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Photodynamic therapy (PDT) is a photochemical-based treatment approach
that involves using light to activate photosensitizers (PSs). Attractively, PDT is one of
the alternative cancer treatments due to its noninvasive technique. By utilizing the
heavy atom effect, this work modified a class of formazan dyes to improve
intersystem crossing (ISC) with the goal of enhancing reactive oxygen species (ROS)
generation for PDT treatment. Two methods were used to observe the ROS
generation enhanced by ISC of the synthesized complexes including, (i) recording
DPBF decomposition caused by the ROS, and (ii) calculating the potential energy
curves for photophysical mechanisms of BF -formazanate dyes using the DFT and
nudged elastic band (NEB) methods. The photophysical properties of the dyes were
studied using spectroscopic techniques and X-ray crystallography, as well as DFT
calculations. The experimental and theoretical results and in vitro cellular assays
confirmed the potential use of the newly synthesized iodinated BF ,-formazanate

dyes in PDT.
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CHAPTER |
INTRODUCTION

Cancer is a leading global cause of death, with around 10 million fatalities
annually. Traditional treatments like surgery, chemotherapy, and radiotherapy face
limitations such as tumor recurrence, invasiveness, and side effects due to poor
targeting. Photodynamic therapy (PDT) offers a promising alternative, with improved
specificity and reduced side effects. PDT involves activating photosensitizers with
light, which react with oxygen to produce reactive oxygen species (ROS), inducing
localized cytotoxicity. Over 500 PDT studies are underway, with some approved for
cancer treatment. Advances in chemistry and nanotechnology have enhanced
photosensitizers, boosting ROS production and PDT efficacy (S. Wang et al., 2023;
Zhao et al., 2024).

Photodynamic therapy (PDT) is a cancer treatment strategy with advantages
such as minimal invasiveness, high precision (Zhang et al., 2020), and the possibility
of repetitive treatment of the affected area (Piskorz et al., 2021). PDT uses a
photosensitizer (PS) that absorbs light to produce reactive oxygen species (ROS)
including singlet oxygen (*O,). Cellular oxygen (*0,) absorbs energy released from the
relaxation between the triplet excited state (T,) and ground state (S,) to generate 'O,
which is toxic to the cells. Two types of photosensitized reactions are involved with
oxygen: type | and type Il. In type | reactions, radicals are intermediates, transferring
electron energy from the PS to the oxygen derivatives. In contract, the PS transfers
lisht energy directly to the oxygen in a type Il reaction (Hak, Ravasaheb Shinde, and
Rengan, 2021).

The boron difluoride (BF,) formazanate complexes are the novel classes of
fluorescent dyes with intriguing applications in microscopy. (Sharma et al., 2020) BF -
Formazanate complexes, similarly to BODIPY dyes, are composed of a "BF," fragment
coupled to a chelating N-donor ligand forming a stable six-membered heterocyclic ring.
Despite their structural similarities, BF,-Formazanate complex could be manufactured

in two steps with readily accessible components. It is advantageous for many imaging



applications that BF,-Formazanate complexes exhibit a variety of photophysical
features, such as strong molar extinction coefficients, large Stokes shifts, and high
fluorescence quantum yield (Maar et al., 2015; Sharma et al., 2020). As widely reported,
heavy atoms can improve the photosensitizer's singlet oxygen quantum yield (SOQY,
(I)A) by increasing the spin—orbital coupling (SOC) and the effect promotes intersystem
crossing (ISC) rates, which is recognized as the heavy atom effect and thus it enhances
the photodynamic therapeutic effect (Kamkaew et al., 2013; Miao et al., 2019; C. Wang
and Qian, 2019; Zou et al., 2019). Moreover, most cases show the SOQY of the iodine
atom higher than the bromine atom (Zou et al., 2017). To the best of our knowledge,
there is no systematic study on the heavy atom effect on the BF,-Formazanate
complexes for PDT applications. Therefore, in this study, we investigated the effect of

iodine-substituted BF ,-Formazanate dyes on facilitating the ISC process to T,.

1.1  Research objectives
This research aimed to develop a new PDT probe that can generate ROS with
the aid of the heavy atom effect enhancement with the following objectives:
1) To synthesize and characterize BCI, BNI BCH and BNH.
2) To evaluate the influence of heavy atom effect on the photophysical
properties of iodinated-compounds and noniodinated-compounds.
3) To investigate the radiation mechanisms of excited iodinated and

non-iodinated model compounds through computational calculations.

1.2  Research hypothesis
The introduction of iodine atoms to BF,-Formazanate backbone could
promote intersystem crossing (ISC) phenomena leading to improved singlet oxygen-

generating properties of the compound.



1.3  Scopes

1) To synthesize and characterize BCI, BNI BCH and BNH compounds
shown in Schemes 3.1 and 3.2.

2) To study experimentally the photophysical properties of BCl, BNI
BCH and BNH.

3) To elucidate the equilibrium structures, energetics, and
spectroscopic properties of BCl and BNI in several polar and nonpolar solvents using
the DFT/B3LYP/6-311G method and conductor-like screening model (COSMO).

4) To study the potential energy curves for librational motions of
phenyl rings in the BCI and BNI molecules compared with BCH and BNH molecules
in the Sg, S; and T, states using the DFT/B3LYP/6-311G and TD-DFT/B3LYP/6-311G and
Nudged Elastic Band (NEB) methods.

5) To study the effect of intramolecular motion on the radiation

processes in the BClI and BNI molecules compared with BCH and BNH molecules.



CHAPTER Il
LITERATURE REVIEW

2.1  Cancer disease

Cancer has become one of the leading causes of death globally, with the
World Health Organization reporting approximately 10 million fatalities annually,
making it the second most common cause of mortality. Traditional cancer treatments,
such as surgery, chemotherapy, and radiotherapy, are widely used; however, their
effectiveness is often hindered by challenges like tumor recurrence, invasiveness, and
significant side effects due to poor tumor-specific targeting. These limitations have
fueled the demand for alternative therapeutic approaches. Among these,
photodynamic therapy (PDT) has emerged as a highly promising modality, offering
improved target specificity and reduced side effects compared to conventional
methods. PDT works by activating photosensitizers with light energy, which
subsequently react with oxygen (O,) to produce reactive oxygen species (ROS) that
induce localized cytotoxicity. This precision-driven therapy has garnered increasing
interest in both fundamental research and clinical applications. According to data
from ClinicalTrials.gov, over 500 PDT-related studies are either ongoing or completed,
with some already approved for cancer treatment. Additionally, advancements in
chemistry and nanotechnology have facilitated the development of enhanced
photosensitizers, significantly improving ROS production and PDT efficacy. These
innovations highlight PDT as a key player in the evolving landscape of precision
cancer therapies, alongside other laser-based approaches like photothermal therapy

(PTT), (S. Wang et al., 2023; Zhao et al., 2024).



2.2 Photodynamic therapy in cancer treatment

Photochemical reactions occur when light interacts with chemical molecules.
In photochemical processes, photon energy is absorbed directly by the target
molecule, which is called a photosensitizer, which could then transfer the energy
onto the target molecule. Phototherapy is an alternative treatment for various human
diseases, including cancer, rheumatoid arthritis, and psoriasis, using only light energy
(photon). Photodynamic therapy (PDT) is a promising modality for noninvasive cancer
treatment. Moreover, photodynamic therapy uses an external chemical
(photosensitizer) that absorbs light energy and then produces singlet oxygen (1O,)
after exciting photosensitizers to a singlet excited state (S,,). The cellular oxygen (°0,)
absorbs energy released from the relaxation between the triplet excited state (T,)
and ground state (S,) to generate 'O,. The photosensitizer (PS) turns on therapeutic
effects in the presence of '0,, and its toxicity leads to cell death. Two types of
photosensitized reactions are involved with oxygen: type | and type Il. In type |
reactions, radicals are intermediate, transferring electron energy from the
photosensitizer to the oxygen derivatives. The photosensitizer passes light energy
directly to the oxygen in a type Il reaction (Hak et al., 2021). The pathway of PDT is
shown in Figure 2.1, (Pham, Neuyen, Choi, Lee, and Yoon, 2021).
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Figure 2.1 The Jablonski diagram and pathway of PDT and ROS generation.

(IC: Internal conversion, ISC: Intersystem crossing)



2.3  Boron difluoride formazanate complex (BF,-Formazanate

complex)

Boron difluoride (BF,) chelates of N-donor ligands are one of the most widely
studied classes of molecular materials due to their unique, adjustable, and
potentially beneficial absorption, emission, and electrochemical characteristics. These
compounds, which include the ubiquitous boron dipyrromethenes (BODIPYs) shown
in Figure 2.2A, have demonstrated utility as sensors, efficient
electrochemiluminescence luminophores and functional components of organic
electronics, in photodynamic therapy, and, perhaps most notably, as fluorescence

cell imaging agents (Maar et al., 2015).
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Figure 2.2 The structure of the BODIPY(A) and BF,-Formazanate dye(B).
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The boron difluoride (BF,) formazanate dyes (Figure 2.2B) are novel classes of
fluorescent dyes with intriguing applications in microscopy (Sharma et al., 2020). BF -
Formazanate dyes, similarly to BODIPY dyes, are composed of a "BF," fragment
coupled to a chelating N-donor ligand forming a stable six-membered heterocyclic
ring. Despite their structural similarities, BF ,-Formazanate dye could be manufactured
in two easy steps with readily accessible components. Due to BF ,-Formazanate dyes
exhibit varying photophysical properties, such as large molar extinction coefficients
and high fluorescence quantum yield, generally in the far-red or near-infrared range,
which is beneficial for many imaging applications (Sharma et al., 2020).

We have devised novel BF,-Formazanate dyes, which enabled us to perform
insight into experimental and theoretical investigations of the optoelectronic
properties of these compounds. Moreover, we described the synthesis of symmetric
1-cyano and 1-nitro- BF,-Formazanate dyes, which bear iodine to turn on
photodynamic therapy. The nature of substituents (R,- and Rs- substituents in Figure

2.2B) strongly affected the optical properties by introducing the electron-donating



substituent in this position, and it showed the largest quantum yield and long
wavelength shift in the emission spectra. The differences in optical properties
between Ph-, CN-, and NO,-substituted BF,-Formazanate were attributed primarily to
the electron-withdrawing nature of the R; substituent shown in Figure 2.2B (NO, > CN

>> Ph) (Lipunova, Fedorchenko, and Chupakhin, 2019).

2.4  Heavy atom effect in photodynamic therapy

Triplet excited states are challenging to generate through direct
photoexcitation because intersystem crossing (ISC) from the first singlet excited state
(S1) to the first triplet excited state (T;) is symmetry-forbidden, and large singlet—
triplet energy splitting exists in their chromophores. The triplet state is characterized
by two electrons in separate molecular orbitals with parallel spins, distinguishing it
from the singlet state in terms of spin configuration and transition properties (Figure

2.3).

A A
chxe} O- Q-

Singlet Singlet Triplet
ground state excited state excited state

Figure 2.3 The arrangement of electron spins in the ground state, singlet excited

state, and triplet excited state.

Fluorescence occurs when a radiative transition takes place from the lowest
singlet excited state to the singlet ground state, where both states share the same
spin multiplicity. Conversely, phosphorescence is a radiative transition from the
lowest triplet excited state to the singlet ground state. According to selection rules,
transitions with identical multiplicity (AS = 0, 2|S|+1) are spin-allowed, whereas

transitions with different multiplicity (AS # 0) are spin-forbidden (Figure 2.4).



However, a spin flip in @ molecule's singlet excited state can activate the dark
triplet state, making ISC possible (Figure 2.4) (Bao, Deng, Jin, and Liu, 2025). ISC, a
nonradiative transition between electronic states with different spin multiplicities, is a
key mechanism for converting singlet excited states into triplet excited states (Li,
Kamasah, Matsika, and Suits, 2019) (Figure 2.4). The ISC rate can be significantly
enhanced by heavy atoms (Galland et al., 2019; Yan, Lin, Sun, Ma, and Tian, 2021) as
it is proportional to the eighth power of the atomic number (X. Wang et al., 2021).
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&
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Figure 2.4 The interconnection between singlet and triplet states, including their spin

transitions.



Chemical modifications of molecules can alter ISC efficiency by either
reducing the singlet-triplet energy splitting AEst or enhancing spin-orbit coupling
(SOQ). Triplet state regulation primarily depends on modulating the singlet-triplet
splitting energy, which directly impacts ISC. The ISC rate (k;sc) follows Fermi’s golden
rule (Xiao et al., 2021) as and is expressed in Equation (1):

(1)
(T [Heoe ]S,

k
T (aEg )

where (T1 |Hsoc|51> represents the SOC constant, and AEqr is the singlet-triplet
splitting energy. Reducing this energy gap enhances ISC rate (Figure 2.5). Additionally,
increasing SOC achievable through heavy-atom incorporation further promotes ISC.
The heavy-atom effect, which is proportional to the eighth power of atomic number
(X. Wang et al., 2021), is one of the most effective methods for enhancing SOC
(Hamzehpoor et al., 2023; Recio et al., 2022; Xiao et al., 2021).
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Figure 2.5 Controlling the intersystem crossing (ISC) rate by adjusting the energy gap
between S; and T, states. According to Fermi’s golden rule, reducing the singlet-

triplet splitting energy (AEsr) enhances ISC efficiency. (Bao et al., 2025).
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For example, substituting hydrogen atoms in the AQCz molecule with two
heavier bromine atoms resulted in the derivative AQCzBr,, which exhibited a 2.8-fold
increase in its SOC constant and an eightfold enhancement in k;sc compared to the
original AQCz molecule (Xiao et al., 2021) (Figure 2.6). A widely adopted strategy for
developing efficient triplet-state photosensitizers is the incorporation of heavy atoms
(e.g., iodine or bromine) into organic molecules (Hu, Zhang, and Liu, 2021). The
heavy-atom effect improves SOC, thereby enhancing ISC and increasing the singlet
oxygen quantum yield (SOQY). Notably, iodine-substituted compounds often exhibit
higher SOQY than their bromine-substituted counterparts (Zou et al., 2017)

o ]

S8q 96e

o m - B¢
AQCz f AQCzBr, (‘

__[___IE __I____ﬂE_
AEgry= 0.1 eV 8 AEgrg =0.11eV 8

g| socy=010cm* § Atomic weight | S0Ce=028cm® §

7 y o g g

§ "J/ 5| AEgry= AEgtg, S| 5|

5 £] / SOC,, > SOCg, @ / 5] /

3 2 ] 3

™ £ =2 £

| o [ o |
S S

Figure 2.6 Enhancing the intersystem crossing rate by incorporating heavy atoms,
which strengthen spin-orbit coupling (SOC) between singlet and triplet states, thereby
promoting ISC. (Modified diagram from this work (Xiao et al., 2021)).

Therefore, we proposed to synthesize and study the photophysical properties
of BClI and BNI (structures shown in Figure 2.3A&B).

A) CN B) NO

N

N N” N
ON.O 1 ONO N
B

Figure 2.7 The structures of the main target molecules in this work. BCI (A) and BNI (B).



CHAPTER llI
RESEARCH METHODOLOGY

3.1 Materials and instruments

All reagents and solvents were obtained from commercial sources (Sigma
Aldrich, TCl, Carlo Erba, Acros, Merck) and used without further purification. The
reaction was monitored by thin-layer chromatography (TLC) carried out on silica gel
60 F254 (Merck) and visualized under a UV cabinet. Column chromatography
purifications were performed using silica gel and alumina gel for chromatography
(Carlo Erba) as a stationary phase. *H-NMR, *CNMR, *'B-NMR, and *F-NMR spectra
were recorded on Bruker-500 MHz spectrometer at room temperature. Chemical
shifts of 'H-NMR and ">C-NMR spectra were reported in ppm from residue solvent
peak as internal standard CDCl; at ~7.26 and ~77.16 ppm, respectively. Splitting
patterns are informed as singlet (s), doublet (d), triplet (t), multiplet (m), doublet of
doublet (dd), and quartet (q). High-resolution mass spectrometry was measured by
Electrospray lonization (ESI) with negative mode in negative mode. The photophysical
properties of BF,-Formazanate complexes were investigated by Perkin Elmer Lambda
1050 UV/Vis/NIR spectrometer for Absorption spectra, and time-correlated single-
photon counting (TCSPC) technique on Edinburgh Instruments FLS980 Spectrometer

for emission spectra (PL) using excitation at 500 nm and fluorescence decay time,

with a pulsed diode operating at A, = 472.2 nm. The instrument response function

(IRF) was recorded.

3.2 Experimental protocol
Preparation of formazans (Ar;=Ars=Ph, R;=CN for FCH; =Ar,;= Ars=Ph, R;=NO,
for FNH, Ar;=Ars=p-I-Ph, R;=CN for FCI; and Ar;=Ars=p-I-Ph, R;=NO, for FNI) are shown

in Scheme 3.1.
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Preparation of FCH and FClI

Cyanoacetic acid (1.7012 g, 20.0 mmol) and NaOH (1.76 g, 44.0 mmol) were
dissolved in deionized water (100 mL), and the mixture was cooled down to 0 °C and
stirred for 30 min. Afterward, concentrated HCL (12 M, 11.1 mL) was slowly added to
a mixture of 4-lodoaniline for FCI (8.9798 ¢, 41.0 mmol) and deionized water (50 mL),
then the solution was stirred at 0 °C for 15 min. Subsequently, NaNO, aqueous
solution (2.4 M, 20 mL) cooled to 0 °C was added dropwise to the above 4-lodoaniline
solution over 15 min. The obtained red/brown solution was stirred for 30 min, which
was added dropwise to the prepared alkaline cyanoacetic acid solution for 15 min.
The mixture was stirred for 3 h during which time and then neutralized with HCL (1
M). A dark red precipitate was formed and then filtered off to obtain the crude
product. The resulting residue was purified by flash chromatography (CH,Cl,, neutral
alumina) to yield FCl as a dark red solid. Yield=5.874 ¢, 57%.
FCH was synthesized as a dark orange solid (0.530 g, 10%) by following previously
published protocols, and the NMR data were identical to those reported in the
literature (Barbon, Reinkeluers, Price, Staroverov, and Gilroy, 2014).
FCI: 'H NMR (500 MHz, CDCls) O 7.81 (d, J=8.1 Hz, 4H), 7.39 (d, J= 8.2 Hz, 4H), NH no
detected. 3C NMR (125 MHz, CDCl5) 6 139.1, 138.9, 124.5, 122.5, 99.1. HRMS (ESI -)
m/z: the calculated value (calcd) for Cy4Hgl,Ns ([M-HI): 499.8875, found: 499.8724.

Preparation of FNH and FNI

Nitromethane (1.23 mL, 20.0 mmol) and NaOH (1.76 g, 44.0 mmol) were
dissolved in deionized water (100 mL), and the mixture was cooled down to 0 °C and
stirred for 30 min. Afterward, concentrated HCL (12 M, 11.1 mL) was slowly added to
a mixture of d-iodoaniline for FNI (8.9798 g, 41.0 mmol) and deionized water (50 mL),
then the solution was stirred at 0 °C for 15 min. Subsequently, NaNO, aqueous
solution (2.4 M, 20 mL) cooled to 0 °C was added dropwise to the above 4-lodoaniline
solution over 15 min. The obtained red/brown solution was stirred for 30 min, which

was added dropwise to the prepared alkaline cyanoacetic acid solution for 15 min.
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The mixture was stirred for 3 h during which time and then neutralized with HCL (1
M). A dark red precipitate was formed and then filtered off to obtain the crude
product. The resulting residue was purified by flash chromatography (CH,Cl,, neutral
alumina) to yield FNI as a dark red solid. Yield=1.700 g, 16%.

FNH was synthesized as a dark orange solid (0.241 ¢, 4%) by adapting previously
published protocols and the NMR data were identical to those reported in the
literature (Barbon, Staroverov, and Gilroy, 2015).

FNI: 'H NMR (500 MHz, CDCL;) & 7.84 (d, J=8.7 Hz, 4H), 7.47 (d, J= 8.3 Hz, 4H), NH no
detected. 3C NMR (125 MHz, CDCl;) & 145.9, 139.7, 139.2, 121.6, 96.3. HRMS (ESI -)
m/z: the calculated value (calcd) for Cy3Hgl,NsO,: 519.8873 ([M-H]), found: 519.8731.

@ Ary< _Arg
NH, N, __CHNO, UNH N

I
NaOH, H,0,0°C Ny N
<> NaNO,(aq), HCI (aq) aoh, Mz Y
0
NO,
H,0, 0°C oN
HOK Ar1\NH N,Ar5

-
X X NaOH, H,0,0°C N« N

X:Horl
CN
©\NH N/© ©\NH N© l\©\NH N/©/l l\©\NH N/©/l
I\‘IYKI N N N g
CN NO, CN NO,
FCH FNH FCl FNI

Scheme 3.1 Synthesis of Formazans.

Preparation of BF,-Formazanate complexes (Ar; = Ars = p-I-Ph, R; = CN for BCI;
Ary = Ars = p-I-Ph, R3 = NO, for BNI and Ar; = Ars = Ph, R; = CN for BCH; Ary = Ars = Ph,
Rs; = NO, for BNH) are shown in Scheme 3.2

For all BF,-Formazanate complexes use the same protocol. Formazans (0.5 ¢)
were dissolved in dry dichloromethane (DCM) (50 mL). N,N-diisopropylethylamine,
DIPEA (0.76 g, 0.78 mL, 5.88 mmol) was then added slowly, and the solution was
stirred for 30 min. Boron trifluoride diethyl etherate (1.15 ¢, 1.15 mL, 8.10 mmol) was
then stirred, for 24 h. The reaction mixture was then cooled to 20 °C and deionized
water (10 mL) was added to quench any excess reactive boron-containing
compounds. The solution was then extracted with deionized water (3 x 50 mL), dried

over MgSO4, gravity-filtered, and concentrated in vacuo.
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The resulting residue was purified by flash chromatography (dichloromethane: hexane
(2:8), silica gel) to afford BF,-Formazanate complexes (BCl, 0.374 g, yield = 68% and
BNI, 0.348 g, yield = 64%) as dark purple microcrystalline solid). BCH and BNH were
synthesized as dark red crystals (0.515 ¢, 87% and 0.173 g, 29%, respectively) by
following previously published protocols and the NMR data were identical to those

reported in the literature (Barbon et al., 2014; Barbon et al., 2015).

BCI: 'H NMR (500 MHz, CDCl;) & 7.86 (d, J = 9.0 Hz, 3H), 7.65 (d, J = 9.0 Hz, 4H). *C
NMR (125 MHz, CDCl,) 0 142.7, 139.1, 124.5, 113.8, 99.1. B NMR (161 MHz, CDCL3) 0
-0.71 (t, J = 30.3 Hz). “F NMR (470 MHz, CDCl;) O -132.11 (d, J = 30.3 Hz).

BNI: 'H NMR (500 MHz, CDCl;) O 7.89 (d, J = 8.9 Hz, 4H), 7.74 (d, J = 8.5 Hz, 4H). *C
NMR (125 MHz, CDCls) 0 142.9, 139.2, 124.7, 99.6. ''B NMR (160 MHz, CDCl,) 0 -0.59
(t, J = 30.1 H2). 1F NMR (470 MHz, CDCL) & -133.73 (dd, J = 59.7, 29.3 Hz).

FF
Arq< _Ar Ny
"NH N7 BF3OEt,, DIPEA Al -Bay-Afs
N N | I
e DCM(anh.), rt., N?N
R under Ny, 24 h. R
R: CN or NO,
A Qe L 7 o |
2 2 = F.
v ey e
v N v N
Ns N N N _N N N
X N )
CN NO, CN NO,
BCH BNH BCl BNI

Scheme 3.2 Synthesis of BF,-Formazanate complexes.
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3.3  Photophysical properties

The UV-Vis absorption and emission spectra of compounds were measured in
various solvents (Toluene, CHCl;, THF, and MeOH) with different polarities using a UV-
vis spectrometer (Perkin-Elmer UV Lambda 1050 spectrometer).

Photoluminescence and lifetime were measured by steady state, fluorescence,
and phosphorescence lifetime spectrometer FLS980 Edinburgh Instruments. Absolute
quantum yield (d)PL) was measured by integrating a sphere on an Edinburgh FLS980
spectrophotometer.

Singlet oxygen generation of BF,-Formazanate complexes was measured by
adding 1,3-diphenylisobenzofuran (DPBF) 50 uM into each solution of BCI, BNI, BCH,
BNH and Rose Bengal (20 uM) in DMSO. Then, the solution was irradiated with a UV-
Vis lamp (532 nm) at a light intensity of 20 mW for 5 sec. Finally, absorbance
intensities of the mixture solution were measured at an excitation of 532 nm using a
UV-vis spectrometer (Shimadzu/UV-1900i, UV-vis spectrophotometer). Singlet oxygen
quantum yield was calculated by this equation (2):

grad '\ (Fy (2)
d)A: d)st (_)

gradSt F

X

(bst =singlet oxygen quantum yield of the standard; CI)A =singlet oxygen quantum
yield of unknown, and grad=slope of the best linear fit. F=absorption correction
factor (F=171%%5 aps.= absorbance), and subscripts x and st=unknown and standard,

respectively (Siriwibool et al., 2020).
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3.4  Electrochemical measurement

Electrochemical properties of BF,-Formazanate complex analogues were
studied by cyclic voltammetry in acetonitrile using a glassy carbon working electrode,
and a platinum sheet counter electrode. Experiments were run at 100 mVs™ scan rate
in degassed acetonitrile solutions of the analyte (~1 mM) and electrolyte (0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF)). Cyclic voltammograms were
referenced relative to the ferrocene/ferrocenium, (Fc/Fc*) redox couple (~1 mM

internal standard), (Barbon et al., 2014).

3.5 Crystallographic measurement

Single crystals of BF,-Formazanate complexes (BCl and BNI) were obtained by
slow evaporation of their solutions in the toluene solvent. The crystallographic
measurements were taken by a Bruker D8 Venture diffractometer equipped with
graphite-monochromated Cu-Ka radiation. The absorption correction and data
reduction were performed using SADABS (Sheldrick, 1996) and SAINT (SAINT Version
8.34A 2013; Bruker AXS: Madison, 2013), respectively. Employing Olex2 software
(Dolomanov, Bourhis, Gildea, Howard, and Puschmann, 2009), the crystal structures
were solved by SHELXT (Sheldrick, 2015b) and then refined by SHELXL (Sheldrick,
2015a). The non-hydrogen atoms were treated anisotropically, while the hydrogen
atoms were refined using the riding model approximation. Mercury software (Macrae
et al., 2006) was used to illustrate the molecular structures of the two BF,-
Formazanate complexes. The crystal data of both compounds were deposited in the
Cambridge Crystallographic Data Center with the deposition numbers (CCDC No.) of
2293556 for BCl and 2293557 for BNI.
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3.6 Computational method
3.6.1 DFT and TD -DFT calculations

To study structural and spectroscopic properties of the BF,-
Formazanate complexes in the electronic ground (S,) and excited (S; and T;) states,
the density functional theory (DFT) and time-dependent density functional theory
(TD-DFT) methods were applied with 6-311G basis set, abbreviated DFT/B3LYP/6-311G
and TD-DFT/B3LYP/6-311G, (Kumar, Kotaski, Lee, and Kim, 2008; Siriwibool et al.,
2020) respectively. Because photoexcitation processes generally break the symmetry
of the excited molecules, DFT and TD-DFT calculations were performed only in C1
symmetry. The conductor-like screening model (COSMO) was used to account for the
effects of solvent polarity, ranging from the gas phase to aqueous solutions (€ =1-
78). To study the internal conversion and intersystem crossing processes, the Sy, Sy,
and T, states were considered in this work. All the DFT/B3LYP/6-311G and TD-
DFT/B3LYP/6-311G calculations were performed using the TURBOMOLE 7.5 software
package (Balasubramani et al.,, 2020; Kastner et al.,, 2009; Metz, Kastner, Sokol, Keal,
and Sherwood, 2014).

3.6.2 Equilibrium geometries

The equilibrium geometries of BCl and BNI were optimized in the S,
state (€ =1-78) using the DFT/B3LYP/6-311G method. Because preliminary
DFT/B3LYP/6-311G calculations showed no strong solvent effect in the excited states,
only € =1 was considered in the S, and T, state geometry optimizations. To assess
the applied computational methods and to discuss the electron density distributions
on the phenyl and heterocyclic rings, UV-vis spectra, and HOMO-LUMO of the
equilibrium structures were computed and compared with available experimental

data.
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3.6.3 Potential energy curves for rotational motions
The potential energy curves for the intramolecular motions in the BF,-
Formazanate complex were computed using the Nudged Elastic Band (NEB) method
(Kastner et al., 2009; Sholl and Steckel, 2009). In this work, starting from the
equilibrium structures of BCl and BNI in the S, state, the potential energy curves for

the two torsional motions were constructed in the S; and T, states. The potential

energy curves concerning the dihedral angles (W; and W,) were optimized in the
range of -20- 180 degrees. The focus was on the probabilities for the internal
conversion and intersystem crossing between S-S, and S;-»T4, as well as T;-S,. To
study the probability of photoexcitation, the oscillator strengths (Osc.) were also
computed along the potential energy curves. To study the effects of the torsional
motions on the electron density distributions, the HOMO and LUMO of the
characteristic structures were plotted along the S, S;, and T, potential energy curves.
All the NEB calculations were performed using the Limited-Memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS) optimizer included in the ChemShell software package
(Kastner et al., 2009; Metz et al., 2014).

3.7 In Vitro Cellular assays
3.7.1 Cell culture

Liver hepatocellular carcinoma cancer cells (HepG2, ATCC) were
cultured on a 75 cm? culture flask in Dulbecco’s Modified Eagle Medium/ High
glucose (DMEM/HIGH GLUCOSE, GE Healthcare Life Sciences HyClone Laboratories)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin
Streptomycin Solution 100X (CORNING) All the cells were cultured at 37°C in a
humidified 95% air, 5% CO, atmosphere.
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3.7.2 Photodynamic therapy

HepG2 cells were seeded into 96-well cell culture plates at 1x10*
cells per well and incubated in completed media for 24 h at 37°C under 5% CO,.
After that, the cells were treated with 0, 2.5, 5, 10, 20, 30, and 50 uM of BCl and BNI
in serum-free media, incubated for 24 h, and then the cells were washed with PBS 3
times. Thereafter, the cells were irradiated by a 532 nm lamp at 20 mW/cm? for 5
and 15 min and re-incubated for another 16 h. After incubation, the cells were
washed with PBS (3 times) before being treated with methylthiazolyldiphenyl-
tetrazolium bromide (MTT reagent 200 uL, 0.5 mg/mL, Sigma-Aldrich) for 2 h
(Siriwibool et al., 2022). After reagent removal, DMSO was added to dissolve the
formazan product, and the cell viabilities were determined through UV-vis absorption
of the resulting formazan at wavelength 560 nm using a microplate reader (BMG

Labtech/SPECTROstar Nano).

3.7.3 LIVE/DEAD staining

HepG2 cells were seeded into 96-well cell culture plates at 3x10*
cells/well and incubated for 24 h at 37°C under 5% CO,. Then, the media were
replaced with BCI and BNI in DMEM with 5% FBS at concentrations of 0, 5, and 30 uM
and the cells were incubated for 24 h. Thereafter, the cells were irradiated by a 532
nm lamp at 20 mW/cm? for 15 min and cells were re-incubated for another 16 h.
After that, 4 uM calcein AM and propidium iodide (PI), (Thermo Fisher Scientific) were
added to the tested cells for 5 min. (Siriwibool et al., 2020). Then all the cells were
imaged using a fluorescence microscope (BioRad/Zoe); for calcein AM, 490 nm
excitation and 515 nm emission filters were used; for Pl, 535 nm excitation and 615

nm emission filters were used.

3.7.4 Intracellular singlet oxygen generation
HepG2 cells were seeded at a density of 7x10° cells per well in 8-well
Chambered Coverglass with non-removable wells and incubated for 24 h at 37°C

under 5% CO,. After that, the cells were treated with 10 uM of BCl and BNI in DMEM
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with 5% FBS before incubation for 24 h. Thereafter, the cells were washed with PBS
(3 times) and re-incubated with 20 uM of 2,7-dichloro-dihydrofluorescein diacetate
(DCFH-DA, Sigma-Aldrich) and singlet oxygen sensor green (SOSG, Thermo Fisher
Scientific) for 1 h (Siriwibool et al., 2022). Then the cells were washed with PBS (3
times) before being irradiated by a 532 nm lamp at 20 mW/cm? for 30 min and re-
incubated for 10 min. After that, 1.0 uM Hoechst 33342 (Thermo Fisher Scientific) was
added to the cells before being imaged with LSCM. Fluorescence products of DCFH-
DA, 2,7-dichloro-dihydro-fluorescein (DCF), and SOSG were detected by 488 nm
excitation laser, and Hoechst 33342 was excited at 405 nm under Laser Scanning

Confocal Microscope (Nikon A1Rsi). A 60 X oil immersion objective lens was used.

3.7.5 Apoptosis detection

HepG2 cells were seeded on a 6-well plate of approximately 3x10°
cells/well for 24 h. The cells were treated with BCH, BNH, BCI, or BNI (10 uM) in
complete medium for 24 h. After incubation, the cells were then washed with 0.01 M
PBS 3 times. After that, the cells were irradiated by a 532 nm lamp at 20 mW/cm? for
15 min and reintubated for another 24 h. To harvest the cells, the cells were
trypsinized and washed three times with iced-cold 0.01 M PBS buffer (pH 7.4) by
centrifugation at 4000 rpm at 4°C for 5 min. Thereafter, the cells were resuspended in
0.5 mL of 1X Annexin binding buffer, Thermo Fisher Scientific from Tali™ Apoptosis
Kit). Then, 25 uL of Annexin V fluorescein conjugate (Annexin V Alexa Flour™ %88
Thermo Fisher Scientific from Tali"™ Apoptosis Kit) was added to resuspending cells
and incubated at room temperature for 15 min before adding 2 uL of 1 mg/mL
Propidium iodide (PI, Sigma-Aldrich) on ice. The cells were kept on ice during the flow
cytometry process. Then, 1x10* events were analyzed by flow cytometry using an

Attune NXT Flow Cytometer (Thermo Fisher Scientific).



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Synthesis and Characterization of BF,-Formazanate Complex
The synthesis part consists of BClI and BNI which were iodinated compounds
and BCH and BNH which were non-iodinated compounds used as a control. All

compound structures were characterized by 'H, **C, !B and *F NMR via the chemical

shift (8, ppm), resonance splitting, coupling constants (J), and number of protons.
Moreover, the BF,-Formazanate complex series was confirmed by its mass-to-charge
ratio (m/z) to present the exact molecular weight by high-resolution Electrospray
lonization Time of Flight mass spectroscopy (high-resolution ESI-TOF-MS). The results
were elucidated to ensure the chemical structure of BF,-Formazanate complex series

which is shown in Figure 4.1-4.16.
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4.2 Photophysical properties of BF,-Formazanate complex

The absorption and photoluminescence spectra of iodinated and noniodinated
BF,-Formazanate complexes, BCl, BNI, BCH, and BNH, were measured in various
solvents, as shown in Figure 4.17. BCl exhibited maximum absorption in the range of
495-537 nm, while BNI showed absorption maxima between 495-540 nm (Table 4.1).
Notably, both compounds displayed bathochromic-shifted absorption in low-polar
aprotic solvents, such as toluene. Furthermore, BCI and BNI exhibited large Stokes
shifts, ranging from 98-184 nm for BCI and 100-190 nm for BNI, making them highly
suitable for bioimaging applications (Table 4.1). Fluorophores with such large Stokes
shifts (>80 nm) have minimal overlap between their absorption and emission spectra,
reducing self-quenching via reabsorption and making them excellent light emitters for
bioimaging applications (Chen et al., 2022; Sednev, Belov, and Hell, 2015). This
property also minimizes interference between excitation and scattered light,
enhancing signal-to-noise ratios, imaging specificity, and ROS generation. When
compared to other BF,-complex families, such as BODIPY, BF,-Formazanate
complexes, etc. show even larger Stokes shifts, adding to their bioimaging potential
(Gilroy and Otten, 2020; Loudet and Burgess, 2007).

In addition, Both BCI and BNI exhibited high emission spectra in aprotic
solvents such as toluene and chloroform while demonstrating moderate emissive
signals in polar protic solvents such as tetrahydrofuran and methanol which are
consistent with their absolute photoluminescence quantum yield values (Table 4.1).
Distinctly, both complexes showed low fluorescent signal in the high polar aprotic
solvent, DMSO (Table 4.1), which is the typical photophysical properties of fluorescent
dyes containing electron donor and acceptor units (Aryamueang et al., 2022;
Hiranmartsuwan et al., 2022; Nootem et al., 2020). Compared to their non-iodinated
analogs (BCH and BNH), BCI and BNI display bathochromic-shifted absorption,
emission maxima along with strong absolute photoluminescence quantum yield, and
long PL lifetimes decay which could be the result of heavy atom effect of iodine

atoms (Table 4.1). Additionally, both complexes exhibit transient PL lifetimes decay
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(3.6 ns for BCl and 3.4 ns for BNI in solid state) indicating that the type of electron-
withdrawing substituents (cyano and nitro groups) has negligible effect on the
photoluminescent emissive properties of the compounds (Figure 4.18E).

The singlet oxygen quantum yields (SOQY; CI)A) of the iodinated BF,-
Formazanate complexes (BCl and BNI) were also evaluated and compared to their
non-iodinated analogs (BCH and BNH) to assess the impact of iodine substitution on
singlet oxygen generation. The singlet oxygen production was quantified using 1,3-
diphenylisobenzofuran (DPBF), and the corresponding SOQYs were calculated using
Rose Bengal as the standard ((I)A =0.76 in DMSO), (Gandra et al., 2006). DPBF played
arole as a !0, scavenger and had zero absorption overlaps with BCI, BNI, BCH, BNH,
and Rose Bengal, ensuring accurate analysis. Rose Bengal was selected due to its
well-documented SOQY value and absorption profile, which is comparable to the
BF,-Formazanate complexes (DeRosa and Crutchley, 2002; Redmond and Gamlin,
1999). As shown in Figure 4.19A, the absorbance of DPBF decreased significantly in
the presence of BCl and BNI under 532 nm irradiation, confirming singlet oxygen
generation. In contrast, the absorbance of DPBF in the presence of BCH and BNH
remained unchanged. The SOQY values calculated using Equation 2 (Photophysical
Properties section) showed a dramatic increase for BCl ((1)A = 7.4%) and BNI ((I)A =
5.6%) compared to BCH ((I)A = 0.2%) and BNH ((1)A = 0.6%), demonstrating that
iodine substitution enhances singlet oxygen generation by 37-fold and 9.3-fold for BCI
and BNI, respectively. Interestingly, the absorption spectra of BCl- and BNI-containing
solutions remained unchanged after 30 seconds of irradiation at 532 nm, suggesting
that the photosensitizers (PSs) are stable under these conditions. The observed
reduction in DPBF absorbance upon irradiation confirmed the generation of singlet
oxygen by BCl and BNI. In control experiments with degassed solutions, no changes
in DPBF absorbance were detected, indicating that singlet oxygen production requires
the presence of molecular oxygen (Figure 4.19B). These results demonstrated that
incorporating iodine atoms into the formazanate backbone significantly promotes

intersystem crossing (ISC) through the heavy atom effect, thereby improving
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the singlet oxygen generation efficiency of these compounds and confirmed the

iodinated BF,-Formazanate complex was a type-Il PDT agent (Zou et al., 2017).
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Figure 4.17 The absorption (Solid line) and photoluminescence (dashed line) spectra

of (A) BCI, (B) BNI, (C) BCH and (D) BNH in various solvents.
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Table 4.1 Photophysical properties of BF,-Formazanate complexes.
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CPD  Solvent  Ayp® g ALl 9 o b
BCI  Toluene 537 131 635685 226 38 51 -
CHCL, 527 084 631,681 131 40 a8 -
THF 518  1.04 637,684 120 14 - -
MeOH 495 082 631,679 <1.00 11 22 -
DMSO - - . - - 1 7.4
BNI  Toluene 540 135 640,680 121 55 a2 -
CHCL, 528 087 640,685 111 40 38 .
THF 521 0.63 645685 10 10 - -
MeOH 495  1.08 643,685 <1.00 3 15 -
DMSO - - . - - 1 5.6
BCH  Toluene 501 146 585633 143 18 - -
CHCL, 493 183 583,630 131 20 - -
THF 489 132 585,627 110 3 - -
MeOH 478 153 586,622 <100 3 - -
DMSO - L . - - - 0.2
BNH  Toluene ~ 504 135 588,631 <100 18 - -
CHCL, 490 170 586,630 <1.00 19 - -
THF 485 121 587,626 <1.00 1 - -
MeOH 464 125 582,624 <100 1 - -
DMSO - 3 - - - - 0.6

A5 = absorption maximum wavelength; nm, le, = molar absorptivity; *10* M'cm

L 9%, = photoluminescence maximum wavelength; nm (Excitation A2"), 9 =

transient photoluminescence decay lifetime; ns, [eJ(I)pL = absolute photoluminescence

quantum yield; %. [ﬂd)f = Fluorescence quantum yields calculated in relative with

fluorescein in 0.1 M NaOH (@ = 95); %. [g](l)A = Singlet oxygen quantum yields
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4.3 Single crystal X-ray diffraction

The structures of two BF,-Formazanate complexes (BCl and BNI) were
confirmed by single-crystal X-ray diffraction (Figure 4.20). Their crystal data and
corresponding refinement details are tabulated in Table 4.2. The compound BClI
crystallized into a monoclinic C2/c space group, while BNI formed a P-1 triclinic
crystal. The asymmetric unit of the compound BCI contained only half of its
molecule due to the presence of 2-fold rotation symmetry. On the contrary, the
asymmetric unit of the compound BNI was comprised of its whole molecule as a
triclinic crystal system that did not possess rotational symmetry. For both
compounds, the boron atom adopts a distorted tetrahedral geometry, where B-F
bonds are shorter than B-N bonds (Nootem et al., 2021). The bonds regarding the BF,-
Formazanate complexes moiety of the two compounds, namely B-N, B-F, N-N, and N-
C, were similar, indicating that the substituent groups on the N-aryl rings had a slight
effect on the molecular structure of BF,-Formazanate complexes. Compared to the
bond lengths (A) and angles (deg) in the complexes without iodine (BCH and BNH),
(Barbon et al., 2015) the results indicate that iodine has little effect on the bond

lengths of the N-aryl rings; most of the values are unaffected (Table 4.3). In the case

of BNH and BNI, moderately different degrees of twisting (1 ~3 deg) were observed

between N-aryl substituents and the backbone of the formazanate.
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Figure 4.20 Molecular structure of (A) BCl and (B) BNI, together with the atom-
labeling scheme. The displacement ellipsoids are drawn at the 50% probability level.
Selected bond lengths (A): For (A) B1-N1 = 1.582(4), B1-F1 = 1.370(4), N1-N2 =1.361(3),
N2-C7 = 1.328(4); For (B) B1-N1 = 1.590(6), B1-N4 = 1.587(6), B1-F1 = 1.358(6), B1-F2 =
1.362(6), N1-N2 = 1.301(5), N3-N4 = 1.301(5), N2-C7 = 1.318(5), N3-C7 = 1.319(6).
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Table 4.2 Crystal data and structure refinement details for two BF,-Formazanate

complexes (BCl and BNI).

Crystallographic Data and

BCI BNI
Structural Refinement Details
Empirical formula C14HgBF,I,N5 C13HgBF,1,N50,
Formula weight 548.86 568.85
Temperature/K 298 298
Crystal system monoclinic triclinic
Space group C2/c P-1
a/A 10.7846(9) 8.6783(8)
b/A 14.9439(12) 9.5283(8)
/A 11.0187(14) 10.7544(9)
a/® 90 98.454(3)
B/° 110.824(3) 95.916(3)
y/° 90 104.172(4)
Volume/A? 1659.8(3) 843.83(13)
z aq 2
Peace/cm? 2.196 2.239
u/mm’* 30.019 29.647
F(000) 1024.0 532.0
Crystal size/mm? 0.25x 0.2 x 0.13 0.3x0.2x0.16

Radiation

20 range for data collection/®

Index ranges

CuKa (A = 1.54178)

10.586 to 144.834

CuKa (A = 1.54178)

8.4 to 145.456

-13<h<13,-18 <k<18,-10<h < 10,-11 < k < 11,

-13 <1< 10

-13<1<13
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Table 4.2 (Continued) Crystal data and structure refinement details for two BF,-

Formazanate complexes (BCl and BNI).

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (1)]
Final R indexes [all data]

Largest diff. peak/hole / e A

8294 22391

1586  [R, = 0.0373,3329 [R,=  0.0496,

Rsigma = 0.0290] Rsigma = 0.0287]
1586/0/111 3329/0/226
1.102 1.096

R, = 0.0281, wR, = 0.0836R, = 0.0401, wR, = 0.1086
R, = 0.0297, WR, = 0.0852R, = 0.0434, wR, = 0.1120

0.67/-0.47 1.80/-0.36




37

Table 4.3 The results of the Single-Crystal X-ray Diffraction Analysis for BF,-
Formazanate Complexes BCH, BNH, BCl and BNI: It includes selected bond

lengths (A) with atom labels corresponding to the structure above the table.

BCH BNH
BCI BNI

Selected bond (Barbon et al., (Barbon et al.,
(This work) — (This work)

2014) 2015)

1.297, 1.301,

N1-N2, N3-N4 1.290, 1.295 1.302, 1.304
1.297 1.302
1.328, 1.319,

C1-N2, C1-N4 1.341, 1.338 1.330, 1.318
1.328 1.318
1.581, 1.587,

N1-B1, N3-B1 P5750 N 17 1.576, 1.563
1.581 1.590
N1-B1-N3 105.55 103.4 105.87 105.16
N2-N1-B1, Nd— 124.56, 124.65,

124,78, 124.32 121.5, 1222
N3-B1 124.56 124.93
N2-C1-N4 129.33 130.00 130.29 131.70
C1-N2-N1, C1- 117.35, 116.90,

117.14, 117.30 1156, 115.5
N4-N3 117.35 116.46
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4.4 Electrochemical characterizations

The electrochemical properties of BF,-Formazanate complexes were analyzed
using cyclic voltammetry. As shown in Figure 4.21, BCH and BNH exhibited two
distinct reversible reduction waves. The first reduction potential, ranging from -0.4 to
-0.5 'V, corresponds to a single-electron reduction process, resulting in the formation
of radical anions for both compounds. The second reduction potential, observed
between -1.5 and -1.67 V, represents another single-electron process, where the
radical anions are converted into dianions (Buguis, Maar, Staroverov, and Gilroy, 2021).
Interestingly, the redox potential waves showed minimal variation when the
substituent at the 3-position was changed from cyano (-CN) to nitro (-NO,). The
excellent electrochemical reversibility observed in these compounds is likely due to
the stabilization of frontier molecular orbitals by the four nitrogen atoms in the
backbone of the ring. These findings are consistent with previously reported results
for BF,-Formazanate complexes (Barbon et al., 2015).

Similarly, Figure 5B shows the cyclic voltammograms of the iodinated
derivatives, BCl and BNI (Barbon et al., 2015). In contrast to BCH and BNH, both
oxidation and reduction waves of BCl and BNI were electrochemically irreversible.
This lack of reversibility is likely attributed to the influence of iodine atoms in the
structure. For BNI, the irreversible oxidation potential was slightly higher (-0.5 V) than
that of BCI (-0.6 V), which can be explained by the stronger electron-withdrawing
effect of -NO, compared to -CN. The reduction potentials of both iodinated
complexes were approximately -1.5 V, representing an irreversible redox process.
These results emphasize that the incorporation of heavy atoms, such as iodine, plays

a critical role in determining the electrochemical reversibility of these compounds.
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Figure 4.21 Cyclic voltammograms of (A) non-iodinated complexes (BNH and BCH)
and (B) iodinated complexes (BNl and BCI) recorded at 100 mV s™'in 1 mM
acetonitrile solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as

supporting electrolyte.

4.5 Computational studies

Because the computational results on BCl and BNI are not significantly
different, only the results on BCl are discussed in detail. The equilibrium structures of
BCl and BNI obtained from the DFT/B3LYP/6-311G and TD-DFT/B3LYP/6-311G
methods are shown in Figure 4.22A&B, respectively. In the gas phase (dielectric
constant, €=1), the equilibrium structures in the Sy, S;, and T; states are characterized

as bent, propeller, and perfect planar structures, respectively.
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Figure 4.22 The equilibrium structures of (A) BCl and (B) BNI in the Sy, S;, and T,

Perfect planar

states in the gas phase (€ =1). the torsional angle in degree represents W; and W,.

For BCI, The investigation of the HOMO and LUMO structures (€ =1) in Figure
4.23A revealed that in the S, state, the HOMO is characterized by the high electron
density distribution on both phenyl rings (strong TT character), whereas in the S; and
T, states, the electron density redistribution occurs from the iodine atoms to the
heterocyclic ring, leading to a decrease in the TT character at the phenyl rings and an
increase in the electron density at the nitrogen atoms of the heterocyclic framework.
TD-DFT/B3LYP/6-311G calculations (€ =1) suggest the vertical excitation energy,
AEe,=2.42 eV or A_.. =513 nm for BCI (AEs, =2.33 eV or A, =532 nm for BNI). The
UV-vis spectra obtained from the TD-DFT/B3LYP/6-311G method in Figure 4.24 show
two characteristic peaks namely, in DMSO (€ =47), the outstanding peak is at K::ax
=531 nm and a small peak at k:ax =427 nm. These characteristic peaks are compared
well with the UV-vis spectra obtained in the experiment, for which the main peak is

at 7\.:’%:521 nm and a shoulder at X:axz%z nm.
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Figure 4.23 HOMO and LUMO of the equilibrium structure of (A) BCl and (B) BNI in
the S, state (€ =1). (isosurface: 0.025).
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Figure 4.24 UV-vis absorption spectra of BF,-Formazanate complexes in various

solvents obtained from theoretical and experimental methods.

The calculated photophysical properties in Table 4.4 show that solvent
polarity does not strongly affect the absorption spectra; it is usual that the K:ax
obtained from the TD-DFT/B3LYP/6-311G method are systematically red-shifted
compared with the experimental values (approximately 6 nm for BCl and BNI).

It appears that the HOMO and LUMO are approximately the same in low and
high local dielectric environments (Figure 4.25), whereas the S;—>S; excitation

energies (AE™“! in Table 4.4) increase with an increase in the solvent polarity.
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A comparison of the spectroscopic results in different solvent polarities shows good
agreement between the theoretical and experimental values. It should be noted that
due to the higher electron-withdrawing ability of the nitro group in BNI, the TT
character of the HOMO at the heterocyclic framework is smaller than in BCI. This
leads to a smaller vertical excitation energy for BNI compared with BCI, AE®! =2 33
and 2.42 eV, respectively. In CHCl; (€ =4.8), (Myers, 2005) while the trend of the effect
of the local dielectric environment is the same as that for BCl, the main peak of the
UV-vis spectra is 24 nm red-shifted compared with BNI. To search for the intersections
of the S; and Sy and the S; and T; states, the potential energy curves for the rotations
of W; and W, were computed in the S1 state using the NEB method; W; and W,
were varied in the range of -20-180 degrees. Because the potential energy curves and
reaction paths for BCI (Figures 4.26-4.28) and BNI (Figures 4.29-4.31) are virtually the
same, only the results on BCl are discussed in detail.

A) B)

LUMO

Figure 4.25 HOMO-LUMO of the equilibrium structures at ground state in COSMO of
(A) BCl and (B) BNI. (€ = 78, Isosurface: 0.025)
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Table 4.4 The calculated photophysical properties of BF,-Formazanate dyes in

various solvents, using the equilibrium structures obtained from DFT/B3LYP/6-311G

optimizations.

Cal

CDP  Conditions . Ao AEDE® AEPC3L

BClI CHCL; (€ =4.8) 531 534 (577) 2.33 2.32 (2.15)
MeOH (€ =32.6) 516 528 (571) 2.40 2.34 (2.17)
DMSO (€ =47.0) 521 532 (575) 2.38 2.33(2.16)
H,O (€ =78.0) 528 528 (571) 2.35 2.35(2.17)

BNI CHCL; (€ =4.8) 533 532 [601] 2.33 2.33 [2.06]
MeOH (€ =32.6) 515 532 [601] 2.41 2.33 [2.06]
DMSO (€ =47.0) 524 531 [600] 2.37 2.33[2.07]
H,O (€ =78.0) 527 528 [596] 2.35 2.35[2.08]

Cal

() = 1.0811xA,_; [..] = 1.1295xA

are in eV.

Cal Cal

max’

max

B
andA,_, are in nm; AE™< and AEFE®
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Figure 4.27 The S, and S; potential energy curves for librational motions of both
phenyl residues in BCI of E-[2]°%°! to E-[3]**'obtained from the DFT/B3LYP/6-311G and
TD-DFT/B3LYP/6-311G method, respectively. The solid line represents the NEB
potential energies in S; state, and the dashed line denotes the energies in the S, state

calculated using the geometries on NEB potential energy curves. Oscillator strength

and torsional angles (W; and W) are in au and degree, respectively. Energies are in
Rel

kJ/mol unless specified otherwise. AE © = relative energy with respect to the total

energy of G-[11°% (...)*' = relative energy with respect to the transition structure; (¥

= energy barrier; E-[...]*% = equilibrium structure in the excited state; E-[...]° = structure

at the S,/T; intersection.
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Figure 4.28 The S, and T, potential energy curves for librational motions of both
phenyl residues in BCl of E-[3]>™ to E-[4]°*™ obtained from the DFT/B3LYP/6-311G
and TD-DFT/B3LYP/6-311G method, respectively. The solid line represents the NEB
potential energies in T, state, and the dashed line denotes the energies in the S, state
calculated using the geometries on NEB potential energy curves. Oscillator strength

and torsional angles (W; and W,) are in au and degree, respectively. Energies are in
Rel
kJ/mol unless specified otherwise. AE © = relative energy with respect to the total

energy of G-[11°% (...)*' = relative energy with respect to the transition structure; (¥
= energy barrier; E-[...]*% = equilibrium structure in the excited state; E-[...]° = structure

at the S,/T; intersection.
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Figure 4.29 The Sy and S; potential energy curves for librational motions of both
phenyl residues in BNI of E-[1]°! to E-[2]°%*! obtained from the DFT/B3LYP/6-311G
and TD-DFT/B3LYP/6-311G method, respectively. The solid line represents the NEB
potential energies in S; state, and the dashed line denotes the energies in the S, state
calculated using the geometries on NEB potential energy curves. Oscillator strength

and torsional angles (W; and W,) are in au and degree, respectively. Energies are in
Rel

kJ/mol unless specified otherwise. AE © = relative energy with respect to the total

energy of G-[11°% (...)R' = relative energy with respect to the transition structure; CF

= energy barrier; E-[...]¥ = Sy—S; vertically excited structure; E-[...]*% = equilibrium

structure in the excited state.
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Figure 4.30 The Sy and S; potential energy curves for librational motions of both

phenyl residues in BNI of E-[2]°%! to E-[3]%*'obtained from the DFT/B3LYP/6-311G and

TD-DFT/B3LYP/6-311G method, respectively. The solid line represents the NEB

potential energies in S; state, and the dashed line denotes the energies in the S, state

calculated using the geometries on NEB potential energy curves. Oscillator strength

and torsional angles (W; and W) are in au and degree, respectively. Energies are in

el
kJ/mol unless specified otherwise. AE™ = relative energy with respect to the total

energy of G-[11°% (...)*' = relative energy with respect to the transition structure; (¥

= energy barrier; E-[...]*9 = equilibrium structure in the excited state; E-[...]° = structure

at the S;/T; intersection.
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Figure 4.31 The Sy and T, potential energy curves for librational motions of both

phenyl residues in BNI of E-[3]>™ to E-[4]°*™ obtained from the DFT/B3LYP/6-311G

and TD-DFT/B3LYP/6-311G method, respectively. The solid line represents the NEB

potential energies in T, state, and the dashed line denotes the energies in the S, state

calculated using the geometries on NEB potential energy curves. Oscillator strength

and torsional angles (W; and W) are in au and degree, respectively. Energies are in

Rel
kJ/mol unless specified otherwise. AE = relative energy with respect to the total

energy of G-[11°% (...)"' = relative energy with respect to the transition structure; CF

= energy barrier; E-[...]*9 = equilibrium structure in the excited state; E-[...]° = structure

at the S;/T; intersection.
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The optimized reaction path for the photoluminescence of BCI (Figure 4.32)
was obtained from the analysis of the potential energy curves (Figures 4.26-4.28 in
supporting information). The results reveal that structure E-[2]°%°! can be transformed
into structure E-[3]°°! with AE* =0.07 eV (8 klJ/mol) and a small energy gap between
S, and T, states (the S,/T; intersection), AES' ™ -0.04 eV (- 4 kJ/mol). The possibility
for the relaxation of structure E-[3]*™ to the equilibrium structure in the T, state was

§,T1

studied by performing the NEB calculations in the T, state using structure E-[3]>'" as

the precursor and structure E-[4]*%™" as the product. The result in Figure 4.32 shows a
barrierless potential energy with the energy gap between the T; and S, AE™ 7% =
0.87 eV (84 kJ/mol); AE™ 7 is close to the *0,—>'0, reported in the literature to be
~0.97 eV (94 kJ/mol) (Davies, 2003).

To confirm the heavy atom effect, the same calculations were conducted on
BCH and BNH (the structures without iodine substituents). The results in Figures 4.34
and 4.35 show that the energy gaps at the T./S; intersection (AE*' ™) of BCH and
BNH were calculated as 0.30 eV (29 kJ/mol) and 0.14 eV (14 kJ/mol), respectively
which are significantly larger than those of BCl and BNI, implying that ISC occurs more

preferentially in BCl and BNI.
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Figure 4.32 The proposed mechanisms for excitation and radiation of BCl. The
excitation energies are in eV. G = structure in the S, state; E°! and E™ = structures in
the S; and T, states; [..]°9 = equilibrium structure; [...J° = structure at the Si/T;

intersection.
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Figure 4.33 The proposed mechanisms for excitation and radiation of BNI. The
excitation energies are in eV. G = structure in the S, state; E°! and E™ = structures in
the S; and T, states; [..]°9 = equilibrium structure; [..]° = structure at the S,/T,

intersection.
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Figure 4.34 The proposed mechanisms for excitation and radiation of BCH. The
excitation energies are in eV. G = structure in the S, state; E°! and E™ = structures in
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Figure 4.35 The proposed mechanisms for excitation and radiation of BNH. The
excitation energies are in eV. G = structure in the S, state; E°! and E™ = structures in

the S; and T, states; [..]°9 = equilibrium structure; [..]° = structure at the S,/T,

intersection.
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4.6 Biological applications

To confirm the ability of BCI and BNI in PDT, a series of in vitro experiments
were performed. The human liver hepatocellular carcinoma cells (HepG2) were used
as a model in this study. First, the complexes were tested for their cytotoxicity in the
absence and presence of activated light. As shown in Figures 4.36A and 4.36B, the
cell viability reduced dramatically in a dose-dependent manner after the cells were
treated with BCI (Figure 4.36A) and BNI (Figure 4.36B) followed by light irradiation at
532 nm for 15 min. The half-maximal inhibitory concentration (ICs,) of both
complexes is shown in Table 4.5 and Figure 4.36C and 4.36D. As the light dose
increased, the lower ICs, could be achieved, which BNI seemed to be more effective

than BCI.
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Figure 4.36 The relative cell viability of HepG2 cells under irradiation (0, 5, or 15 min)
after incubation with (A) BCl or (B) BNI (0-50 puM) for 24 h. Data are presented as
means +SD (n=3), *P <0.05, **P <0.01, or ***P <0.001 are based on Student’s T-test.
The ICso curves of (C) BCl and (D) BNI (0-50 uM) treated on HepG2 cells followed by
light irradiation (0, 5, or 15 min).
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Table 4.5 The half maximal inhibitory concentration (ICsy) of BCl and BNI under

various conditions.

ICso (UM)
Conditions
BCl BNI
Dark >50 >50
Light 5 min 28.09 22.34
Light 15 min 10.52 6.17

The live/dead viability/cytotoxicity and intracellular singlet oxygen detection
assays were carried out to further demonstrate that the cancer cells were eliminated
by 0, generated from light activation. To distinguish between living and dead cells,
propidium iodide (PI) and calcein AM were utilized. While Pl can only enter dead cells
through ruptured cell membranes, calcein AM can enter living cells and emit green
fluorescence after being cleaved by intracellular esterase. As shown in Figures
4.37A&B, only cells that were exposed to BCl and BNI, particularly at high doses,
followed by light irradiation exhibited discernible red fluorescence, indicating the
light-triggered cell dead in the presence of our probes. In contrast, the green
fluorescence of the control cells (no light irradiation), cells exposed to irradiation
without the compounds, cells incubated with the complexes (without light), and the
cells treated with non-iodinated analogs (BNH and BCH) followed by light irradiation
showed that they were largely still viable, with little to no red fluorescence (Figure

4.38).
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Figure 4.37 The fluorescent images of LIVE/DEAD co-staining assay of HepG2 cells
after treatment with (A) BCl and (B) BNI (5 or 30 uM) for 24 h then irradiation with
light (15 min).
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Figure 4.38 The flow cytometry analysis of cells treated with BCH or BNH for 24 h,

then stained with Calcein AM and PI compared with controls (cells no BCH or BNH

treatment).
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Additionally, to detect intracellular reactive oxygen species (ROS), 2’,7’-
dicholorofluoroescein diacetate (DCFH-DA), a nonfluorescent compound, was used
because it can be oxidized by ROS to create 2’,7’-dichlorofluorescein (DCF), which
exhibits green fluorescence inside living cells. As shown in Figure 4.38, intense green
DCF fluorescence is detected only in HepG2 cells that have been treated with BNI
before being exposed to light, implying that the ROS was created within the cells. No
ROS were detected in the controls after irradiation (cells only, cells with DCFH-DA,
and cells with BNI). Furthermore, a probe known as singlet oxygen sensor green
(SOSG) was employed to detect 'O, production within the cells (Gollmer et al., 2011).
Cells exposed to BCI or BNI followed by light irradiation showed green fluorescence,
which was not seen in the other control groups (Figure 4.39). As a result, it was
concluded that while BNI can produce ROS, including *O,, BCl only produces 'O, to

destroy cancer cells.

DCFH-DA  SOSG +DCFH-DA 45056 +DCFHDA _+50SG

Dark
20 pm

Figure 4.39 The intracellular ROS and 'O, detection in HepG2 cells using DCFH-DA

Light

15 min

and SOSG, respectively, after incubating the cells with BCl or BNI (10 uM) for 24 h
followed by light illumination in comparison with dark conditions. Scale bars = 20

um.

In addition, we utilized flow cytometry to examine the PDT-assisted apoptosis
of cancer cells induced by our iodine-containing BF,-Formazanate complexes. To
identify apoptotic cells, a kit containing Annexin V, fluorescein isothiocyanate (FITC),

and Pl were utilized.
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When cells were in the early stages of apoptosis, phosphatidylserine was translocated
from the inner face of the plasma membrane to the cell surface, where it interacted
with Annexin V-FITC to produce green fluorescence (van Engeland, Nieland,
Ramaekers, Schutte, and Reutelingsperger, 1998), (the population of cells shown at
the top left of the diagram). Because Pl is bound to the DNA within the dead cells, a
red fluorescence was generated (the cell population shown on the bottom right of
the diagram). During the final stages of apoptosis, the integrity of the cell membrane
was compromised, allowing Annexin V and Pl to enter the cells (the cell population
shown in the top right of the diagram). Figure 4.40 demonstrates that cells treated
with BCI and BNI and then exposed to light undergo early apoptosis at rates of 38
and 37%, respectively. In contrast, 12 and 51% of the cells treated with BCl and BNI
and then exposed to light underwent late apoptosis, respectively. As anticipated,
BCH-and BNH-treated cells did not undergo late apoptosis (Figure 4.41).
Consequently, it is evident that the BCl and BNI induced post-PDT cell apoptosis,
especially in the late stage, as demonstrated by the increased cell population in late
apoptosis as measured by FACS in comparison to cells treated without light

illumination.
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Figure 4.40 The flow cytometry Annexin V fluorescein isothiocyanate (FITC)/propidium

iodide (PI) apoptosis analysis of cells incubated with BCl and BNI (10 uM) for 24 h.
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Figure 4.41 The flow cytometry Annexin V fluorescein isothiocyanate (FITC)/propidium

iodide (PI) apoptosis analysis of cells incubated with BCH and BNH (10 uM) for 24 h.



CHAPTER V
CONCLUSION

The iodinated BF,-Formazanate complexes, BCl and BNI, were successfully
synthesized and thoroughly analyzed. Their structures and purity were validated
through NMR spectroscopy and X-ray crystallography. Absorption and fluorescence
studies revealed red-shifted absorption in toluene and large Stokes shifts, highlighting
their potential for bioimaging applications. Compared to the non-iodinated analogs
(BCH and BNH), BCI and BNI displayed greater, bathochromic shifted absorption and
emission, as well as notable singlet oxygen generation, making them promise for
photodynamic therapy (PDT). In vitro experiments on HepG2 cells demonstrated their
lisht dose-dependent cytotoxicity, with BNI outperforming BCI by producing both ROS
and '0,, while BCI generated only 'O,. Computational studies (DFT/B3LYP/6-311G
and TD-DFT/B3LYP/6-311G) revealed minimal differences in the equilibrium structures
of BCl and BNI across Sy, Sy, and T, states, and theoretical UV-vis spectra matched
experimental data. Reaction path analysis indicated that phenyl ring rotations drive
the Si/T, intersection and T,—>S, phosphorescence. ISC was confirmed to occur
more efficiently in BCl and BNI than in BCH and BNH due to favorable S; and T;
energy gaps. Based on experimental and computational findings, mechanisms for
fluorescence and phosphaorescence were proposed, and BCl and BNI were identified
as strong PDT candidates. However, further modifications are needed to improve their
clinical potential, such as enhanced ROS production, longer wavelength emissions,

and tumor-targeting capabilities with reduced dark toxicity.
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