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Abstract. In the work, a system with effective (up to 90%) Forster resonance energy transfer
is implemented. The system includes thin gelatin films with embedded CdTe quantum dots
(donors) and rose bengal xanthene dye (acceptor). The energy transfer mechanism revealed to
be possible due to the high local concentration of fluorophores as well as careful selection of
donor and acceptor spectral characteristics. The energy transfer was confirmed by the quench-
ing of the donor photoluminescence in both steady-state and time-resolved measurements.
The Stern-Volmer formalism and the Forster theory were used to estimate the constants and
efficiency of energy transfer. It was shown that the photoluminescence spectrum of the system
can be driven by changing the ratio of the donor-to-acceptor concentration.
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Pe30HaHCHDbIN nepeHoC 3Hepruu Dépcrepa OT KOIJIOMAHDbIX KBAHTOBbIX
TOUeK K KCAHTEHOBOMY KpPacCHUTEs1iI0 B NOJIMMEPHOM NnJieHKe

H. B. CniocapeHko &, E. A. CniocapeBa

Cubunpckuit deaepasnbHblit yHUBepeuTeT, . KpacHosipek, Poccus
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AnHoranua. B pabore peanuszoBaHa cuctema ¢ 3pdexkTuBHOi (1o 90%) pe3oHaHCHOI
nepenaueit sHeprun Mépcrepa. Cucrema I pealM3aldyd MeXaHHM3Ma IepeHOca SHEPIUM
coCTOsITa M3 TOHKMX KEJATMHOBBIX IJICHOK, ¢ BHEAPEHHBIMM KBaHTOBBIMM Toukamu CdTe
W KCaHTCHOBBIM KpacuTelleM OCHTaJbCKUI PO30BBIM, B KayeCcTBE ITOHOpAa W akKIenTopa
SHEPTUM COOTBETCTBEHHO. MeXaHW3M TIiepeHOoca HEPTHU OKasajcs BO3MOXHBIM Oiaromapst
BBICOKOI JIOKAJTbHOW KOHIIEHTpauu hJayopodopoB B coCcTaBe MOJUMEPHON TIICHKU, a TaKXe
TIIATEJILHOMY TTOI00PY CTIEKTPaTbHBIX XapaKTepUCTUK JOHOpA U akienTopa. [lepeHoc aHeprun
OBbLT MOATBEPXKACH TYLICHUEM U YMEHBIICHUEM BPEMEHHU KU3HU (HOTOTIOMUHECIICHIIMY JOHOPA,
KCITOJIb3Y$Sl METOMBI CTALIMOHAPHOM M pa3pellieHHOW BO BPEMEHHM CIIEKTPOCKONUU. JJIs1 OLleHKH
KOHCTaHT M 3GMEKTUBHOCTH TepeHoca SHEePTHHM HCMOIb3oBaauch dopmannsm IlltepHa-
®onpmepa u Teopus Dépcrepa. bputo mokazaHo, YTO CIEKTPOM (HOTOTIOMUHECIICHIINN
CHCTEMBI MOXHO YIPaBJISITh, U3MEHSISI CTEXMOMETPUIO TOHOPHO-aKLENTOPHON Taphl.

KoueBbie ciioBa: q—)épCTePOBCKI/Iﬁ NEPEHOC SHEPIrMMn, KOJJIOMAHBIE KBAHTOBbLIC TOYKMH, HA-
HOKPUCTAJJIbI, ITOJIUMEPHBIC IIJICHKU

®uuancupoBanue: PabGoTa BbIoJHEHAa B pamKax ['ocymapcTBeHHOro 3agaHuss MUHUCTEP-
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Introduction

Creation of light sources with adjustable spectral properties is of high interest in medicine [1],
sensing [2], design of optoelectronic devices [3], lasers, photocatalysis and photopatterning [4].
Usually layers of several fluorophores are used to obtain a complex spectrum. In this case, it is
necessary to simultaneously efficiently excite all components, which taking into account their
different spectral properties is not always realizable.

One of the ways to obtain a complex spectrum in a wide spectral region is the implementation
of the mechanism of nonradiative transfer of electronic excitation energy in a system of two
fluorophores which is also called Forster Resonance Energy Transfer (FRET) [5]. This requires
short-wavelength excitation of the donor, which partially transfers its energy to a longer-wavelength
acceptor.

The efficiency of energy transfer depends on the degree of overlap between the photoluminescence
spectra (PL) of the donor and absorption of the acceptor, the relative orientation of the dipole
moments of transitions, and the distance between molecules [5]. Therefore, the key point for the
implementation of this mechanism is the careful selection of the donor-acceptor pair and matrix.

The aim of the work was to create a luminophore in the form of a polymer film doped with
semiconductor quantum dots (CdTe QDs) and xanthene dye (rose bengal). The photochemically
stable QDs (donor) has a wide intense absorption spectrum from UV to the middle of the visible
range and the acceptor has the ability to luminesce in the red region. The absorption, steady-
state and time-resolved spectroscopy methods were used to determine the efficiency of spectral
conversion. The results were interpreted using the Stern-Volmer formalism and the Forster theory.

Materials and Methods

The water dispersible semiconductor quantum dots CdTe (CdTe QDs stabilized with thioglycolic
acid were supplied by PlazmaChem with a photoluminescence wavelength of 550 £ 5 nm and a
size of 2.6 nm. Rose bengal (RB) (4,5,6,7-Tetrachloro-2',4',5',7'-tetraiodofluorescein disodium
salt) were supplied by Sigma-Aldrich. The stock solutions of CdTe QDs and rose bengal were
10 u 107 M respectively. Photographic gelatin type B were supplied by Vekton. All chemicals
were used as delivered.

Polymer films formation

The gelatin solution (1% wt.) in which quantum dots and dye were added was used to prepare
polymer films. The concentration of quantum dots in the mixture was constant and equal to
8.2 uM. The dye concentration was varied in the range of 1—67 uM. Then the solutions were
mixed on a magnetic stirrer and applied by dropping onto glass substrates. The samples were left
for a day at room temperature as a result films without visible defects were obtained.

The absorption and fluorescence measurements

The absorption spectra were recorded on a Lambda 35 (Perkin Elmer) spectrophotometer. The
fluorescence spectra were measured on a Fluorolog 3—22 spectrofluorimeter (Horiba Scientific,
USA) with excitation wavelength 453 nm. The spectra were corrected for the spectral sensitivity
of the detector and the reabsorption effect.

© Cmocapenko H. B., Cmiocapesa E. A., 2022. U3narens: Cankr-IlerepOyprckuii mosutexHuueckuii yHusepcureT [letpa
Benukoro.

81



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.2

The time-resolved measurements were performed using the DeltaHub timing module (Horiba,
USA) upon excitation by a NanoLED N-453 pulsed laser diode with a maximum of 453 nm and
pulse duration of < 1.3 ns. The intensity decays were detected at the wavelengths corresponding
to the maxima of the fluorescence spectra and described by a sum of three exponents using
deconvolution analysis by the DAS6 software (Horiba Scientific, USA). y? statistical criteria was
applied. Average lifetime was calculated taking the amplitude contribution of the components
into account.

The L-geometry was used for measurements of aqueous solutions of dyes and quantum dots
dispersed in water using standard quartz cuvettes with a cross section of 1x1 cm. The front-face
geometry was used for measurements of polymer films doped with fluorophores. All measurements
were carried out at room temperature.

The analysis of changes in the photoluminescence spectrum
depending on the stoichiometry of the fluorophores

Estimation of the change in the gravity center of the spectrum (GC) which takes into account
both changes in the position of the maximum and the shape of the contour was carried out to
analyze the change in the PL spectrum [6]:

j

D I(MK
=5 ’

210
where GC — gravity center, /(L) — intensity at the corresponding wavelength A, i and j — initial
and final wavelengths, respectively.

GC (1)

FRET model
According to the theory of Forster [5] the rate constant k. is determined by equation:
1(RY
kET (I”) = _(_Oj > (2)
T, \ 7
where 1 is the average lifetime of the donor, r is the distance between donor and acceptor, R is
the Forster distance (the distance at which the energy transfer efficiency is 50%) and determined
by: e
9000In10 ,
= (128n5n4N <P J) ’ 3)

where k2 is the dipole orientation factor, ®_ is the PL quantum yield of donor, #n is refractive
index of medium, N is Avogadro’s number, } — spectral overlap between donor fluorescence and
acceptor absorption and determined as follow:

J=[1, (%), (v)9av /[ 1, (¥)av, )

where 1 (\7) is the intensity of the donor PL, €, (\7) is the molar extinction coefficient of the
acceptor.
The transfer efficiency (£) which is only a function of actual (r) and Forster distance (R ):

1
T (/R (%)
The experimental transfer efficiency obtained by:
E=1—Iﬂor E=1—Tﬂ, (6)
T

D D
where /) and /), is PL intensity, 1, and 1, is average lifetime in absence (D) and presence (DA)
of acceptor, respectively.
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Results and Discussion

Fig. 1 shows the absorption and photoluminescence spectra of quantum dots and rose bengal
dye embedded in a gelatin film.

It is necessary to achieve a high degree

of overlap between the photoluminescence

which do not change during the lifetime of
0.00 the excited state. In this case k> = 0.476 [6].
The PL quantum yield of quantum dots in a
Wavelength, nm polymer film was 20% and was estimated by the

relative method.
Fig. 1. Absorption and PL spectra of CdTe QDs Also, an important parameter for the
(donor) and rose bengal (acceptor) in gelatin film implementation of energy transfer is the
achievement of a high local concentration
of fluorophores which cannot be achieved in aqueous solutions. The estimation of the local
concentration for the implementation of energy transfer was carried out according to the equation:

—-CdTe QDs spectrum of the donor and the absorption
1.004 \! N -1.00 . .

\ T RB spectrum of the acceptor in order to implement
g ! \\ - energy transfer.
g 0787 \ 078 3 The spectral overlap and the Forster distance
s ' S 3 were obtained using equations 3 and 4 which
30507 |2 1050 3 are4.94-107 M! cm™ and 4.5 umM, respectively.
®© X [} . . 2
g ' © 2 The orientation factor k* was chosen as for
5 0254 r025 < the case of static donor-acceptor orientations
2 |

|

5
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Based on the equation and the found value of the Forster distance, the local concentration
turned out to be 4.4-1073 M. The concentration of quantum dots in polymer films was 7.6-10°> M
and the dye varied in the range (1-62)x10° M which gives confirmationthe implementation of
energy transfer in this system.

Experimental confirmation of energy transfer was recorded using stationary and time-resolved
measurements (Fig. 2). A wavelength of 560 nm was chosen for recording donor PL quenching
which corresponded to the maximum photoluminescence of CdTe quantum dots. It can be
seen that with an increase in the dye concentration in the composition of the polymer film
simultaneous quenching and a decrease in the PL lifetime occur which is evidence of energy
transfer in the donor-acceptor system.

The energy transfer characteristics can be obtained on the basis of the Stern-Volmer quenching
formalism. The quenching of PL intensity and decrease lifetime of donor as a function of acceptor
concentration is describe by Stern-Volmer equation [7]:

I[';A=Tﬂ=1+KSV[RB]:1+quD[RB], (8)

Photoluminescence
intensity, a.u.
PL counts

500 550 600 650 50 100 150 200
Wavelength, nm Time, ns

Fig. 2. The fluorescence steady-state spectra (a); time-resolved decays of CdTe QDs in gelatin films
with increasing of the rose bengal concentration (b)
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where K, — the Stern-Volmer quenching constant, kq — bimolecular quenching constant, [RB] —

concentration of dye.
The linear Stern-Volmer plots of 7, /I, and 1 A/’ED verses dye concentration is shown in

(Fig. 3, a).
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Fig. 3. The Stern-Volmer plots of I, /I, and 1/t vs. concentration of dye (a). The gravity center
and FRET efficiency vs. concentration of dye (b)

The Stern-Volmer constants are 118.4+0.2 M~ and 119.8£0.3 M~ for steady-state and
time-resolved measurements, respectively. The energy transfer rate constants kE were estimated
as (0.09-5.4)x10% and (0.09-5.5)x10® s for steady-state and time-resolved measurements,
respectively.

Figure 3, b shows the energy transfer efficiency obtained from steady-state and time-resolved
measurements as a function of dye concentration as well as the change in the gravity center of the
spectrum. The energy transfer efficiency reached 90%. It can be seen that an increase in the dye
concentration leads to a change in the PL spectrum and an increase in the efficiency of energy
transfer. It can be seen that after a concentration of about 40 mM there is no change in the
FRET efficiency. The range of change in the gravity center for the donor-acceptor pair CdTe-
rose bengal was 35 nm. Thus, by selecting and varying the ratio of fluorophores it is possible to
tune the PL wavelength which can be used for a wide range of application where it is necessary
to tune the PL spectrum.

Conclusion

We examined polymer films with embedded QDs (donor) and rose bengal dye (acceptor)
with spectral properties that ensure efficient transfer of electronic excitation energy. The donor
is able to efficiently convert energy in the near UV and visible range and photochemically stable.
The tuning of PL spectrum was adjusted by the donor-acceptor concentration ratio. The FRET
efficiency up to 90% and red shift in the emission spectrum of the system of 35 nm occurred with
increasing acceptor concentration. The maximum effect was achieved at an acceptor concentration
more than 40 mM. The presented approaches and objects are promising for the creation of low-
cost systems with tunable spectra.
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