longer. Figure 26b shows a tiny absorption wavelength shift from 440 nm of
3 to 443 nm of 5 with the elongation of the conjugation system. Like food dyes, shifting
from 560 to 650 nm was observed,!!! their peak wavelengths tend to be shifted toward
the long-wavelength regions.

The higher degree of the m-conjugated system, the low-lying n—n* transition gap will
be lower and consequently corresponding to the lower energy wavelength. The n—n*
transition in less conjugated compound 2-1 is energetically more difficult due to its less
conjugated electron distributions and could absorb shorter wavelengths with high
energy to reach that energy barrier, which conforms to the absorption band in Figure
29b. There is also an absorption peak around a wavelength 259 nm. But the intensity is
not as strong as ICT process that has a more intense absorption at wavelength 470nm,
which corresponds to a lower transition energy. The n—n* transition still exists, even
though it is not prominent compared to the other two pathways.

Normally, with the rise of conjugation extent, the energy difference between ground
states at donors and excited states at acceptors could get smaller.!'"> When the
conjugated m-system is extended to a larger level in compound 5 and 6, there is an
increase in the degree of the n-electron system. The n—n* transition energy gap could




become narrower, leading to a shift of the absorption spectra to longer wavelengths and
the absorption intensity becomes stronger due to the easier electron transition.
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Figure 30 The absorption spectra of counterion in compound 2-1 and 2-2 in chloroform.

Counterions also cause different intermolecular interactions. The spectral signatures
were found to be dependent on the nature of counterions, leading to significant emission
color changes. The role of fluorine in counterions is particularly important because
fluorinated groups have powerful electron-withdrawing properties, super-hydrophobic
abilities and orthogonal to aqueous.!!* Counterion influence was shown in Figure 30,
when Br- was replaced with BARF-, the maxima of ICT peak moved from 474 nm at
2-1to 470 nm at 2-2. The ground state of 2-2 was more stabilized compared to 2-1 and
high energy wavelength light was needed to reach the excitation, therefore a small blue
shift is observed. And there is also a decrease in absorption intensity.
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Figure 31b The absorption spectra of
Figure 3la The absorption spectra of  compound 5 and 6 in chloroform
compound 2-1 and 3 in chloroform.



Furthermore, a bathochromic shift is observed with changing electron acceptor from -
PPh20 to -PPh3" (3>2-1, 5>6). The electron-withdrawing ability of -PPhs3" cation
center at compound 2-1 is relatively stronger compared to -PPh20 center at compound
3. The stronger acceptor -PPh3" decrease energy of LUMO orbitals, leading to narrower
energy between unchanged HOMO and decreased LUMO (Figure 31a). There is a
redshift when phosphine oxide was changed to phosphonium salt, from 438 nm to 474
nm, and an intensity decrease is also observed. Similarly, a redshift on 5 and 6 were
shown in Figure 31b, from 443 nm to 452 nm, when the conjugation system is enlarged
at 5 and 6 compared to 2-1 and 3, respectively.

8.2. Solvent and pH Effects on ICT Process

The promotion of an electron from its ground state orbitals to its excited state orbitals
could be achieved by the excitation of a fluorophore. If the ground state orbitals and
excited state orbitals are separated by a spacer, the change of dipole moment for a
fluorophore can be finished instantaneously. When an electron-withdrawing group
(e.g., >C=0, -CN) and an electron-donating group (e.g., -NHz, -NEt2,) were connected
through a spacer, the dipole moment becomes larger. Therefore, a disequilibrium state
of excited state could be reached because of the interaction of dipole moments with
surrounding solvent molecules.

The solvent dependence!!*

of various compounds was also tested and observed in
different solvents. Broadened absorption/fluorescence bands were observed and this
may be caused by fluctuations of solvation shells. In addition, changes in the nature of
15 'When solvent
molecules surround a solute, solute-solvent interactions can stabilize their ground and

excited states, which mainly relays on their chemical nature. Van der Waals interactions

solvent and composition can induce absorption/emission shifts.

and hydrogen bonding are the most common solute-solvent interactions

The interaction between solute and solvent is tested at different solvents with different
polarities. The spectral shift, intensity and shape are influenced by the polarity of
solvents and acidity of the medium. Figures 32 and 33 have shown a minor spectral
shift and a sharp decline of ICT band, which is found to be sensitive toward solvent
polarity.



8.2.1.Effects of polarity
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Figure 32 Absorption band of compound 2-1 in different polar solutions: DCM, MeCN and
the mixture of MeCN and hypophosphorous acid.

In relative nonpolar DCM solution, the maximum of absorption is at 470 nm and molar
absorptivity & reached 31566 Mlcm!'. When solvents change from DCM
(relative polarity, 3.4) to MeCN (relative polarity, 6.2), polarity increases
correspondingly. The dipole moment of the compound 2-1 is quite large because of the
separation of the positively charged center on phosphorus and negative charge on the
nitrogen atom. The ground state can be stabilized through the interaction with more
polar solvents. Much larger dipole moments have stronger interactions for compound
2-1, the ground state then is stabilized. The energy level of the ground state is reduced,
but the energy level of an excited state remains unchanged. This means that the energy
gap becomes larger (Scheme 8), corresponding to a blue shift to shorter wavelength
range, resulting in a shift from 470 nm in DCM to 455 nm in MeCN. Negative

Solvatochromism was also observed on anionic thiazole-based dyes,!!®

with a negative
solvatochromism of 114 nm, which varies from 624 nm at tetramethylurea to 510 nm

at methanol.

excited state excited state

A A

' ground state
ground state -

MeCN DCM

Scheme 7 Energy levels of ground state and excited state of 2-1 in MeCN and DCM.
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Figure 33 Absorption band of compound 5 in different polar solutions: DCM, MeCN and the
mixture of MeCN and hypophosphorous acid.

Table 2 The maximum absorption wavelength A (nm) and molar absorptivity e (M cm™) of
ICT process on compound 2-1 and 5 in three different solutions with different polarity.

Different solutions Amax and € of 2-1 Amax and € of 5
Solution 1 470nm, £=31566 443nm, £=35465
Solution 2 455nm, e=17031 442nm, e=43774
Solution 3 461nm, e=5028 443nm, £=5422

In compound 2-1, the acceptor is a phosphonium cation, thus effects on drawing
electrons to itself are stronger compared to compound 5. The electron-withdrawing
ability of acceptor on compound S is weaker, which contributes to a weak redshift of
ICT from MeCN, 442 nm to DCM, 443 nm (Table 2). The extent of conjugation at
compound 5 is higher than that in compound 2-1, which means that energy levels of
excited state m* could be lower. The transition of lone pair electrons to the lower energy
of excited state could be favorable energetically, which just caters for the observations
at Figure 29b, 31b and 33. The intensity of m—n* is strong around 274 nm and even
stronger than ICT.

The data from Table 2 shows that the maximum absorption of ICT processes is at 443
nm, and molar absorptivity is 35465 M-lcm™! in dichloromethane and 43774 M-'ecm™! in
acetonitrile. While the molar absorptivity in the mixture of acetonitrile and
hypophosphorous acid is only 5422 M'cm™.

With the increase of polarity of solvents, a small redshift was observed on both
phosphonium and phosphine oxide because of the stabilization of its ground state. The
more polar solvent has a larger dipole moment, which can interact effectively with
cation and neutral molecules to reach a stabilized ground state. Then the energy levels



decreased and energy gaps between the ground state and the excited state becomes
larger.

8.2.2.Effects of protonation
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Scheme 8 Protonating of 2-1 and 5 in the mixture of acetonitrile and hypophosphorous acid
solution.

When strong acid was added, the ICT process was suppressed. The lone pair electrons
on nitrogen interact with a proton (Scheme 9). Electrons donate to the formation of
hydrogen bonds rather than transit to high energy levels induced by light, then the
capacity of electron transfer from it to cation center was weakened dramatically, which
is reflected by the spectra in Figures 32 and 33, the molar absorptivity on ICT is only
5028 M-'em™!. Non-protic acetonitrile only has dipole moment interactions with solvent
dipole moments, while there is a combination of dipole moment interactions and
hydrogen bonding interactions when protic hypophosphorous acid was mixed with
acetonitrile.

The protonation breaks intramolecular charge transfer, the electrons are excited locally,
which contributes to the strong absorption at a wavelength at 308 nm, the molar
absorptivity is 15419 M'em™! comparable to ICT in dichloromethane.

In the presence of protic acid, the hydrogen bonds could be formed, which contributes
to the breaking of intramolecular charge transfer to the acceptor group of 5 because of
the contribution of electrons on donor motif to hydrogen ions.

8.3. Emission Spectra

The distinct molecular structures of these compounds result in different emission after
excitation. The emission spectra of 2-1, 2-3, 3, 5 and 6 in CH3CN at 293K was shown
in Figure 34. The distinct molecular structure of these compounds results in different
emissions.

Substitution of the counterions in compounds 2-1, 2-2, 2-3 results in minor changes of
emission spectra in solution of dichloromethane. Compound 6 has longer conjugation
systems and different absorption wavelengths than compound 2-1, but close emission



wavelengths for 2-1 and 6, 562 nm and 558 nm, respectively. While for control group
3 and 5, the emission wavelength is totally different even though they have same
conjugation system just like 2-1 and 6, the main difference is the acceptor, when the
acceptor is a strong electron-withdrawing cation, then shorter wavelength of light will
be emitted rather than at 600 nm for neutral acceptor. It is also the case for phosphonium
6, 558 nm and phosphine oxide 5, 616 nm.
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Figure 34 Emission spectra of 2-1, 2-3, 3, 5, 6 in CH3CN at 293K (excitation wavelength 365
nm).
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Figure 35 Emission spectra of 2-1, 2-3, 3, 5, 6 in CH,Cl; at 293K (excitation wavelength 365
nm).

In less polar dichloromethane (Figure 35), there is no dual emission and each peak is
separated independently. The emissive wavelength of 3 and 5 is still close to each other,
but there is a huge extinction between 2-1 and 6, the emission wavelength of 2-1, 638
nm is longer than 6, 596 nm in dichloromethane, rather than approximate equal in
acetonitrile. Emission of salts 2-1 and 2-3 has the longest wavelength of 638 nm on 2-
1 and 635 nm on 2-3.



8.4. Solid State Emission Spectra
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Figure 36 The emission spectra of solid state 2-1, 2-2 and 2-3.

The emission spectra of 2-1, 2-2 and 2-3 in solid state demonstrate counterion effects
(Figure 36). They have the same conjugation lengths and electron donors, but different
anions Br-, OTf, and BARF-. The differences in the emission maxima may be caused
by cation-cation interaction. With the smaller anions connected to cations, the
interactions between neighboring cations could be stronger due to the closer
intermolecular distance, which affects the optical bandgap. Stronger interactions lead
to a narrower energy gap, emitting low-energy emission light.

9. Conclusion

In conclusion, explorations have been conducted by constructing chalcone-based
chromophores functionalized with phosphorus electron acceptors. Synthesis of these
exclusive structures, characterization of their photophysical properties, dedicated to the
absorption spectra of ICT processes and emission spectra, were carried out. Their
structures were identified through "H NMR, together with XRD, mass spectrometry and
elemental analysis. Different synthesis pathways were tested in order to get the highest
yields. Intramolecular charge transfer processes were investigated among a series of
synthesized phosphonium and phosphine oxides. The failure of synthesis of compounds
8, 9 and 10 made the comparison of donor effects and conjugation effects on ICT
process unattainable.

The comparison of length of conjugation (2-1->6 and 3-5), counterions (2-1, 2-2, 2-
3), the variation of acceptors (2-1->4, 5->6), solvent polarity and acidity have



influences on the absorption and emission shape, intensity and position by distributing
electron densities. The absorption of the studied phosphonium salts and phosphine
oxides was tested in chloroform, emission was tested at dichloromethane and
acetonitrile as well as in solid state. Highly feasible strong ICT processes were observed
at different polarity solvents of dichloromethane and acetonitrile, but a low intensity on
absorption was observed at an acidic mixture of acetonitrile and hypophosphorous acid.

Photophysical behaviors of synthesized phosphonium and phosphine oxides were
influenced by the interaction of solvent, solvent polarity, donor and acceptor properties,
conjugation length and solvent acidity.

10. Experimental Section

Synthesis of 1: A solution of 4-(diethylamino)benzaldehyde(1.8 g, 12.12 mmol) and 4'-
bromoacetophenone (2.0 g, 10.10 mmol) in methanol (20 mL) was cooled to 0 °C. A
solution of ethanol and KOH (2.5M, 30 mL) was added dropwise by using an addition
funnel and stirring the reaction mixture at room temperature for 15 h. The product,
precipitated as a dark-yellow solid, was filtered and washed with cold ethanol, yield
3.06 g (85%). 'H NMR (400 MHz, CDCl3): = 7.97 (d, J = 8.4 Hz, 2H), 7.89 (d, J =
15.2 Hz, 1H), 7.72 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 15.2 Hz,
1H), 6.76 (d, J=8.8 Hz, 2H), 3.53 (q, J = 7.2 Hz, 4H), 1.31 (t,J = 7.2 Hz, 6H).

Synthesis of 2-1: A solution of 1-(4-bromophenyl)-3-[4-(diethylamino)phenyl]-2-
propen-1-one (198 mg, 0.59mmol), triphenylphosphine (154 mg, 0.59mmol) as well as
catalyst NiBr2 (20% mol, 25 mg) were added to ethylene glycol (3 mL) in a pressure
vessel. The reaction mixture was flushed with nitrogen to 190 °C and stirred for 15 h.
The reaction mixture turned into a deep yellow solution. After cooling down to room
temperature, ethylene glycol was diluted with water three times (20 ml) and washed
with dichloromethane three times (40 ml). The organic phase was collected, and
dichloromethane was evaporated. The obtained crude product was purified by column
chromatography (Silica gel 70-230 mesh, @3.6x20 cm, eluent CH2Cl2/CH30H, 20/1)
to give yellow powder, yield 0.28g (77%). ESI-MS (M/Z): [M]" 540.2438 (calcd
540.25). 'HNMR (400 MHz, CDCl3): & = 8.34 (dd, J= 2.8 Hz, 2H), 8.01-7.64 (m, 12H),
7.79 (d, J=2.8 Hz, 2H), 7.60 (d, /= 7.2 Hz, 2H), 7.35 (d, J = 12.4 Hz, 1H), 6.65 (d, J
=7.2 Hz, 2H), 3.47 (q, J = 6 Hz, 4H), 1.25 (t, J= 5.6 Hz, 6H). 3'P (162 MHz, CDCl3):
0 =22.52 (s, 1P). Anal. Calcd for C37H3sBrNOP: C, 71.71; H, 5.70; N, 2.26. Found: C,
70.41; H, 5.81; N, 2.21.

Synthesis of 2-2: Jon exchange of bromide ion to totetrakis[3,5-
bis(trifluoromethyl)phenyl]borate ion (BARF") of 2-1. Adding NaBARF (283mg,
0.32mmol) to 10 mL of diethyl ether, then 2-1 (200 mg, 0.32 mmol) was added to the
solution, stirred for 1.5 h. Then filtering the white powder off and evaporation of the
solution gave dark red solid. A TLC spot test confirmed the completeness of anion



exchange. Using column chromatography to purify the residue (Silica gel 70-230 mesh,
23.6x20 cm, eluent CH2Clo/CH30H, 20/1) to give dark red solid (489 mg, 95 %). ESI-
MS (M/Z): [M] 863.0883 (calcd 863.211). 'H NMR (400 MHz, CDCl3): § = 8.39 (dd,
J=10 Hz, 1H), 8.01-7.64 (m), 7.41 (d, J =4 Hz, 1H), 7.22 (d, J = 8 Hz, 2H), 3.47 (q,
J=17.2Hz, 4H), 1.25 (t,J=7.2 Hz, 6H).>'P (162 MHz, CDCl3): § = 22.5 (s, 1P). Anal.
Calcd for CeoH47NOPBF24: C, 59.03; H, 3.37; N, 1.00. Found: C, 59.25; H, 3.59; N,
0.95.

Synthesis of 2-3:  Ion exchange of bromide ion to trifluoromethanesulfonate ion (OTf")
of 2-1. Adding NaOTf (55.05mg, 0.32mmol) to 10 mL of diethyl ether, then 2-1 (200

mg, 0.32 mmol) was added to the solution, stirred for 1.5 h. Then filtering the white

powder off and evaporation of the solution gave to slight dark red solid. A TLC spot

test confirmed the completeness of anion exchange. The residue was purified by column

chromatography (Silica gel 70-230 mesh, 23.6x20 cm, eluent CH2Clo/CH30H, 20/1) to

give slight dark red solid (176 mg, 80 %). ESI-MS (M/Z): [M], 148.9541 (calcd

149.070). Anal. Calcd for C3sH3sFsNO4PS: C, 66.16; H, 5.13; N, 2.03; S, 4.65. Found:

C,66.11; H, 5.34; N, 2.07; S, 4.43.

Synthesis of 3:  4-bromoacetophenone (244  mg, .00  mmol),
tetrakis(triphenylphosphine)palladium (60mg, 5% mol) were added to a two-neck
round-bottom flask, the flask was vacuumed and connected to nitrogen to protect the
catalyst and to provide an inert environment. Toluene (5 mL) and triethylamine (1 mL)
and were added using a syringe under a nitrogen atmosphere. Finally,
diphenylphosphine (186 mg, 1.00 mmol) was added to the system. The reaction system
was stirred at 80 °C for 16 h. The system should be kept strictly in the nitrogen
environment to avoid oxidation of the catalyst and diphenylphosphine. The reaction
mixture appeared as a dark yellow solution. After cooling down to room temperature,
toluene and triethylamine were removed under reduced pressure. Then a fast column
chromatography (Silica gel 70-230 mesh, @ 3x30 cm, eluent CH2Cl2/CH3CH3, 2/1) was
conducted to get pure 4-(diphenylphosphino)acetophenone, white solid, yield, 182.60
mg (60%). '"H NMR (400 MHz, CDCl3): § = 7.80 (d, J = 7.2 Hz, 2H), 7.35 - 7.15 (m,
12H), 2.50 (s, 3H). *'P NMR (162 MHz, CDCl3): § = 20.82 (s, 1P).

Then the second-step condensation reaction between 4-
(diphenylphosphino)acetophenone and 4-(diethylamino)benzaldehyde started. A
solution of 4-(diphenylphosphino)acetophenone (200 mg, 0.66 mmol) and 4-
(diethylamino)benzaldehyde (117 mg, 0.66mmol) in methanol (20 mL) was cooled to
0 °C under nitrogen atmosphere. A solution of ethanol and KOH (2.5M, 30 mL) was
added dropwise by using an additional funnel and the reaction mixture was stirred at
room temperature for 15 h. The solvents methanol and ethanol were removed by
connecting the flask to reduced pressure. Then the third step was to oxidize the
phosphorus-containing part with hydrogen peroxide. Adding 5 drops of hydrogen
peroxide to dichloromethane solution of residual solid to get phosphorus oxides. Finally,
the obtained crude product was purified by column chromatography (Silica gel 70-230



mesh, #1.7x30 cm, eluent CH2Cl2/CH30H, 10/1) to give phosphorus oxide, yellow
solid, yield 305.8 mg (68%). IR KBr; v(C=0), 1716 cm™!; v(C=C), 1650 cm™!. ESI-MS
(M/Z): [M]*480.2078 (calcd 480.21). 'H NMR (400 MHz, CDCl3): § =8.10 (d, J= 8.0
Hz, 2H), 7.90 (d, /= 15.6 Hz, 1H) 7.92-7.57 (m, 14H), 7.37 (d, J=15.6 Hz, 1H), 6.76
(d, J=8.8 Hz, 2H), 1.307 (t,J = 7.2 Hz, 6H). *'P NMR (162 MHz, Acetone): § = 28.81
(s, 1P). Anal. Calcd for C31H30NO2P: C, 77.63; H, 6.32; N, 2.92. Found: C, 76.72; H,
6.25; N, 2.93.

Synthesis of 4: 1-(4-Bromophenyl)-3-[4-(diethylamino)phenyl]-2-propen-1-one (200
mg, 0.56mmol), 1-Bromo-4-ethynylbenzene (101 mg, 0.56mmol) and Pd(PPhs)Cl2
(39.3 mg, 0.028mmol) were added to a solution mixture of ethylenediamine (10 mL)
and tetrahydrofuran (10 mL) under the nitrogen protection, The reaction mixture was
stirred for 15 h, and then the solvent was removed under a reduced pressure. The residue
was abstracted by water and dichloromethane and then purified by silica gel
chromatography to afford a yellow powder of mid-product, yield 256 mg (64%). 'H
NMR (400 Hz, CDCl3): 6 = 8.10 (d, J = 8.4Hz, 2H), 7.90 (d, J = 15.2Hz, 1H), 7.72 (d,
J = 8.4Hz, 2H), 7.64 (d, J = 8.8Hz, 2H), 7.61 (d, J = 8.4Hz, 2H), 7.52 (d, J = 8.4Hz,
2H), 7.41 (d, J=15.2Hz, 2H), 6.77 (d, J = 8.4Hz, 2H), 3.53 (d, J1 = 14.4Hz, J. = 7.2Hz,
4H), 1.32 (T, J=7.2Hz, 6H).

Synthesis of 5: 4-iodo-bromobenzene (5.0 g, 17.68 mmol) was dissolved in an
anhydrous triethylamine solution (20 mL) at room temperature. This solution was
cooled in an ice bath, and PdCl2(PPhs)2 (124 mg, 0.17 mmol) and Cul (34 mg, 0.17
mmol) were added. Cold trimethylsilylacetylene solution (1.74g, 17.68 mmol) was then
added drop by drop. The mixture was stirred in an ice bath for 1.5 h, then the solvents
were removed under reduced pressure and the residual solid was suspend in hexane.
Passed the cruse product through a short silica column (eluent: hexanes) and
concentrated the combined filtrates to obtain a colorless oil. The last step is to solidify
the oil on drying in vacuum to obtain 4-(trimethylsilylethynyl)bromo benzene, yield
5.38 g (85%). 'H NMR (400 MHz, CDCl3): § = 7.45-7.41 (m, 2H), 7.33-7.30 (m, 2H),
0.25 (s, 9H). Then to synthesize diphenyl-[4-trimethylsilylethynyl)phenyl]phosphane.
To an anhydrous THF solution (40 mL), 4-bromo-(trimethylsilylethynyl)benzene (2.53
g, 9.3 mmol) was dissolved, when temperature was maintained at -78°C to -75 °C, n-
BuLi (2.5 M, 3.1 mL) was added under nitrogen atmosphere. After 2h stirring,
chlorodiphenylphosphine (2.53 g, 9.3 mmol) then was added. Additional 2h needed for
stirring. Finally, the solvent was removed by rotary evaporator under a reduced pressure.
Using silica gel chromatography to purify the residue, a white powder was got, yield
2.00 g (60%). "H NMR (CDCls): & = 7.42-7.16 (m, 14H), 0.22 (s, 9H). *'P (CDCl3): &
=-5.75(s, 1P).

The next step is to prepare of Ph2P-Ph-C = CH.'" To a methanol (50 mL) and
dichloromethane (10 mL) solution of PhoP-Ph-=-SiMes (1.63 g, 4.55 mmol), was added
K2COs (1.26 g, 9.09 mmol). The suspension was stirred at room temperature for 2 h
and was then filtered. The crude product was purified by silica gel chromatography to



give 4-(Ethynylphenyl)diphenylphosphine, white solid, yield 1.10 g (85%). '"H NMR
(400 MHz, CDCl3): 6 7.48-7.20 (m, 14H), 3.11 (s, 1H).*'P NMR (162 MHz, CDCl3):
O = - 5.74 (s). The third step is to get (4-Ethynylphenyl)diphenylphosphine oxide.
Diphenyl-[4-trimethylsilylethynyl)phenyl]phosphane (0.5 g, 1.1 mmol) was dissolved
in a mixture of dichloromethane (30 mL) and methanol (30 mL), then hydrogen
peroxide (30% solution, 1.7 mL) was added slowly. Stirring 2h for the resulting mixture,
then aqueous NaSOs solution was added to quench it and extracted with
dichloromethane. MgSO4 was used to dry the combined organic phases, then filtered,
and concentrated under reduced pressure to give a white solid, yield 0.5 g (96%). 'H
NMR (400 MHz, CDCl3): § = 7.45-7.38 (m, 10H), 7.43-7.40 (m, 4H), 3.24 (s, 1H).>'P
NMR (162 MHz, CDCl3): 6 =28.7 (s, 1P).

Finally, (4-Ethynylphenyl)diphenylphosphine oxide ( 248 mg, 0.82mmol), 1-(4-
Bromophenyl)-3-[4-(diethylamino)phenyl]-2-propen-1-one (294.5 mg, 0.82mmol),
and Pd(PPh3)CL> (57.5 mg, 10%mmol) were added to a mixed solution of
tetrahydrofuran (10 mL) and ethylenediamine (10 mL), then Cul ( 15.6mg, 10%mmol)
was added before nitrogen protection of reacting conditions. It took 15 h at room
temperature. The organic phase was collected, and the residue was purified by column
chromatography (Silica gel 70-230 mesh, 23.6x20 cm, eluent CH2Cl2/CH30H, 10/1)
to give dark red solid (356 mg, 75%). 'H NMR (400 MHz, CHCI3): 6 = 8.10 (d, J =
8.4Hz, 2H), 7.90 (d, J = 15.6Hz, 2H) 7.80-7.59 (m, 20H), 7.37 (d, J = 6Hz, 1H), 6.76
(d, J = 8.8Hz, 2H), 3.52(q, J1 = 14.8Hz, J» = 7.2Hz 4H), 1.31 (t, J = 6.8Hz 6H). *'P
NMR (162 MHz, CDClI3): 6 = 28.34 (s, 1P). Anal. Calcd for C33H30NO2P: C, 78.70; H,
6.02; N, 2.78. Found: C, 78.93; H, 5.94; N, 2.17.

Synthesis of 6: 4 (200 mg, 0.43 mmol) reacted with triphenylphosphine (113 mg, 0.43
mmol) under the presence of Pd(dba)2 (4 mg, 1% mmol) in toluene (4 mL) at 130 °C
for 15 h. toluene was removed by rotary evaporator under a reduced pressure. The solid
product was abstracted by water and dichloromethane and then purified by silica gel
chromatography to afford a yellow powder of phosphonium, yield 182.8 mg (59%) 'H
NMR (400Hz, CDCI3): & = 8.09 (d, J = 8.4Hz, 2H), 8.03-7.73 (m, 21H), 7.63 (d, J =
8.8Hz, 2H), 3.52 (q, J1 = 14.2Hz, J> = 7.2Hz, 4H), 1.30 (t, J = 7.2Hz, 6H). *'P NMR
(162 MHz, CDCl3): 6 =22.62 (s, 1P). Anal. Calcd for C39H3sBrNOP: C, 72.76; H, 5.50;
N, 2.18. Found: C, 73.67; H, 5.56; N, 1.93.
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