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Effect of plasmon resonance of metal nanoparticles on
spectral-luminescent properties of polymethine dye

Spectral-luminescent properties of polymethine dye in ethanol solution were studied upon the addition of
gold and silver nanoparticles. The absorption spectrum of Au nanoparticles has a large degree of overlap with
the absorption and fluorescence spectra of the dye than the absorption spectrum of Ag. In the presence of
plasmon nanoparticles, both the absorption and fluorescence of the polymethine dye was increased. The posi-
tion of the maxima of the absorption and the fluorescence bands of the dye and their half-width were not
changed. The growth of fluorescence in 4 times was recorded for the concentration of Ag nanoparticles; equal
to 3*107"* mol/l, and for the concentration of Au nanoparticles, equal to 7%107"" mol/l. The greatest increase
in the fluorescence intensity of polymethine was registered for solutions with gold nanoparticles. The en-
hancement of the fluorescence of the dye and the decrease in its lifetime can be connected with an increase in
the rate of electronic transitions in dye molecules that are located in the near field of metallic nanoparticles
with excited plasmons. The decrease in the intensity of the luminescence of the dye at high concentrations of
nanoparticles can be the result of nonradiative energy transfer from polymethine molecules to metal particles,
which leads to a decrease in the probability of radiative decay of excited molecules.

Keywords: polymethine, metal nanoparticles, plasmon, spectral-luminescent properties, plasmon-enhanced
fluorescence.

Light technologies have promoted the improving of the 'quality of life over the centuries due to numer-
ous achievements in the field of medicine, communications, culture and energy. In recent decades, efforts
have been made to promote photonic devices through precise control over the materials used. In this context,
a new field of research called «plasmonics» was appeared. Plasmonics is a section of nanophotonics that uses
surface plasmons to control light at the nanoscale level by coherent coupling of photons with free electronic
vibrations at the interface between the conductor and the dielectric. This area of researches has become ex-
tremely promising in connection with several key areas of application, including information technology,
solar energy, high-density data storage, life sciences and safety.

One way to localize the optical radiation in a nanometer-sized volume can be realized by using the
unique properties of plasmon metal nanoparticles (NPs). The physics of this phenomenon is based on the
collective oscillation of conducting free electrons of metallic NPs that is called as localized plasmon reso-
nance (LPR). The resonance frequency can be adjusted by changing both the size and shape of the NPs and
the permittivity of the surrounding medium. Optical properties of nanoparticles are determined by a set of
parameters that include the composition, particle size and shape, geometry, and local environment.

Despite a wide range of existing plasmon materials, gold and silver [1, 2] are most common used met-
als. Therefore,smost of the existing works are devoted to the synthesis of NPs of noble metals with well-
defined morphology and size [3], since the properties of the resulting material can be modulated with plas-
mon NPs‘in this way. LPR is more effective in silver, but gold nanoparticles have excellent chemical inert-
ness and are simpler in synthesis [4, 5].

Polymethine dyes are now widely used in various fields of science and technology. They have high ex-
tinction coefficients and tunable absorption spectra in the entire visible and near infrared region. Because of
their unique optical properties, they are used in nonlinear optics, in recording and storage devices like fluo-
rescent probes in biomolecules or as contrast agents in optical images of tissues. Oxidation-reduction proper-
ties of polymethine dyes have also been studied from the point of view of their role as a sensitizer or desensi-
tizer for silver halides. The combined advantages of optical and electronic properties make polymethines a
promising class of materials for solar cells.

It is well known that the nature of the influence of LPR on the spectral-luminescent properties of organ-
ic dyes is determined both by the nature of the dye itself and by the degree of overlapping of the spectra of
dye and plasmon particles. In this paper, we present the results of a study of the plasmon effect of gold and
silver NPs on the spectral and luminescent properties of a polymethine dye. Despite the large number of
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works devoted to the investigation of the plasmon effect on the luminescence of organic dyes, this effect on
polymethine remains poorly illuminated.

The structural formula of the investigated polymethine dye (PD) is shown in Figure 1.

Figure 1. Structure of the polymethine dye

The absorption and fluorescence spectra of the dye solutions were measured on a Cary-300 spectropho-
tometer (Agilent). Fluorescence spectra were measured on a Cary Eclipse spectrofluorimeter (Agilent). The
lifetimes of the excited state of the dye molecules were measured by using of pulsed spectrofluorimeter with
a picosecond excitation with the registration in a time-correlated photon counting mode (Becker&Hickl,
Germany).

The concentration of PD in all solutions was constant and equal to 107 mol/l. The concentration of NPs
of silver or gold was varied in the range of 10"’ to 3*10™"* mol/I.

The NPs of Ag and Au in ethanol were obtained by ablating of the silveror.gold target with the second
harmonic of a solid-state Nd:YAG laser (SOLAR LQ 215, Ay, = 532 nm, Epyse= 90 mJ, T = 10 ns). The
concentration of NPs was determined from the change in the mass of the target before and after ablation and
amounted to be equal to 6*¥10™"" mol/I for 10 minutes of ablation. The concentration of Au NPs was equal to
4*10™"° mol/l after 15 minutes of ablation.

The average sizes of Ag and Au nanoparticles were determined by the method of dynamic light
scattering on the Zetasizer Nano ZS analyzer.

The measurements showed that Au nanoparticles-in.solution have an average diameter of about 60 nm.
While for Ag, particles with a size of about 90 nm were obtained (Fig. 2).
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Figure 2. Size distribution of NPs of Ag (a) and Au (b)

The absorption spectrum of the synthesized NPs is shown in Figure 3. As can be seen from the figure,
the absorption spectrum of silver NPs in ethanol exhibits as a broad band with a maximum of about 405 nm.
The maximum of absorption band of gold NPs exhibits at 530 nm. The absorption band of the PD dye in eth-
anol solution was recorded ears in the region of 450-600 nm and has a maximum at 540 nm. Fluorescence
spectra of dye with a maximum at a wavelength of A,..,x = 565 nm and a half-width of the band of 54 nm was
observed upon photoexcitation of the ethanol solution of the dye.
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Figure 3. Absorption spectra of NPs of Ag (1), Au (2), PD (3, C=10" mol/l) and fluorescence of PD (4, A.,=530 nm)

As can be seen from the data obtained, the Au absorption band is almost completely superimposed on
the absorption and fluorescence spectrum of the dye. The observed overlap is a necessary condition for the
realization of plasmon resonance and electronic transitions in the/dye molecule:

Next, the spectral-luminescent parameters of polymethine in solutions before and after addition of silver
NPs were studied (Fig. 4).
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Figure 4. Absorption (a) and fluorescence (b) spectrum of PD in the presence and with Au NPs
at concentrations of, mol/l: 1 —0; 2 — 1.5*10’12; 3- 1.5*10'“; 4 — 7*10'“; 5-10"°. On the inset —
dependence of absorptivity and intensity of fluorescence of PD on Au NPs concentration

The measurements have shown that the addition of Ag NPs results in the slight increase of the absorp-
tivity of the dye solution. The position of the maximum of the absorption band and its half-width were not
changed (Table). In the presence of Au NPs, an insignificant increase in the optical density of the dye solu-
tion was also observed without changing of the position or shape of the spectrum. In contrast to Ag NPs, the
maximum of growth of absorptivity was obtained at a plasmon NPs concentration of 1.5%10™ mol/I.

The increase in the absorption of the dye at high concentrations of silver NPs (up to 3*10™ mol/l) may
be due to the fact that the dye molecules are in the near field of metallic NPs, in which plasmons are excited.
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Table
Spectral parameters of PD at various concentrations of metal NPs in ethanol solutions
NPs concentration, Aab max (NM) D Afl max (NM) I(a.u.) Ty (nS) /1, /7o
mol/l
Ag
0 547 2.88 564 5.51 0.36 - -
3*%10™ 547 2.92 564 23.48 0.34 4.26 0:94
3*107° 547 3.04 564 21.60 0.34 3.92 0.94
1.5%10™" 547 3.07 564 19.36 0.33 3.51 0.91
3*%107" 547 3.04 564 14.00 0.33 25 0.91
Au
0 547 2.12 564 1.54 0.36 - -
1.5¥10"2 547 2.19 564 3.05 0.33 1.98 0.91
1.5%10™" 547 2.19 564 5.44 0.33 3.53 0.91
7%107™M 547 2.17 564 17.00 0.30 11.03 0.83
10" 547 2.16 564 11.00 0.31 7.14 0.90

Measurements have shown that the intensity of the dye fluorescence depends on the concentration of
Ag NPs (Table). As can be seen from the Table, the maximal enhancement of fluorescence (4-fold) was rec-
orded for the concentration of Ag NPs equal to 3*10™* mol/l. A further increase in Cx, results in quenching
of the fluorescence. The position of the maximum of the band and its half-width were not changed.
At the same time, the greatest increase in the fluorescence intensity of the dye with Au NPs was recorded at
Cau = 7%10"" mol/l, which agrees with the data obtained‘from the absorption spectra. It can be noted that in
the presence of Au, the dye intensity is almost in 2.5 times was higher than for Ag NPs. Measurements of the
kinetics of fluorescence decay of PD in the presence of plasmonic NPs and without them correlate with the
obtained measurement data of intensity.

Thus, measurements have shown that both the absorption and fluorescence of the polymethine dye was
increased in the presence of plasmon NPs of metals. The greatest increase in the fluorescence intensity of
polymethine was registered for solutions with gold NPs.

An increase in the absorption of the dye can be attributed to the fact that the dye molecules are in the
near field of nanoparticles in which resonant plasmon oscillations are excited [6]. Since the near field in the
resonant nanoparticles is repeatedly amplified in comparison with the field of the incident wave, the dye
molecules in solutions with NPs absorb more light than the dye molecules without metallic NPs.

The reason for the enhancement of the fluorescence of the dye and the decrease in its lifetime can be as-
sociated with an increase in the'rate of electronic transitions in dye molecules that are in the near field of me-
tallic NPs with excited plasmons [7, 8]. In this case, the near field of gold NPs is larger than the plasmon os-
cillations of Ag particles for dye molecules, so the plasmon effect for these NPs was differ. The decrease in
the intensity of the dye luminescence at high concentrations of metal NPs can be the result of nonradiative
energy transfer from PD molecules to NPs, which leads to a decrease in the probability of radiative decay of
excited molecules [7].

The obtained results can serve as a basis for studying of photoinduced processes in hybrid materials
such as organic dye-plasmon nanoparticles. The enhancement of optical absorption in dye molecules located
near resonant metallic nanoparticles makes it possible to calculate the decrease in thresholds and increase the
yield of photoinduced processes of rearrangement of dye molecules, which is of interest for applications in
sensorics, laser technology, and for recording and storing information.
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HHoauMeTnHAI OOAFBIITAPABIH CHIEKTPJIIK-TIOMUHECHEHTTIK KacHeTTepine
MeTa/J1 HAHO0OIIEeKTePiHiH MJIa3MOH/IBIK Pe30HAHCHIHBIH dcepi

OTUII CIHUPTIHACTI MOJUMETHH OOSFBIIBIHBIH CIIEKTPIIK-TIOMUHECIICHTTIK KaCHETTepl alIThIH JKOHC KyMiC
nanobemmektepai (HB) xockamma 3eprrenmi. Au HaHOOONIIEKTEPiHIH KYTBUTy CIEKTpi; Ag KYThUTY
CIIEKTpiHE KaparaH/a, OOSFBIIITHIH )KYThUTY JKoHE (IyOPECEHIHs! CIIEKTPIMEH YIKeH KOJIeMIe KUbLIBICAIbI.
TTonuMeTHH GOSFBILIBIHA METAJUT IIa3MOHIBIK HAHOOOIIIEKTEPIH KOCY Ke3iH/Ie OOSFBIITHIH IKYThUTY KOHE
coyieneny KaGinmeri apragel. CorFaH KapamacTaH, OOSFBIUTBIH JKYTBUTY JKOHE (iIyopecrieHIus
JKOJIAKTAPBIHBIH MaKCUMYMbI JKOHE JKapThliail eHi e3repmeiii.«PIyopecieH s KapKbIHABUIBIFBIHBIH 4 ece
apryst Ag HB ymrin 3*107 moms/n konnentpamus, an Au HB yurin 7107 moms/n xomuentpamus xesinme
tipkenai. IlonmuMeTnHHIH (IyOPECUeHTTIK KapKbIHABLUIBIFBIHBIH ©H | KOIl YJIFAalobl AITHIHMEH KOCBUIFaH
epiTinaizepae Tipkemi. BosiFeIn GryopeceHIMACHIHBIH KaPKBIHABLIBIFBIHBIH apTYhI KOHE OHBIH OMIp CYpY
VaKBITBIHBIH a3airanbl Oaikanasl. OHBIH ceOedi MeTal bIiH, KO3FaH ITa3MOH/IBIK HAHOOOIICKTEPiHEe KaKBIH
epicte opHanacKaH OOSFBILI MOJCKYJIAJapPbIHAAFbl ICKTPOHABIK OTYJIEPIiH YKbLIJAMABIFBIHBIH apTybIMEH
tycingipiteni. Meramn  HB  oxorapsl  KOHIEHTpAamusCHl  Ke3iHAEe  OOSFBINITHIH  (IIyOpECICHIHS
KapKbIHIBUIBIFBIHBIH a3al0bl TIOJMMETUHI OOSFBII MOJIEKYJaJapblHaH HaHOOOIIIEKTepre CoyJeleHyci3
JHEprus aJMacyblHaH 0oiysl MyMKiH. OJI KO3FaH MOJICKYJIAIAPIbIH COYJIETiK bIIBIPAy BIKTHUMAJIBIFBIH
azalTalgbl.

Kinm ce30ep: nonuMeTHH, METaJL1 HAaHOOOIIIEKTEP], IIA3MOHAP, CIIEKTPIIK-IFOMHHECIIEHTTIK KaCHETTeP.

H.X. U6paes, E.B. Cenuepcrona, H./I. XKXymabaii, I'.C. Omapona, A.A. Nmenko

Biausinue 1mia3MoOHHOIO pe3oHaHCa HAHOYACTHUII METAJIJIOB HA CIEKTPAJIbHO-
JIOMHHECHEHTHbI€ CBOMCTBA NMOJMMETHHOBOI0O KpacurteJist

HccnenoBaHbl CEKTPadbHO-TIOMUHECIIEHTHBIE CBOMCTBA MOJMMETHHOBOTO KPAcHUTENs B ATHUJIOBOM CIHPTE
npu no6asnenun HaHowactul (HY) 3omota u cepebpa. CrekTp moriomeHus HaHOYacTULl Au umeeT 00iib-
HIyI0 CTENEHb MEPEKPBITHS CO CIIEKTPaMH MOTTIOIIEHUS U (ITyOPECIIEHIIMN KPACUTENs, YEM CIIEKTP MOTJIONIe-
Hust Ag. B mpucyrctBun mia3MoHHbIX HY MeTansnoB mpouCXOTUT yBeNMYEHHE KakK MOTJIONIATENbHOH, TaKk
W M3Ty4aTellbHOM CIIOCOOHOCTH IOJIMMETHHOBOTO Kpacutelst. [Ipu 5ToM mojoskeHne MakCHMyMOB IT0JIOC T10-
IJIOHIEHHS! M (IIyOpPeCHeHIUH KpacuTelds M WX IONyIIMpHHA HE MEHSIOTCS. YCHIeHHE (IIyOpecHeHIINN
B 4 pa3a ObuTO 3aperucTpupoBaHO st KoHmeHTparmuu HY Ag, paBHOi 3*10™" moms/1, M KOHLICHTPALUU
HY Au, pasnoit 7%10™"" momns/n. Hanbomsiree YBEIMYEHHE MHTEHCHBHOCTH (DIyOPECUECHIMH ITOJMMETHHA
ObUI0 3aperucTpupoBanHo st pacTBopoB ¢ HY 3omora. [IpudanHO# ycHIIeHNSI HHTEHCUBHOCTH (lIyOpecIeH-
I[MM KPAaCHUTEN U YMEHBILIECHUS €r0 BPEMEHH )KU3HH MOXKET OBITh YBEINUYEHNE CKOPOCTH SIIEKTPOHHBIX Tepe-
XOJ/IOB B MOJIEKYJIaX KpacuTelns, KOTOpble HaXoAATcs B OmmkHeM mnone metautnueckux HY ¢ Bo36yXaeHHBI-
MM IUIa3MOHAaMH. Y MEHBIIIEHHE HHTEHCUBHOCTH CBEUEHHMS KPacHUTeNsl Mpu GobInx koHneHTpanusax HY me-
TaJUIOB MOXKET OBITh PE3yJIbTaTOM O€3bI3IydaTelbHOTO NMEPEHOCA PHEPTHM OT MOJIEKYN MONUMETHHOBOTO
kxpacurens K HU, 4To mpuBOANT K yMEHBIIEHHIO BEPOSTHOCTH M3ITydaTeILHOTO PACIIaa BO30YKIEHHBIX MO-
JIEKYIL.

Kniouesvie crosa: OIMMETHH, HAHOYACTHIBI METAJUIOB, IIA3MOHBI, CHEKTPAILHO-TIOMHHECIICHTHEIE CBOII-
CTBa, IUIa3MOH-YCHIEHHAs (DITyOpeCIeHITHS.
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