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Plasmon effect on triplet-singlet energy transfer in‘the'dye-doped
Langmuir-Blodgettdilms

The effect of silver plasmonic nanoparticles on triplet-singlet edergy, transfer in the donor-acceptor pair of or-
ganic dyes was studied. Layered dye films were prepared ongthe surfaee of glass and island silver films using
the Langmuir-Blodgett method. Amphiphilic analogs 0f Rose'bengal and polymethine dye were used as do-
nor and acceptor of energy. A polymer monolayer was depositedibetween monolayers of donor and acceptor
molecules to exclude the competing triplet-triples, energy tramsfer. The spectra of delayed fluorescence and
phosphorescence of donor-acceptor films and the delayed luminescence lifetime of donor in these films have
been measured. It is shown that a threefold increase in‘thegfluorescence intensity and a twofold increase in the
donor phosphorescence intensity are obser¥ed on silver island films. The successful triplet-singlet energy
transfer is evidenced by both the quenchingief donor centers and appearance of sensitized delayed fluores-
cence of the acceptor with the duratiofi‘€lese to\the donor triplet lifetime. In the presence of silver nanoparti-
cles, in addition to enhancement ingth@yintensity. of the donor emission, an increase in the efficiency of triplet-
singlet energy transfer was obseyved. Thelobtained results can be used in various optical devices.

Keywords: Rose bengal; polymethine dye; silver island film; plasmon; delayed fluorescence; phosphores-
cence; triplet-singlet energy transfer; Langmuir-Blodgett films.

Introduction

Intermolecular energy tramsfer is one of the main processes in various applications of photonics [1, 2],
optics, optoelectronics, [394s,5] and photovoltaics [6, 7]. The electron excitation energy transfer between
molecules is one ofithepossible ways to influence the rate of photochemical reactions. The mechanism, the
theoretical deSeriptiomyof which was first proposed by Forster in the 1940s, allows distances up to 10 nm to
be meéasured and,itfis based on the nonradiative dipole-dipole interaction of the giving and receiving
molecules[8].

The triplet-singlet energy transfer was predicted by Forster [8] and confirmed by Ermolaev and Svesh-
nikova [9]#Who discovered this type of energy transfer using several phosphorescent donors and fluorescent
acceptors in solid media. Thus, it was experimentally shown that Forster's theory can be applied to donor-
acceptor pairs undergoing triplet-singlet energy transfer [9, 10].

The triplet-singlet energy transfer is widely used to obtain high-efficiency fluorescent organic light-
emitting devices [3, 11, 12], to create biochemical and biophysical sensors [12], and can be used as a method
to increase the rate of light emission from excited triplet states [13]. In [11], the authors used nonradiative
energy transfer to increase the efficiency of a fluorescent red organic light-emitting device in four times. The
triplet-singlet energy transfer is used in a new emitter concept for organic light-emitting diodes (OLEDs)
called as thermally activated delayed fluorescence (TADF) [12, 14]. In [15], simultaneous and efficient ener-
gy transfer from both donating singlet and triplet states of a single photoluminescent molecular species was
demonstrated, showing that cooperation between these two exciton transfer channels is possible.
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At present, there are few publications devoted to the study of the effect of plasmonic nanoparticles on
the triplet-singlet energy transfer. In [16], a decrease in the efficiency of triplet-singlet energy transfer on the
surface of a silver island film was observed. And in [17], the influence of the plasmon effect of Ag nanopar-
ticles (NPs) on singlet-singlet (S-S) and triplet-singlet (T-S) energy transfer in the same donor—acceptor pair
of organic molecules was studied, and it was shown that the plasmon effect affects both S—S and T—S energy
transfer.

In this work, the Langmuir-Blodgett (LB) technology was used to obtain structured films. The LB
method is a useful and well-established tool for the fabrication of ultrathin films. The composition and thick-
ness of such films can be precisely controlled at the molecular level. In addition, the orientation of fluores-
cent probes to the metal surface is fixed and the probes are in a monolayer, which is favorable for studies of
metal-enhanced processes [18-20].

In the present work, we studied the effect of plasmonic nanoparticles on the T—S energy transfer in
langmuir films in a pair of Rose bengal and polymethine dye. In contrast to [17], where theldenorand accep-
tor molecules are arranged randomly, in the present work, the molecules are arranged“striictured using the
Langmuir-Blodgett technology.

Experimental

Amphiphilic analogs of the dyes of Rose Bengal (RB) and indotricarbocyanine (PBR)#21] were used as
an energy donor (D) and acceptor (A), respectively. The structural formulas aregshown in Fig. 1.
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Figure 1. Structural formulas: a) RB; b) PD; ¢) PDOAM

Silwer island films (SiFs) were prepared by magnetron sputtering, as described in [20]. After silver dep-
osition, the filmsWere annealed at a temperature of 240°C in a muffle furnace for 30 minutes. MIRA 3LMU
scanninggelection microscope (SEM, Tescan) was used for the studying of morphology and structure of the
films. Agyshown by SEM (Fig. 2a), clusters of Ag particles with a radius of 40-50 nm are formed after an-
nealing. The absorption spectrum of the SiF has a maximum at a wavelength of 435 nm (Fig. 2b).

Samples were prepared using the Langmuir-Blodgett (LB) method in a KSV Nima trough. In LB films,
the distance between molecules can be changed up to their direct contact. The subphase was deionized water
purified with AquaMax water purification system.

To prepare the samples, the dyes were dissolved in chloroform and mixed in the required ratios with the
amphiphilic polymer poly (N,N-dialyl-N-octadecylamine-alt-maleic acid) (PDOAM) [21]. A mixed solution
of amphiphilic polyampholyte and a dye makes it possible to obtain more stable and condensed films on the
water surface. The relative concentration of dyes was 20 and 80 mol% for RB and PD, respectively. Transfer
of monolayers to solid substrates was carried out according to the Z-type with the vertically method at a sur-
face pressure of 7=35 mN/m for RB, n=30 mN/m for PD. The n—A isotherm of PD is shown in Fig. 3. A pol-
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ymer monolayer was deposited between the acceptor and donor monolayers (Fig. 2¢). The polymer provides
a distance between the donor and the acceptor of more than 2 nm. This makes it possible to eliminate the
competing triplet-triplet energy transfer as an additional channel for energy transfer from the donor to the
acceptor. Polymer monolayers were transferred to the substrate at a surface pressure of 7=35 mN/m in a Z-
type. It is known that a certain distance from the surface of plasmonic NPs is required to obtain the maxi-
mum effect [20, 22]. Therefore, in this work, several samples were prepared with different distances from the
SiF surface (Fig. 2c). In one case, donor molecules were deposited directly onto the SiF surface; in the other
case, three monolayers of PDOAM were deposited between SiF and donor molecules. In total, 3 RB mono-
layers and 1 PD monolayer were deposited in each film.

Polymer
Polymer
PRPPIPIPIIPIIIIPP & JJJJYIJHJJJJJJJ
Glass Glass

Figure 2. SEM image (a) and absorption spectrum (b) of SiF, and schemes of multilayer samples (c)
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Figure 3. Surface pressure-area (m—A) compression isotherm of PD

The absorption spectra of the samples were measured using a Cary 300 spectrophotometer (Agilent
Technologies). The emission spectra and lifetime were performed on a Cary Eclipse spectrometer (Agilent
Technologies). Delayed fluorescence (DF) and phosphorescence measurements were carried out using a cry-
ostat OptistatDN (Oxford Instruments). Phosphorescence mode: delay time = 0.1 ms; gate time = 0.5 ms.
The DF and phosphorescence lifetimes were determined using the Cary Eclipse software using the following
equation:

1(t) = Iy exp(-kt),
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where, [y, I(z) — luminescence intensity at zero and arbitrary times, respectively; k=1/tr — is the rate constant
of the luminescence decay calculated from the graph plotted in the coordinates In(/o//) versus ¢.
The energy transfer efficiency (Egr) was estimated according to equation [23-25]:

B2

where <T D> , <T 0 D>— average fluorescence lifetime of RB in donor-acceptor and donor films, respectively.
The energy transfer rates in the presence of plasmonic NPs (k f;) and without them (%, ker E) were
estimated according to the following formulas) [17, 23-24]:

pl
kET +kET

pl >
Top +hgr Top +hkpr ++kgr

where E Ep[T is the energy transfer efficiency in the presence of plasmon NPs.

Results and Discussion

The normalized absorption and luminescence spectra of RB and PD in thed'B filins are shown in Fig. 4.
When excited in the absorption bands of RB, the fluorescence spectrum 0fRB has a maximum at a wave-

length of A/ =562 nm. The DF and phosphorescence spectra of RB at toom temperature have a maximum

approximately at 565 nm and 695 nm, respectively. The absorption, specttum maximum of PD is exhibits at
755 nm, and the fluorescence spectrum — at 785 nm. The absetptioniand fluorescence spectra have a univer-
sal shape characteristic of dyes of the polymethine series 26-273The overlap integral of the phosphores-
cence spectrum of RB and absorption of PD is equal to 1&2.8%10"2M-'cm? [17].

The optical density of the dye LB film on glass at the'absorption band maximum is about ~0.006 for RB
and ~0.01 for PD. It is difficult to estimate the optieal density of LB films on the SiF surface due to the ef-
fects of light scattering by Ag islands.
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Figure 4. Nesfalized absorption (1, 4) and fluorescence (2, 5) spectra of RB (1, 2), PD (4, 5) films and delayed fluores-
cence (2”) and phosphorescence (3) spectrum of RB

The fluorescence spectra of the LB films of the donor and the donor-acceptor pair on a glass substrate
and on the SiF with a polymer are shown in Figure 5. The fluorescence intensity of the donor increased in
1.8 times directly on the SiF, and in 2.8 times on the SiF coated with three polymer monolayers compared
with the control sample on the glass. In the presence of an acceptor, the intensity of the donor decreased, and
a sensitized fluorescence of the acceptor appeared in the range of 700—800 nm. When the acceptor is excited
with a wavelength of Ae=530 nm in the absence of donor molecules, no radiation is detected. These data
indicate that energy transfer proceeds from excited singlet RB molecules to unexcited acceptor molecules.
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The influence of the SiF on the singlet—singlet energy transfer by the inductive-resonant mechanism was
considered in previous works [17, 18, 25].
2
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Figure 5. Fluorescence spectra of donor films (1, 2) and donor-acceptor films (3, 4) at Aexc=530 1 \ss (1, 3), SiFs
(2, 4) and SiFs coated with polymer monolayers (3)

The results of measurements of DF and phosphorescence of deoxygen of a donor and a donor-
acceptor pair on glass and SiFs are shown in Figure 6a. When RB fil ass were photoexcited at
hexc=532 nm, the maximum of the DF band of dye is recorded at approki =565 nm, and the phos-

n

phorescence maximum at Amax=695 nm. The lifetimes of phos@or cen F of RB are practically the

same and equal to 0.3 ms. \
12 - 3
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of an acceptor, quenching of the intensity of both DF and donor phosphorescence is ob-
serve donor lifetime was decreased to 0.22 ms (Figure 6b). When a pure PD film was excited at

PD with the'long-wavelength wing of the donor band, acceptor luminescence lifetimes, were recorded taking
into account the donor phosphorescence contribution. The lifetime of acceptor in this case was equal to ~0.1
ms.

The observed quenching of the delayed luminescence RB and the sensitized luminescence of PD indi-
cate the T-S energy transfer from triplet donor molecules to acceptor molecules in the ground electronic
state.

In the presence of silver NPs, the intensity of DF and phosphorescence was increased almost 1.6 times
directly on the SiFs and 1.9 times on the SiFs coated with three polymer monolayers. In this case, the dura-
tion of the luminescence is slightly reduced. In the presence of an acceptor, a similar spectrum is observed on
SiFs, as on glass (Table 1).
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Table 1

Intensity of DF and phosphorescence of donor (D), sensitized luminescence of acceptor, phosphorescence lifetime
of donor 75" (4:,=695 nm), T-S energy transfer rate in the presence (k‘g;) and without SiF (%, ) in donor-
acceptor (DA) films, Aeex=530 nm

Pl
Samples I ru 1) ra |1t TH", ms st or kir b kb s ]]?T:
On glass substrates
D 1.2 5.9 — 0.295 — —
DA 0.1 0.34 0.3 0.220 1.13:10° —
On SIF
D 1.9 9.2 — 0.230 — —
DA 0.1 0.35 0.3 0.165 1.32:10° 17
On SIF with polymer
D 2.1 11.2 - 0.240 — —
DA 0.1 0.35 0.3 0.178 1.2-10° 1206

In the presence of Ag NPs, an increase in the rate of spin-forbidden energy transfeunsis observed. For a
sample in which donor molecules were located directly on the SiF, the rate efeil—Sienergy transfer increases
by almost 1.2 times. Even though at 6-8 nm from the SiF, the maximum intensitygof the donor radiation was
observed, the rate of T—S energy transfer from the energy donor to th@ ae€eptor'is lower. This can be ex-
plained by the fact that molecules located far from the SiF are lgss affected by the plasmon field.

Conclusions

The effect of plasmonic silver NPs on the T-S enerigy tramsfer in a donor—acceptor pair in planar
nanostructures has been studied. Ag island films exhibitia threefold ncrease in the fluorescence intensity and
a twofold increase in the phosphorescence intensity of the energy donor. An increase in the T—S energy
transfer efficiency was registered recorded in theyplasmon field of Ag NPs. In this case, the maximum
growth in the rate of T-S energy transfer was observedyfor.d sample deposited directly on the SiF surface.
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J1. BemupOaeBa, . 1Opaes, E. CenusepcroBa, M. Kyaunosa, A. UieHko

Bosiiiran Jlearmiop-biomkeTT KaObIpIIaKTapbIHAAFbI
TPUILIET-CUHIVIETTIK JHEPrusi TACHIMAJAYbIHA IVIA3MOH dcepi

Maxajiasa OpraHUKaIbIK OOSFBILITAPIBIH JOHOP-aKIENTOpP KYOBIHIAFB! TPUILIET-CUHIICTTIK YHEPIHsl Tachl-
MaJiIayblHa TUIa3MOHIBIK KYMic HAHOOOIIIEeKTepiHiH acepi 3epTrenreH. JIeHrMiop-biaomkeTT TeXHOIOTUsIChIH
KOJ{@Ha OTBHIPHIN, IIBIHBI TeceMeNepi MeH KyMic apaiablk KaObIpHrakrapblHa OeTiHe KaOaTThl OOSFBIII
KaObIpIIaKTaphl JailbIHAAIIBI. DHEPIUsl JOHOPHI KOHE aKLENTOPbI peTiHAe OSHranAbIH KbI3FBUIT )KOHE MOJIHU-
METHHAIK OOSFBIITAPEIHBIH aMPUOUIBAI aHANOTTaphl MaiTalaHBUIABL. bocekellec TPUILIET-TPUILICTTIK
SHEPrHUSHBIH TaChIMATIAaybIH OOJIBIpMay YIIiH JOHOPIIBIK JKOHE aKIENTOPIIBIK MOJIEKyIanap/IblH MOHOKa0aT-
Tapbl apachlHIa IIOJMMEP MOHOKAa0aThl OpHANACTHIPBUIABL. JIOHOP-aKLENTOPIbIK KaObIpLIIaKTapablH Oa-
styJaHFaH (GIIyopecieHIus xaoHe GochopeceHust CIeKTpIiepi xKaHe 0Chl KaObIpLIaKTapaarsl JOHOPABIH Y3aK
Mep3iMIi JIOMHHECUEHIMACBIHBIH OMip CYPY Y3aKThIFbl emmeHni. Kymic KaObIpImakrapblHIAa IOHOPIBIH
(iryopeclieHIMACHIHBIH KapKbIHIBUIBIFBI YII ece jkoHe (ocdopecieHMs KapKbIHABUIBIFBL €Ki ece apTybl
OaliKaaThIHBl KepCeTUIreH. TPHUIUIeT-CHHIJIET SHEePrHus TachIMallaHybl JIOHOpP COyJeNeHYiHIH ellyiMeH Je,
JOHOPJIBIK, TPHILICTTEPAIH OMIp CYPY Y3aKTHIFBIHA J)KaKbIH CCHCHOMIN3AIMSUIaHFaH aKIENTOPIbIH OasyaHFaH
(hiryopecleHIMSIHBIH Taiiaa 0oiybIMeH Jie nanenaeHeni. Kymic HanoOemiektepi OonFaH xkaFiaiiia SHeprus
JOHOP KAapKbIHABUIBIFBIH apTTHIPYBIHAH 0acKa, TPHILUICT-CHHIVICTTIK JIEKTPOH/IBIK SHEPTHUs TackIManiay 3¢-
(eKTUBTINITIHIH J)KOFapbLUIaybl OaiiKanampl. AJNBIHFAH HOTHKEIEP/l SPTYPIIi ONTHKAIBIK KYPbUIFbLIApAA KOJI-
naHyra 0oJabl.
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Kinm ce30ep: GEHTANABIH KbI3FBUITHI, MOJUMETHH/IIK OOSFBIII, KYMIC apaiiblK KaObIpIIaFrsl, IIa3MoH, Oa-
stynanFaH  ¢uyopecteHuns, ¢GocdopecueHIys, TPUIUIET-CUHICTTIK JHeprus TachiMangay, JIeHrmiop-
BromxeTT KabbIpIIaKTapsl.

. Temup6aesa, H. 6paes, E. CenuBepcroBa, M. Kyaunosa, A. UeHko

Binsinue miia3zMoHHOTro 3¢g¢geKTa HAa TPUILIET-CUHIVICTHBIN NEePeHOoC JHEPruMn B
OKpalleHHbIX I1eHkax Jlenrmwopa—baomxerT

HccnenoBaHo BIMsSHME IUIA3MOHHBIX HAaHOYACTHI[ cepedpa Ha TPHUILIET-CHHIJIETHBIA NIEpPeHOC SHEPTUH B J10-
HOPHO-aKIENTOPHON Iape opraHmdeckux Kpacureinell. [lo Texuomorun Jlenrmiopa-biaomkert ObutH mpuro-
TOBJICHBI CJIONCTBIC TUICHKH KpacHuTeleill Ha MOBEPXHOCTH CTEKIAa M OCTPOBKOBHIX INICHOK cepebpa. B kaue-
CTBE JIOHOpA U aKLENTOpa SHEPruu ObUIH HCIIOJIb30BaHbI aM(pHHIBbHBIC aHAIOTH OCHTaIbCKOTO PO30

TTOMMETHHOBOTO KpacHuTeNsl. MexXIy MOHOCIOSIMHA MOJIEKYJNI JOHOpa M aKmenTopa ObLT HaHECEH CJT
MoJIMMeEpa Il UCKITFOUEHUS! KOHKYPHUPYIOIIErO TPUILIET-TPUILJIETHOTO MEPEeHOCca SHEPTHUH. I/Is§e eHbI BIICK-
TPBI 3aMeICHHON (uryopectieHIun, GocopeceHIMH JOHOPHO-AKIIENITOPHBIX IICHOK U BPEMSI u
TEJIbHOW JIIOMUHECUEHIIMH JOHOpa B 3TUX IUIeHKax. [loka3zaHO, 4TO Ha OCTPOBKOBBIX ax eOpa
HaOJII0/1aeTCsl TPEXKPATHOE YBEIMYECHHE WHTEHCHBHOCTH (DIIyOpEeCLeHIIMH U JABYXKPATHO nC WH-

U CBUIETENb-
CTBYET KaK TYIIICHHE JOHOPHBIX IIEHTPOB, TaK W MOSBICHHE CCHCHOMIN30BAaHHON 3aM OpeCLeH-
CTBHUU HAHOYA-
dhdexTHBHOCTH
TPHILIET-CHHIJICTHOTO [IEPEHOCA IICKTPOHHOM 3Hepruu. [TomydeHHbIe pe3ydibTa OBITH UCIOJB30BA-

HBbI B pa3JINIHBIX ONTUYCCKUX ychOﬁCTBaX.

Kniouesvie cnosa: 6eHraabCKuii po30BbIH, TOJTMMETHHOBBINM KPacHUTEIb, oBas IUICHKa cepebpa, mia3-
MOH, 3aMeuleHHas (uyopecueHus, GpochopeceHuus, TPUILIET-C €THBIM IePEHOC SHEPruu, MICHKU

Jlenrmiopa-bnomxert. Q
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