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Abstract Porphyrin derivatives are known singlet oxygen sensitizers in photodynamic therapy
(PDT). Energy transfer from a class of diolefinic laser dyes (DOLDs) as energy donors to the
sodium salt of meso-tetrakis (4-sulfonatophenyl) porphyrin (TPPS) as the accepter of energy would
extend the range of photon harvesting down to the UV-region. Energy transfer was substantially
enhanced in the presence of metallic silver nanoparticles (AgNPs), as revealed by steady-state emis-
sion spectroscopy, lifetimes, and quantum mechanics. DOLDs under investigation are 2,5-
distyrylpyrazine (DSP), 1,4-bis (B-pyridyl-2 vinyl) benzene (P2VB), and 1,4 bis (2-methylstyryl) ben-
zene (MSB) as efficient donors of intense absorption in the UV-region. AgNPs enhance the rate of
energy transfer from DOLDs to TPPS via bringing donor and acceptor into close- proximity with a
concomitant increase in dipole—dipole interaction between excited state donor and ground-state
acceptor. The DOLDs molecular structures were optimized using the DFT/CAM-B3LYP/6-311G
+ + (d, p) level of theory. The calculated electronic absorption spectra for the studied DOLDs
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in the gaseous phase and methanol solvent were studied using the time-dependent density functional
theory (TD-DFT) at M06-2X/6-311G + + (2d,2p) level. The calculated absorption/emission spectra
for DSP laser dye in methanol are obtained at the TD/ M06-2X/6-311G + +(2d, 2p) method. Nota-
bly, all theoretical results of the molecular structures under study highly agreed with the practical
optical results. Energy transfer rate constants (kgt) amid energy donor/acceptor pairs were deter-
mined by Stern-Volmer constants (KSV) and donors’ lifetime measurements. The KSV values indi-
cate an enhanced Fluorescence Resonance Energy Transfer (FRET) efficiencies in the presence of
negatively charged AgNPs. The critical transfer distances R, were determined from the spectral
overlap between the emission spectrum of donor and absorption spectrum of TTPS. These out-
comes propose the application of designed metal-enhanced FRET for energy-transfer-based assays

and photodynamic therapy (PDT) applications.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Porphyrin compounds have emerged in various applications,
including nonlinear photonic devices, optical limiters, and
optical switches, due to their unique optical properties [1-4].
Metalloporphyrins and water-soluble porphyrins were demon-
strated as antibacterial and anti-HIV agents. Furthermore,
they were used in singlet oxygen imaging and photosensitiza-
tion [5,6]. One of the most crucial water-soluble porphyrin
derivatives is the synthetic meso-tetrakis (4-sulfonatophenyl)
porphyrin (TPPS) [7]. TPPS was evaluated and manipulated
in clinical trials as an encouraging sensitizer for PDT [§].
Besides, TPPS has nonlinear optical absorption [9], which
can prompt its application in photonic gadgets like optical lim-
iters [10] and aggregation properties utilizing singlet oxygen
production [11]. Furthermore, previous reports investigated
the absorbance changes and static quenching of TPPS fluores-
cence by trinitrotoluene (TNT) to study the ground state inter-
actions [12].

The interaction between TPPS in an excited state with dif-
ferent colloidal nanoparticles such as TiO, nanoparticles [13]
and CdS quantum dots (QDs) [14] was investigated. It was
found that the TPPS was anchored on both colloidal semicon-
ducting nanomaterials (TiO, and CdS) surface through the sul-
phite (SO*7) group as an anchoring group [13,14]. It was
found that the TPPS could take an interest in the extinguishing
system by infusing electrons from its excited states into the
conduction band in nano TiO,. Likewise, Renganathan stud-
ied the photoinduced interaction of water-soluble negatively
charged thioglycolic acid (TGA) capped CdTe QDs as a donor
with three porphyrin derivatives having different charges as
accepters. Negatively charged TPPS revealed a Fluorescence
Resonance Energy Transfer (FRET) mechanism, while posi-
tively charged meso-tetra (4-N-methyl pyridyl) porphyrin
(TMPyP) displayed a charge/electron transfer mechanism
[15,16].

Diolefinic compounds are catchy molecules because they
are highly fluorescent materials with various applications such
as laser dyes, electrochromic displays, optical imaging devices,
and UV stabilizers of polymers [17,18]. Within this family,
blue-emitting 1,4-bis (B-pyridyl-2 vinyl) benzene (P2VB), 2,5
distyrylpyrazine (DSP), and 1,4-Bis(2-methylstyryl)benzene
(MSB) are important candidates in laser applications. For
their significant applications, many studies have investigated
their behavior as fluorescence energy donors [19]. For instance,

energy is transferred from DSP and P2VB as donors to Rho-
damine 110 in various solvents [20]. The experimental calcula-
tions of the critical distance indicated that the energy transfer
was of Forster type [20]. On the other hand, MSB fluorescence
photo-physically interacted with CCly and aniline revealing a
combined static and dynamic fluorescence quenching [21].

Recently, the interaction between fluorophores and metallic
nanoparticles has been considered as a key feature of nan-
otechnology research due to their wide variety of applications
[22,23]. The enhancement in the fluorescence efficiency in the
presence of metallic nanoparticles is attributed to the strong
coupling between the electronic transition dipole moment of
the fluorophore with surface plasmon in metallic nanoparticles
[24]. On the contrary, metallic nanoparticles act as quenchers
when they interact with some organic fluorophores, and it
was thought to arise from dynamic quenching [25]. Other
researches revealed mixed static and dynamic types associated
with the nano-quenchers systems [26]. The past theoretical
studies recommended the presence of metal nanoparticles to
boost the strength of the Donor/Acceptor (D / A) interactions
and therefore, increase the efficiency of FRET between D and
A in the vicinity of the metal particle [24,27].

The impact of metallic silver nanoparticles (Ag NPs) on
FRET between a close D/A pair is best probed by measuring
fluorescence in both collected and single-atom fluorescence
identifications [28]. These earlier studies revealed that the emis-
sion intensities and lifetimes demonstrated that the enhance-
ment in FRET efficiency was due to the metallic
nanoparticles. The presence of metallic nanoparticles led to
an increase in the Forster distance (R,) for energy transfer
from 8.3 to 13 nm. The rate constant of FRET was multiple
times faster in the presence of Ag NPs than in the unbound
donor/acceptor pairs [29]. This type of enhancement was
attributed to the strong electromagnetic field surrounding
metallic nanoparticles, which improved long-range dipole—
dipole interaction that increased the final nonradiative reso-
nance energy transfer. Since FRET results from the weak elec-
tromagnetic coupling of two dipoles, the introduction of
additional dipoles found in metallic NPs can provide much
more coupling interactions [29]. Up to our knowledge, till
now, there are only a modest number of reports discussing
the modification of energy transfer by the presence of plas-
monic nanoparticles.

Herein, we study critical interactions of three diolefinic dyes
DOLDs (DSP, P2VB, and MSB) as donors with a negatively
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charged TPPS as an accepter to unveil the role of molecular
charge on the energy transfer efficiency. Besides, this study
reveals the enhancement of the FRET through the presence
of metallic Ag NPs. The current outcomes recommend the uti-
lization of metal-upgraded FRET for estimating the length of
enormous biomolecules or for FRET-based assays and metal-
enhanced fluor-immunoassay [24,29.30].

The themes and the novelty of this manuscript include the
following: (1) effect of negatively charged Ag NPs on the
FRET from DOLDs to TPPS and proposed a mechanism to
be a kind of nano-immobilization DOLDs to enhance the
interaction with TPPS in the medium of the study, (2) Spectro-
scopic investigations of both ground and excited states of the
dyes under study, (3) photophysical interactions between
DOLDs and TPPS, and (5) compare theoretical results
obtained using DFT and TD-DFT calculations with experi-
mental results.

2. Experimental

2.1. Materials

DSP and P2VB were prepared by the method described by
Hasegawa et al. [31] Extensive purifications were achieved by
column chromatography on silica gel using methylene chloride
as eluent. The chromatographed material was then vacuum
sublimed in the dark. The citrate reduction method of AgNO;
was employed to get silver nanoparticles (Ag NPS) [32]. A typ-
ical solution of 60—80 nm diameter Ag NPs exhibiting a char-
acteristic surface plasmon band around 420 nm was obtained.
Citrate trisodium salt (95%, C¢HsO,;Na3;-2H,O) was pur-
chased from Fluka. MSB, Sodium salt of meso-tetrakis (4-
sulfonatophenyl) porphyrin” (TPPS), and silver nitrate
(AgNOs3) were acquired from Sigma-Aldrich.

2.2. Synthesis of Ag NPs

Ag NPs were prepared by applying the citrate reduction of
AgNO; [32]. An aqueous solution of AgNO; (I mM,
125 ml) was heated until it started to boil, then 5 ml of 1% tri-
sodium citrate solution (as nucleating and reducing agent) was
added quickly, which resulted in a change in solution color to
pale yellow. After the color changed, the solution was removed
from the heating element and allowed to stir until cool to room
temperature. A typical solution of silver nanoparticles exhibit-
ing a characteristic surface plasmon band around 420 nm was
obtained [32]. For 10 nm diameter Ag NPs, the extinction coef-
ficient was calculated as 1.328 x 107 M~! cm™!, which com-
pares with the literature value [32].

The prepared Ag NPs were characterized by electronic
absorption spectroscopy and by Transmission Electron Micro-
scopy (TEM).

2.3. Spectroscopic measurements and nanoparticle
characterizations

The electronic absorption spectra were recorded utilizing the
Shimadzu UV-3101 PC spectrophotometer. The steady-state
fluorescence spectra were recorded employing the Perkin-
Elmer LS-50B scanning Spectrofluorometer, using matched

quartz cuvettes. The nanoparticle size was characterized by a
transmission electron microscope (TEM), JEOL JEM-100SX
Electron Microscope with a field gun, and an accelerating volt-
age of 80 kV.

2.4. DFT and TD-DFT calculations

All geometry optimizations of the compounds were executed
using the DFT method implemented in Gaussian 09 program.
Further, the calculated electronic absorption spectra for the
studied DOLDs molecular structures in gas and methanol sol-
vents were done via utilizing time-dependent density functional
theory (TD-DFT) at MO06-2X/6-311G+ + (2d, 2p) level.
Molecular electrostatic potentials (MESP) of DOLDs and
TPPS were calculated at the B3LYP/6-311+ + G (d, p) level
of theory in the gas phase. The hyperconjugation interactions
in DSP molecular structure were examined via NBO analysis
theory utilizing B3LYP/6-311G + +(d, p)) level of theory.

3. Results and discussion:

3.1. Electronic absorption and emission spectra of DOLDs
( Experimental Spectra)

Fig. 1 shows the electronic absorption and emission spectra of
DOLDs and TPPS. The absorption spectra of 1 x 107° M
DOLDs methanolic solutions revealed broad peaks with
absorption maxima at 379, 353, and 344 nm for DSP, P2VB,
and MSB, respectively. These peaks are ascribed to the
extended m-network with n-n* and n-m* transitions [19,21].
Emission spectra of DSP show a broad emission peak with
maximum at 447 nm and FWHM of 60 nm, while P2VB and
MSB show a nearly split peaks at 397 nm and ~ 416 nm, which
might be due to the specific solvent effect. These dyes have a
characteristic high quantum yield, making them potential can-
didates in laser applications [19,21]. The calculated Fluores-
cence Quantum Yields (FQY) were 0.35, 0.46, and 0.7 for
DSP, P2VB, and MSB, respectively.

3.2. Fluorescence quenching study of DOLDs

Fig. 2a, b, and c depects the effect of the sequential addition of
TPPS (as an energy accepter) on the emission spectra of
DOLDs (DSP, P2VB, and MSB) as energy donors. A remark-
able fluorescence quenching was observed with increasing
TPPS concentrations. Fig. 2d displays the Stern—Volmer plots
(derived from Egs. (2) and (3)) of DOLDs fluorescence
quenching using TPPS as a quencher or an accepter [28].

1,

<2 =1+ K, [TPPS] 2
Iy
1
'

Where I, and Iy are the fluorescence intensities in the absence
and presence of the quencher TPPS. The Stern-Vomer con-
stants (Kgy) were calculated as 4.45 x 10 M7,
1.86 x 10* M~ and 1.89 x 10° M~ for DSP, P2VB and
MSB, respectively. These values demonstrate the physical
interaction of the dyes with TPPS rather than the spectral
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Fig. 1  Experimental absorption and emission spectra for 1 x 10> M methanolic solutions of DOLDs (DSP, P2VB and MSB) and
TPPS.

overlap that follows a different series, as shown in Fig. 2f. The
rate constants of energy transfer (kgr) were calculated, taking
the lifetime as t, 1.44 ns, 0.42 ns, and 1.63 ns for DSP,
P2VB, and MSB, respectively, in methanol [19,20], and were
found to be kgz = 0.31 x 10" M~'s™';44.00 x 10" M~'s™",
and 1.33 x 10" M~'s™! for DSP, P2VB and MSB, corre-
spondingly. The significantly elevated value in the case of
P2VB/TPPS indicates the high fast time-domain quenching
process of TPPS to P2VB, which has the shortest excited state
lifetime. The current values of the rate constants of energy
transfer for the current DOLDs are much higher than the dif-
fusion rate constant in methanol (k; = 1.8 x 10° M~ 's7™!) at
room temperature, indicating a long-range energy transfer
mechanism of dipole-dipole interaction between the excited
state of DOLDs and ground state TPPS [24,27].

The mechanism of fluorescence quenching of DOLDs by
TPPS as an energy accepter was investigated in a higher viscos-
ity medium containing 40% ethylene glycol by volume at room
temperature. As the concentration of the TPPS increases, the
fluorescence intensities of DOLDs decrease without a change
in spectral pattern, referring to the absence of excited state
complex formation (Exciplex). Besides, this enhancement in
energy transfer constant by increasing viscosity is consistent
with the diffusionless energy transfer mechanism [24]. Mean-
while, this increase in the kg7 and Kgy values indicates a static

quenching mechanism and solvent cage effect [19]. The value
of critical energy transfer distance (R,), to be discussed later
in detail, manifested a small space between DOLDs and TPPS
due to the cage effect upon increasing medium viscosity.

The Perrin model was applied for the energy transfer
according to the following equations: [33]

1,

In = VN,

4)

V= gn r

where I, and Irare emission intensities in the absence and pres-
ence of a quencher, V is the volume of the quenching sphere in
cubic centimeters, N, is the Avogadro’s number, and [Q] is the
molar concentration of the quencher.

A plot of In (1,/1;) versus [Q] demonstrated linear behavior
in Fig. 2e, and the slopes equal VN,,. “V” values were found to
be 423 x 107'%,2.04 x 107'* and 1.65 x 107'® cm’. The
radius of quenching sphere “r” was calculated as 46.58,
36.53, and 73.36 nm in the case of DSP/TPPS, P2VB/TPPS,
and MSB/TPPS, respectively. These low values of quenching
radius emphasize a ground-state complex, which results in
the current quenching of DOLDs by TPPS. When the TPPS
molecules bind with the DOLDs, the equilibrium between
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Fig. 2 Emission spectra of (a) DSP (b) P2VB (c) MSB at different TPPS of concentrations (d) Stern-Volmer plots, (e) Perrin model
curves, and (f) Spectral overlap between DOLDs donor’s emissions with TPPS accepter absorption.

the bound and free molecules can be treated in our systems
according to Eq. (0) [34]

IL-1
log ( "1, /) = logK + nlog|TPPS] (6)

where “K” and “n” are the limiting steady and the quantity of
restricting locales, individually. The upsides of n and K can be

determined from the plot of log ("’I;’f) versus log[TPPS] as in
Fig. S1. The relating results are summarized in Table S1.
The calculated binding sites were near unity because of the
interaction between negatively charged SO~ groups in TPPS
and the partially positive terminals of DOLDs.

To deeply examine the FRET mechanism between the elec-
tronic ingestion range of TPPS and discharge range of
DOLDs, as displayed in Fig. 2f, the basic exchange distance
of the D / A pair was determined utilizing the Forster formu-
lation (7,8):

RS =8.79 x 107° (K’n~*®J(1))in® ™)

where R, is the Forster critical transfer distance at which 50%
of the excitation energy is transferred to the accepter (50%
transfer efficiency), (n) is the refractive index of the solvent,
(k*) = 2/3, (®,) is the donor fluorescence quantum yield,
and J (4) is the “overlap integral”, which expresses the extent
of spectral overlap between the donor emission and acceptor
absorption and is given by:

JO) = / N Fp(A)ea(2) A dA (8)

where ¢, () is in M~! em ™', (1) in nm and the unit of J(4) is
in M~! cm™' (nm)*, Fp is the peak-normalized fluorescence

spectrum for the donor, and (&) is the molar absorption coef-
ficient for the accepter. These values are higher than that for
the collisional energy-transfer mechanism in which R, should
be less than 10 nm [35]. The high value of critical transfer dis-
tance and the energy-transfer rate constants indicate that the
current energy transfer mechanisms in the investigated
Donor/Acceptor (D/A) pairs are a resonance energy transfer
due to long-range dipole—dipole interaction between the
excited donor (D*) and the ground state accepter (A). This
type of interaction is Forster Resonance Energy Transfer
(FRET), which involves an electrostatic interaction between
D (DOLDs) and A (TPPS). These interactions can occur over
a long-range over D/A distances as 50-100 A [36].

3.3. DFT calculations

The DOLDs (DSP, MSB, and P2VB) optimized structures of
their electronic ground states were obtained employing the
DFT method at CAM-B3LYP/6-311G+ + (d, p) level of the-
ory. Besides, all geometry optimizations of the compounds
were performed using the DFT method implemented in Gaus-
sian 09 [37]. The obtained optimized structures are shown in
Fig. 3, in which DSP and P2VB molecular modeling structures
are planar, but MSB is not planar. The important selected
optimized structural parameters are summarized in Table S2,
parameters such as (bond length (BL) in A, bond angle (BA)
in degrees (°), and dihedral angle (DA) in degrees (°) for
DSP, MSB, and P2VB in the gas phase via applying DFT the-
ory at CAM-B3LYP/6-311G+ + (d, p) level. Significant com-
ments can be deduced from Fig. 3 and Table S2, and they can
be expressed as follows; (i) referring to the listed values of dihe-
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dH ‘c 'N

Fig. 3 Optimized molecular structures of DOLDs in gas state using CAM-B3LYP/6-311G+ + (d, p) level of theory.

dral angles, the two styryl groups, and pyrazinyl of DSP
molecular structure lie in the same plane. In P2VB laser dye,
the two pyridyl groups lie in the same plane as the two vinyl
and benzene groups. However, the two methyl benzene groups
of MSB molecular structure rotate out of the two vinyl and
benzene groups by an angle of 150°. (ii) owing to increasing
bond order, the C;—C, bond length is less than C,—C; bond
lengths in all DOLDs molecular structures by about 0.06 A.
(iii) referring to the listed values of bond angles, the type of
hybridization over all DOLDs is sp>.

Fig. 4 demonstrates the obtained results of all DOLDs
molecular orbitals. (MOs) modeling of HOMO (H)/LUMO
(L) orbitals, H—1/L+ 1, H-2/L + 2, and energy gaps between
the following graphically; H and L (Ey;), H-1 and L+1 (E,»),
and H-2 and L+2 (E,;3) in the gas state via utilizing CAM-
B3LYP/6-311G + + (d, p) level of theory. The energy values
of H (Ey), L (Er), H=1 (En.y), L+1 (EL+1), H=2 (Eq.o),
and L+2 (Ep+,). Also, the energy gap (E,) between H and
L (E, ), H-1 and L+1 (Ey), and H-2 and L+2 (E,3) in
the gas state are listed in Table S3. Due to the conjugation
in the molecular structures of the studied DOLDs, the HOMO
and LUMO MGOs are delocalized over the whole DOLDs
molecular modeling structures. The energy gap (Eg;) value is
calculated by applying the difference (Ey-Ep). The calculated
E,; values for DOLDs rise in the following order:
MSB < DSP < P2VB. These results indicate that the MSB
molecular modeling structure is more reactive than DSP and
P2VB molecular structures.

Of Note, considerable chemical quantum parameters like
dipole moment (p), chemical potential (p), electronegativity
(1), and chemical hardness (n) were calculated using E; and
Ey values. These quantum parameters are calculated using
equations p = £HEL [39] y = — LB and y = £2E1 3],

It is noteworthy that when a chemical structure has a high
dipole moment, it has a significant asymmetry in the electronic
charge distribution. It can be highly sensitive due to changes in
chemical structure and electronic properties under an external

electric field. Thus, as shown in Table S4, the p value of the
compound P2VB is high compared to the rest of the com-
pounds under study, namely MSB and DSP, and therefore this
compound is more active than the rest of the compounds
under investigation. As presented in Table S4, the p value of
MSB molecular structure is lower compared to the other
DOLDs compounds, namely (P2VB and DSP). These results
indicate that the escaping electrons from MSB molecular struc-
ture are less compared to other compounds under the current
study. Of Note, the high y value for MSB molecular structure
compared to P2VB and DSP leads to this compound’s ability
to attract electrons from other compounds [39]. On the other
side, the n value for MSB molecular structure’s <UNK >
value is high compared to the other compounds (P2VB and
DSP) (listed in Table S4). These results show that MSB com-
pound is undeniably challenging to free electrons, while the
structures of P2VB and DSP are extraordinary chances to offer
electrons to another acceptor molecule.

3.4. TD-DFT calculations

The calculated electronic absorption and emission spectrum
for DSP laser dye in methanol are obtained via the TD/
MO06-2X/6-311G + +(2d, 2p) method. The results are pre-
sented in Fig. 5a. Fig. 5b, and display the calculated electronic
absorption spectra for the studied MSB and P2VB molecular
structures in gas and methanol solvent. These calculations
were done by utilizing time-dependent density functional the-
ory (TD-DFT) at M06-2X/6-311G + + (2d, 2p) level.

It is significant to discuss the following notes for a clear
comparison between theoretical and experimental results.
The experimental absorption spectra of DOLDs in methanol
revealed a broad peak with absorption maxima (lexp) of
379 nm, 353 nm, and 344 nm for DSP, P2VB, and MSB,
respectively as shown in Fig. 1. These peaks are attributed to
the extended m-network with m-n* and n-m* transitions. The
maximum calculated electronic absorption spectra (Acae) and
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Fig. 4 DOLDs (DSP, MSB and P2VB) molecular modelling graphical presentation of HOMO (H) / LUMO (L) orbitals, H—1/L+1,
H-2/L+2 in gas state via utilizing CAM-B3LYP/6-311G+ + (d, p) level of theory.
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Fig. 5 (a) Calculated (Calc.) and experimental (Exp.) absorption (Abs.) and emission (Ems.) spectra of DSP molecular structure in gas
and methanol. (b) The calculated absorption spectra of MSB and P2VB molecular structures in gas and methanol. The theoretical results
are obtained using TD-DFT at M06-2X/6-311G + + (2d, 2p) level of theory.

oscillator strength for DSP, P2VB, and MSB molecular struc- are attributed to m-n* and n-n* electronic transitions. There-
tures in methanol are (359 nm, 1.891), (351 nm, 1.943), and fore, the difference between Aexp and Aeye for DSP, P2VB,
(336 nm, 1.872) respectively, as listed in Table S5. These results and MSB molecular structures in methanol is 20, 2, and
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8 nm, respectively. The maximum experimental and calculated
emission wavelengths for DSP in methanol are 447 nm and
395 nm, respectively, as shown in Fig. 5a. Hence, the theoret-
ical optical results of the molecular structures under study
agree with the practical optical results. The calculated elec-
tronic parameters like excitation energy (Eexc.), absorption
maxima (Acqle.), electronic transition, and oscillator strength
(f) for DOLDs molecular structures in methanol are obtained
and listed in Table S5. The calculated electronic transition
maxima for DSP, MSB, and P2VB molecular structures in
methanol appear at one electronic transition at 358.73,
336.96, and 350.54 nm, respectively. These arise from elec-
tronic transition HOMOs to LUMOs, where the oscillator
strength is in the range (f = 1.943-1.891), and the coefficient
is 0.941, which highly agrees with the experimental results.

3.5. Molecular electrostatic surface potential (MESP)
investigation

The molecular electrostatic interactions between DSP, P2VB,
MSB, and TPPS, were examined via the Molecular Electro-
static Surface Potential (MESP) [40], as shown in (Fig. 6a
and b). TPPS displays a significant negative electrostatic
potential (V = ~—176 kcal/mole) situated on the SO~ group,

a)DOoLDs (Donors)
DSP

>

-23.1
(kcal/imole) +11.3 )

+23.
(kcal/mole)

b) TPPS (Accepter)

2407 787,
{kcalimole)

"
. )

+6.3
(kcal/mole)

Fig. 6
the gas phase.

P2VB

0.7

where less negative charge is positioned on the porphyrin
skeleton (V = ~—151 kcal/mole). On the other hand, the
DOLDs show the presence of terminal positive electrostatic
potential 11.3, 6.1, and 11.9 for DSP, MSB, and P2VB, corre-
spondingly. Upon addition of TPPS to the DOLDs, electro-
static attraction and sequential charge transfer stabilized the
molecular complexes.

3.6. Natural bond orbital (NBO) analysis

Since resonance is a fundamental phenomenon in the stability
of the organic chemical structure, it was essential to study the
stability of the chemical structure using Natural Bond Orbital
(NBO) analysis for one of the DOLDs under the current study
as an example, and we chose the DSP molecule. The hypercon-
jugation interactions in DSP molecular structure are examined
via NBO analysis theory utilizing B3LYP/6-311G + +(d, p))
level of theory [41]. Besides, these results were obtained by uti-
lizing second request annoyance energies (E2) [41]. The utmost
influential second-order perturbation (E2) delocalization ener-
gies in the DSP molecule in its gas phase are listed in Table S7.
These are classified as n-n* and n-n* interactions, with the lat-
ter having larger energy magnitudes. The intense interaction
between C;-C, m-bond to C;-N3; m-antibonding stabilized

+6.1

MSB

v

(a) Molecular electrostatic potentials (MESP) of DOLDs and (b) TPPS, calculated at B3LYP/6-311+ + G (d, p) level of theory in
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DSP molecular structure by 22.84 kcal/mol, then from C5-N35
n-bond to C4-N38 m-antibonding via 20.71 kcal/mol. Also, the
interaction between C;7-C3¢ bond and C,4-C31 n-antibonding
stabilized DSP molecule by 14.70 kcal/mol, then from C;5-Cyq
n-bond to (C16-C17 and C18-C19) m-antibonding that con-
tributed 18.63 and 15.77 kcal/mol respectively as recorded in
Table S7.

From the previous quantum calculations, the surface
charge over DOLDs is positive, and hence introducing nega-
tively charged silver nanoparticles (Ag NPs) would attach
and immobilize the positively charged DOLDs. These immobi-
lized DOLDs (Donors) on the Ag NPs surface are expected to
improve the energy transfer to the available accepter in the
medium (TPPS). So, under the current investigation, we
designed an experiment in which negatively charged Ag NPs
were involved in the medium to check its effect on the energy
transfer between D/A pairs.

3.7. Enhancing the energy transfer from DOLDs to TPPS in the
presence of Ag NPs:

Fig. 7a shows the TEM image of the prepared spherical Ag
NPs, which have a diameter of around 30 nm and display their
characteristic plasmonic absorption spectra around 425 nm
(Fig. 7b). The fluorescence emission of DOLDs was studied
with TPPS as an accepter in the presence of 20% Ag NPs in
methanol and 40% ethylene glycol by volume at room temper-

ature. As the concentration of the TPPS increases, the fluores-
cence intensities of DOLDs decrease. The Kgy constant of the
process in the presence of Ag NPS is higher than that in the
absence of Ag NPs (Fig. 7c—e). For instance, the Kgy value
of the process in the presence of Ag NPs for DSP was
Ksy = 0.562 x 10° M~" > Kgy = 0.447 x 10° M~ in the
absence of Ag NPs. These results could be accredited to the
negative citrate capping groups on Ag NPs having a role in
increasing the dipole—dipole (D/A) interactions via immobiliz-
ing the unbound D molecules [42].

Besides, the Kgy constant of the process in ethylene glycol
(vol 40%) with Ag NPs (20 vol%) is less than that in methanol,
as shown in Fig. 7(c, d, and e). These results may be inter-
preted as the role of the medium viscosity in decreasing the dif-
fusion of both donor and accepter towards Ag NPs surface
with a subsequent decrease in D/A interactions. On the other
hand, considering the strong plasmonic nature of Ag NPs,
and based on the spectral overlap contribution of Ag NPs to
additively deactivate the excited state of DOLDs side to side
with TPPS, Ag NPs can participate in the current quenching
mechanism rather than being only as an immobilizing surface.
Besides, since FRET results from the weak electromagnetic
coupling of two dipoles, the introduction of additional dipoles
found in Ag NPs can providle much more coupling
interactions.

The proposed scheme of Ag NPs interaction with DOLDs/
TPPS is graphically sketched in Fig. 8. Based on earlier

b)

. . e 0.35- ., © .
] 425 nm \ r 5
. 2 0.30-
8 0.25+
.ﬁHh » g 5
8 0.204
1 B
. 9 0.15-
- Q0 L
¢ ’ s < .10
100 nm * 2 0:084
o 0.00 +——T——T——T—r——
300 400 500 600 700 800
Wavelength (nm)
4.0 70
J]——DSP+TPPS a 4 ——P2VB+TPPS — MSB+TPPS
3.5]——DsP+TPPS+40% EG 604 ——P2VB+TPPS+40% EG 759—— MSB+TPPS+40% EG
" ]——DSP+TPPS+20% Ag NPs 8 4 ——P2VB+TPPS+20% Ag NPs 1—— MSB+TPPS+20% Ag NP,
50+ 60+
3.0+ 1 |
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= 2.54 ; = = 457
0 4 A _© 304 -] 1
- 1 30.
2.0. : 20 )
1.5- 2 10_ 15".
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Fig. 7

[TPPS] x 10° (molll)

[TPPS] x 10° (molll)

(a) TEM micrograph of silver nanoparticles (Ag NPs), (b) Absorption spectrum of Ag NPs aqueous solution, Stern-Volmer plots

of the quenching of 1 x 107> M (c) DSB (d) P2VB (¢) MSB by TPPS in methanol, 40% ethylene glycol (EG) by volume in methanol and in

presence of 20% Ag NPs in (water/methanol) by volume.
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FRET

\ movable
Donors
\ DOLDs

Fig. 8

reports, it is proposed that negatively charged citrate-capped
Ag NPs electrostatically attract the partially positively charged
terminal of DOLDs on the nanoparticle surface [43]. The other
side of DOLDs becomes free for transferring energy to TPPS
more efficiently than the free DOLDs. This hypothesis of
DOLDs / NPs interaction was previously reported by our
group [44], in which the same DOLDs were used to induce
the aggregation of citrate-capped gold nanoparticles (Au
NPs) via the electrostatic interaction with the partially positive
terminals in DOLD molecules. However, in our current study,
the sequence of addition and the amount of Ag NPs (only
20 vol%) was not enough to cause noticeable aggregation of
nanoparticles. Here, DOLDs were electrostatically attracted
to the negatively charged Ag NPs, which causes donors’ immo-
bilization and increases the opportunity of FRET to TPPS. All
emission spectra of DOLDs were recorded after the addition of
Ag NPs and after the gradual addition of TPPS dye. Thus, the
immobilization of D/A couples on the surface of Ag NPs
increases the coupling exchange and dipole interaction
between DOLDs and TPPS. The role of nanoparticles in
enhancing FRET was reported for other systems [45,46].

4. Conclusion

In summary, this research aimed to unveil the photophysical
interaction and Fluorescence Resonance Energy Transfer
(FRET) from three DOLDs dyes as donors to TPPS as an
acceptor via spectroscopic and theoretical studies. Besides,
investigating the effect of Ag NPs presence on the FRET.
Based on the spectral overlap and the molecular electrostatic
potentials, the energy transfer between D-A pairs was long-
range Forster Resonance Energy transfer type (R, > 10 nm),
which involves an electrostatic interaction between D and A
accompanied by coupling between the two dipoles. The spec-
tral study and DFT calculation for the current system revealed
that the energy transfer was drastically affected by the donor’s

Immobilization

e

Citrate Capping group

Immobilized 4 Enhanced
Donor FRET

N&\i ? JSJQ g\i ? P_,S

D~ Ag NP <o

Nano-center

Graphical illustration of the proposed effect of Ag NPs on the interaction between DOLDs and TPPS.

chemical structure, binding, electrostatic potential, and align-
ment to the acceptor. MSB has an energy transfer constant
KSYV four and ten times higher than DSP and P2VB. The addi-
tion of Ag NPs to these interacting constituents enhances the
energy transfer via enhancing coupling exchange by immobi-
lization of D-A pairs on Ag NPs’ surface. These outcomes
underscore the utilization of metal-improved FRET for esti-
mating the closeness of huge biomolecules, energy-move-
based examines, and photodynamic treatment applications.
The calculated optical properties for DOLDs are obtained
by utilizing time-dependent density functional theory (TD-
DFT) at M06-2X/6-311G+ + (2d, 2p) level. The calculated
electronic transition for DSP, MSB, and P2VB molecular
structures in methanol solvent appears at one electronic tran-
sition at 358.73, 336.96, and 350.54 nm, respectively. This
arises from the electronic transition from HOMOs to LUMOs,
where the oscillator strength is in the range (f = 1.943-1.891)
and the coefficient is 0.941, which agrees with the experimental
results. Furthermore, negatively charged Ag NPs led to immo-
bilization of the positively charged DOLDs donors and, conse-
quently, increased the opportunity for more FRET to TPPS
acceptors in the medium. This study paves the way to apply
metallic nanoparticle-enhanced FRET for biological assays,
photodynamic therapy (PDT), and related biosensors.
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