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Abstract. The heavy atom effect on singlet oxygen generation in the plasmon field of silver nanoparticles
was investigated. The dyes rhodamine 123 and dibromrhodamine 123 in polyvinyl butyral films were used as
sensibilisers. The dye films were deposited by spin-coating onto silver island films synthesised on the quartz
surface. The results showed that the presence of bromine atom in the dye molecules increased the singlet oxygen
generation efficiency. The calculated Stern-Follmer constants demonstrate the enhancement of molecular oxygen
quenching of triplet states of dibromorhodamine 123 dye molecules in the presence of Ag nanoparticles.
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1. Introduction

Singlet oxygen Oz(lAg) is the most stable excited state of molecular oxygen 02(32g) which plays an
important role in biological, chemical and industrial processes, acting as the main oxidant. It is highly sought
after for photodynamic therapy, which is used in the therapeutic and/or palliative treatment of various
cancers and benign diseases. The mechanism of cell destruction underlying photodynamic therapy combines
the activation of sensitising molecules by light irradiation and the formation of singlet oxygen and cytotoxic
reactive oxygen species (ROS). In addition, Oz(lAg) and ROS can act as oxidants in biological objects [1,2]
and in organic synthesis [3,4], be used for light inactivation of proteins using chromophores [S] and
photodegradation of organic contaminants [5,6], disinfection of drinking water [7], sterilisation of gases and
solids, and self-cleaning of filter membranes [8].

To study the processes of molecular oxygen 02(32g’) activation, photosensitizers (PSs) based on organic
dyes with high quantum yield to the triplet state and the ability to transfer energy to O,(° %, ) oxygen are used
[9]. One of the factors that increase the probability of intersystem crossing (ISC) and, consequently, the
transition of sensitising molecules to the triplet state [10], is the adding of heavy atoms to the structure of dye
molecules. This approach found wide application in the development of new PSs for photodynamic therapy
and other fields requiring efficient generation of reactive oxygen species [11].

Much attention is also paid to the study of the interaction of organic photosensitisers with plasmonic
nanoparticles (NPs), which can significantly enhance the luminescence intensity and shorten the
phosphorescence lifetime due to the Purcell effect [12]. In the presence of silver or gold NPs, the local
electromagnetic field is enhanced, that increases the probability of radiative transitions and accelerates the
deactivation of excited states of the sensitiser [13]. Plasmon NPs can also increase the sensitivity and
selectivity of sensitisers to oxygen due to more efficient energy transfer from the triplet state of the sensitiser
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to the oxygen molecule [14]. In particular, the use of silver island films (SIFs) allows achieving enhanced
luminescence due to the generation of localised surface plasmons and increasing the overall signal intensity
[15]. In [16,17] a correlation between the effect of the heavy atom in the dye molecule and the degree of
influence of the plasmon effect of silver NPs on the phosphorescence properties of a series of halogen-
substituted xanthene and fluorescein dyes was carried out. A theoretical model is proposed to estimate the
quantum yield of phosphorescence of dye molecules in the vicinity of plasmonic NPs. To this end, the rate
constants of radiative and non-radiative intramolecular transitions of dyes were calculated.

This study is an extension of [16] using brominated rhodamine derivatives and silver plasmonic
structures to improve the efficiency of singlet oxygen generation. The use of heavy atoms together with
plasmonic NPs opens up the prospect of creating more efficient and precise photosensitisers for the targeted
generation of reactive oxygen species [18].

2. Experimental part

The dyes rhodamine 123 (Rh123) and dibromhodamine 123 (Rh 123-2Br), which were purchased from
Sigma-Aldrich, were chosen to study the effect of spin-orbit interaction on Oz(lAg) generation. The
molecular structure of the dye molecules studied is shown in Figure 1. The dye films in polyvinyl butyral
(PVB) were deposited by spin-coating at 1,500 rpm for 30 sec. The concentration of dyes in 7 wt% polymer
was 5-10* mol/L. Micro-weighing was used to control the thickness of films deposited on different
substrates. The mass of the dye films on the surface was almost the same. The oxygen permeability of PVB
is 0.95 x 107" cm®-cm/(cm?+s-atm) [19].

Rh123 Rh123-2Br

Fig. 1. Molecular structure of the investigated dye molecules

To study the effect of plasmonic NPs on Oz(lAg) generation in the presence of heavy atom, substrates of
SIFs were prepared by chemical deposition [20]. Analytical grade purity chemicals from Sigma Aldrich and
ultrapure water obtained using a Smart S15 UVF system (Drawell) were used to SIFs synthesise. SIFs were
annealed at 240°C for 30 min. This in turn helps to stabilise and improve the structural and functional
properties of the silver films. According to scanning electron microscope (Mira 3LMU, Tescan) data,
spherical islands of size 105 — 375 nm were uniformly distributed on the film’s surface of the (Fig. 2a).

Rh123
. Spectrum 1 Rh123-2Br
Wtk o SIF '|‘P
51.2 03
383 02 08

105 02

d=17149n "

Q=374..nm
AR Y
® 9‘309.39 m
-

.

® Ll
® & -
. . d =105.05 nm

SEM HY: 200 kY W, MiRA3 TESCAN|
View field: 4.00 jam pm
SEM MAG: 665 kx  Dats(micdy: 1023124 Parformance in nancapace

a
Fig. 2. (a) SEM image of SIFs obtained by chemical deposition on quartz glass, (b) XPS spectra of SIFs and (c)
Absorption spectra of SIFs (red line), Rh123 (blue solid), Rh123-2Br (green solid) and fluorescence spectra of Rh123
(blue dashed), Rh123-2Br (green dashed) in PVB film on quartz glass (Aex. = 510 nm, Are = 540 nm)
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Energy dispersive X-ray spectroscopy analysis of the SIFs surface showed the presence of silver, silicon
and oxygen, where silicon and oxygen are related to the composition of quartz glass (Fig. 2b). The
absorption spectrum of SIFs is broadened and has two peaks at 365 nm and 605 nm (Fig. 2c). The
broadening is due to the large variation in the size of the islands.

Cary 300 and Eclipse spectrometers (Agilent Technologies) were used to record absorption, fast and
delayed fluorescence spectra. Delayed fluorescence (DF) and phosphorescence (Phos) measurements of
Rh123 and Rh123-2Br films were carried out under varying pressure conditions using an Optistat DN
vacuum cryostat (Oxford Instruments).

A FLS1000 spectrometer (Edinburgh Instruments) with UV, Vis-PMT and NIR-PMT photomultipliers
(Hamamatsu) was used to record the attenuation kinetics of long-lived luminescence of dyes and singlet
oxygen phosphorescence. Photoexcitation of samples at A.,.=510 nm was carried out by a laser system based
on Nd:YAG laser LQ529 with OPO LP604 and second harmonic generator LG305 (SolarLS).

3. Results and Discussion

From the normalised absorption and fluorescence spectra of Rh123 and Rh123-2Br in the polymer
films, it can be seen that the spectra of Rh123-2Br are bathochromically shifted, due to the presence of two

bromine atoms (Fig. 2¢). The maximum of the absorption spectrum (4. ) of Rh123 falls at 516 nm, Rh123-
2Br — at 520 nm. The maximum of fluorescence spectrum (A7,") is at 535 nm for Rh123 and at 540 nm for

Rh123-2Br. Figure 3 shows the long-lived luminescence spectra of the dye films, where two luminescence
maxima are expressed. The first maximum at 540 nm coincides with the fast fluorescence and refers to DF.
Whereas the maximum at around 670 nm is Phos of the dyes (Fig. 3).
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Fig. 3. Long-lived luminescence spectra of Rh123 and Rh123-2Br (5*10™* mol/L) in PVB film (7 Wt%) (Aexe = 510 nm)
at cryostat air pressure of 10° mB and T =293 K

From the Ip/Ip.s intensities ratio, which is 2.5 for the first dye and 3.2 for the second dye, it can be
stated that Rh123-2Br has more pronounced phosphorescence than Rh123. DF and Phos intensities of the Br-
substituted dye are an order of magnitude higher than those of Rh123. The shorter lifetime of DF and Phos of
Rh123-2Br (Table 1) is due to the faster decay of the S; state not only to the ground state, but also to the
nearby triplet state T, due to the increase in the probability of ISC due to the effect of the internal heavy
atom [17].

The effect of oxygen concentration on the DF and Phos of Rh123-2Br was studied (Fig. 4).
Dibromorhodamine molecules have a high probability of transition from the excited singlet state (S;) B to the
triplet state (T;) due to ISC, which is characteristic of molecules containing heavy atoms.
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Fig. 4. The dependence of the intensity of DF (a) and Phos (b) of Rh123-2Br in PVB films
on the cryostat pressure (Aee = 510 nm, A, = 540 nm for DF and A, = 670 nm for Phos) at T = 293K

According to [21], the following processes can occur in the collision complexes of molecular oxygen
and triplets of the sensitiser:

T+, > [TK3EQ]1’3’5 — Sy+4, (1)
T+4, —> [YK IAg]3 = S+Z, 5 S+ E, + hvy, 2)
A, +hvp,, 3)

where S, S,, T — ground, excited singlet and triplet states, 32§ , lAg — molecular and singlet oxygen,
X . . . o
[TK ) g]l — intermediate complex between the sensitiser and oxygen, where the total spin multiplicity

can be 1 (singlet), 3 (triplet), or 5 (quintet), [TK IAg]S — excited complex of the sensitiser with singlet

oxygen, forming a triplet state, 4v,,, — photon emitted as DF of sensitiser, hv,,,  — photon emitted during

phosphorescence of singlet oxygen.

Process 1 is singlet oxygen sensitisation reaction; process 2 — singlet-triplet annihilation reaction;
process 3 — generation of singlet oxygen phosphorescence.

Under the influence of an enhanced plasmon field, the intensity of all types of luminescence increases,
as the probability of transition between energy levels increases and more dye molecules return to the ground
state with the emission of light photons [22]. The intensity of fast fluorescence increased 2.6 times for Rh123
and 2.18 times for Rh123-2Br. Also, in the presence of plasmon, there is an increase in DF intensity by 2.4
and 2.18 times and Phos intensity by 3.5 and 3.81 times for Rh123 and Rh123-2Br, respectively (Table 1).
While the luminescence lifetime decreases (Table 1).

This phenomenon is described by the Purcell effect, according to which near metallic nanostructures
possessing plasmons, the lifetime of excited states decreases as rates of radiative transitions are amplified
due to the local plasmon field. As a result, the long-lived luminescence becomes more intense, but its
lifetime decreases [14, 23, 24].

Figure 4 shows the dependences of the intensity of DF and Phos of Br-substituted dye without the
influence of plasmons and in its presence on the air pressure in the cryostat. For DF (Fig. 4a) on quartz glass
and on SIFs, an increase of the luminescence intensity with pressure changes from 0.1 to 10 mB, and then a
decrease is observed, that is a confirmation of singlet-triplet annihilation. While the Phos intensity (Fig. 4b)
decreases monotonically. It is worth noting that the deactivation process of triplet states is more pronounced
for Rh123-2Br in the presence of plasmon. The Phos quenching constants by oxygen molecules were
calculated on the basis of the Stern-Folmer equation [25]:
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0

Lsos _ 1+k,7,-[0]. (4)

Phos

where I,, - Phos intensity in the absence of O, I,,, — Phos intensity in the presence of O,, k -

extinction coefficient, 7,— Phos lifetime in the absence of O,, a [Q]— O, concentration.

Table 1. Spectral-luminescence parameters of Rh123 and Rh123-2Br in PVB films

A" s D A" Iy Ipr TDF Iphos Tehs /D I/ Ipe/  tor/  Iphos/  Trhos/
(nm) (nm) (ru) (ru) (ms) (ru.) (ms) ® Ino  Ipro  Toro  Iphoso  Tehoso
Rh123
Quartz 516 0.12 535 163 5 8.7£0.2 2 7.4+0.3 - - - - - -
SIFs 0.16 423 12 8.5+0.1 7 5707 133 260 24 097 3.5 0.77
Rh123-2Br
Quartz 520 0.13 540 93 67 5.0+0.4 22 5.94+0.1 - - - -
SIFs 0.15 204 146  4.8+0.2 84 3.6+0.2 1.13 218 2.18 096 381 0.61

Figure 5 shows that a stronger quenching of the triplet state of the dye by oxygen molecules is observed
in the plasmon field. For Rh123-2 films on glass kq =6,20 10° M 's', and on Ag island films kq =9,1e 10’

M s,

Rh123-2Br on SIF
25

Rh123-2Br

[0.], M/m

Fig. 5. Stern-Follmer quenching constants of R123-2Br phosphorescence by O, molecules
on quartz (red line) and on SIFs (black line)

The value of the quenching constant (k ;) can be used as an indicator of the efficiency of singlet oxygen
generation. Since k , reflects how efficiently oxygen quenches the triplet state of the dye-sensitiser. Its value

can be indirectly related to the singlet oxygen yield. The higher k , » the more triplet states of the sensitiser

transfer their energy to oxygen molecules as a result of heteroannihilation, that leads to an increase in the
singlet oxygen yield IAg.

Upon photoexcitation, phosphorescence of singlet oxygen was observed in the absorption band of
Rh123-2Br, while Rh123 does not contribute to its effective generation. Under the influence of plasmonic
field of SIFs the singlet oxygen generation sensitised by Rh123-2Br increased by 2.49 times (Fig. 6).

The kinetic of singlet oxygen phosphorescence is represented by two phases: rise and decay (Fig. 6) and
can be approximated according to a two-exponential equation:

t t
I(t)=1,| exp| — - exp(— —] (5)
decay z-rise

where 1(t) — phosphorescence intensity of O,('A,) per second, I, — pre-exponential multiplier, T gecay and

7 . — time constants of the decay and rise phases [26].

rise
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The rise phase is determined by the rate of singlet oxygen formation as a result of energy transfer from
the triplets of Rh123-2Br to O, (329 , the decay phase — by the process of singlet oxygen deactivation.

100

Rh123-2Br on SIF

r.u.

0 100 T, us 200 300

Fig. 6. Kinetics of singlet oxygen phosphorescence (A, = 1270 nm) sensitised by R123 and R123-2Br dyes
on quartz and SIFs at atmospheric pressure (Aeye = 510 nm)

According to the fitting results, the duration of the rising phase was 16.13 ps and the duration of the
decay phase was 75.60 ps. Under the action of plasmon, the duration of these phases decreased by 14% and
3%, respectively. (Table 2). The decrease of the lifetime of Oz(lAg) phosphorescence is associated with the
enhancement of the radiation transition ‘A, — *%".

Table 2. Plasmon effects on the intensity and lifetime of singlet oxygen phosphorescence (A, = 1270 nm at
atmospheric pressure (Ae. = 510 nm)

L r.u. Trises S Tdecay> 1S I/IO 1:rise/ﬂl:riseO Tdecay/rdecayo
0,("A,) on quartz 60 16.13+0.77 75.60+0.91 - - -
Oz(lAg) on SIFs 112 12.25+1.61 71.89+0.61 2.49 0.76 0.95

4. Conclusions

In this study, a comparative analysis of the singlet oxygen Oz(lAg) generation efficiency by Rh123 and
Rh123-2Br dyes in polymer films in the presence of plasmonic silver NPs was carried out. The addition of a
heavy bromine atom into Rh 123 molecules leads to a significant increase of the probability of ISC and
singlet oxygen generation, as evidenced by an increase of the intensity and decrease in the phosphorescence
lifetime. The presence of silver plasmonic NPs further enhances the luminescence processes due to the
Purcell effect, reducing the lifetime of excited states and increasing the luminescence intensity. The Stern-
Volmer constants for Rh123-2Br on SIFs substrates show a higher quenching coefficient, indicating an

increase of the energy transfer efficiency of oxygen molecules and singlet oxygen generation in the plasmon
field.
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