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The metal enhanced fluorescence of thiacyanine dye monomers in polymer films has
been studied. To control the distance between dye molecules and silver nanoparticles a
polymer spacer has been used. The spacer thickness has been varied using a layer-by-layer
assembly method of polyelectrolytes. The best 4.5 times fluorescence enhancement has
been observed for the 20 nm thick polymer spacer. The result has been confirmed both by
steady-state and time-resolved fluorescence spectroscopies.

Hsyueno ycunenme QuryopecrieHIINY MOHOMEPOB MUAHWHOBOTO KPACUTENS METANINUYECKU-
MU HAHOYACTHUIAMU B IOJMMEPHBIX IJIeHKaX. A KOHTPOJSA PACCTOSHUS MEMXIY MOJEKYJa-
MU Kpacuresas W HAHOUYACTUIAMU cepedpa IMCIOJIb30BAJIACh IIOJUMEpPHAasa IpocaoinKa. Tourrmu-
HA IIPOCJOMKH BaphbHPOBAJIACH METOLOM IMIOCJIONHON COOPKU MMOJMAJIEKTPOIUTOB. MaKcuMaib-
Hoe ycumieHue QuayopecneHnuu B 4.5 pasa HaOIOIZAJIOCH IPU TOJNIMHE IIOJIMMEPHON
npocioviku 20 mm. JlaHHBIN PE3yJbTAT IIOATBEPIKAEH IPHU IIOMOIIM KAK CTAMOHAPHOM, Tak
U BpeMA-paspelieHHol (hIyopecIieHTHONH CIIEKTPOCKOIIUH.

dayopecuieHIiia MiaHiHOBOTO GApBHUKA MOCUJIEHA METAJEBMMU HAHOYACTHHKAMH Yy IIa-
pyBatux moJgimMepHux miaiBkax. M.B.Ilepegepses, I.A.Bopoeoili, 0.0.Cedux, C.JI.€pimosa,
O.B.CopokiHn.

Hocrimkeno mocunenua duryopeclieHIii MoHoMepiB 1iaHiHOBOTO GapBHUKA METAJIEBUMU
HAHOUACTUHKAMU Yy TOJIMepHUX MAiBKax. [Jasd KOHTpPOJIO BimcTami Misk MojgerymamMu 6aps-
HUKa i HAaHOYACTMHKAMM CpPifjia BUKOPUCTOBYBAJU TOJiMepHUI mporrapok. ToBImHA TIpo-
IapKy 3MiHIOBaJacs 3a MeTOJOM TolrapoBoi 36ipku mosienexTtpositie. MakcumaanHe TOCH-
neHHsa duyopeciienntii y 4.5 pasm crocrepiranocs MIpW TOBHIMHI ITOJIMEPHOTO MIPOIIAPKY
20 am. Jauuil pesyabTaT TifATBEP/KEHO 34 TOTOMOTOI0 SK CTAIliOHapHOI, Tak i posmgimenoi sa
yacoM (hJIyOpecIieHTHOI CIIeKTPOCKOil.
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1. Introduction

Nanoplasmonics is the novel field of
physics which deal with optical phenomena
in or near metal nanoparticles (NPs) [1-3].
Due to metal nanoparticles interaction with
an incident electric wave the later causes
displacement of free electrons with respect
to the NPs lattice resulting in so called lo-
calized surface plasmon (LSP) resonances
appearing. If frequency of an excitation
light wave is close to that of LSP strongly
enhanced local electric field is appeared
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near the NP surface in a subwavelength re-
gion [1-3]. One of the important conse-
quences of such phenomenon is a significant
enhancement of fluorescence of optical spe-
cies by the localized electric field in proximity
of metal NPs known as metal-enhanced
fluorescence (MEF) or plasmon-enhanced
fluorescence (PEF) [4-9]. Since the NPs
local electric field affects both radiative and
nonradiative decay rates, MEF effectiveness
appeared to be a distance dependent. Be-
sides, fluorescence enhancement coefficient
dependends on intrinsic fluorophore charac-
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teristics such as an absorption cross-section,
fluorescence quantum yield, lifetime and so
on [4—6]. So, MEF should be studied care-
fully on the case specific basis.

Recently, we have reported MEF effects
on thiacyanine dye J-aggregates in water
solution interacting with silver NPs covered
by a polymer shell of variable thickness
[10]. The best 2-fold fluorescence enhance-
ment has been observed for the 16 nm thick
polymer shell. Theoretical description of the
system predicts that more than 20-fold en-
hancement of J-aggregates fluorescence
could be expected under optimal conditions
[10]. For further progress in this direction,
the obtained results should be compared
with that for MEF studying the TC mono-
mer interaction with silver NPs. So, this
work we have investigated MEF of thiacyan-
ine dye monomers via interaction with Ag
NPs in polyelectrolyte films of a tunable size.

2. Experimental part

Thiacyanine dye TC (8,3’-diethyl-thiacy-
anine bromide, Fig. 1a) was synthesized by
Dr.I.A.Borovoy with purity controlled by
NMR and thin layer chromatography. To
prepare TC monomers aqueous solution, the
dye was dissolved in doubly-distilled water
with a concentration 1073 M and ultrasoni-
cated for 15 min. Cationic polyelectrolyte
PDDA (poly(diallyldimethylammonium chlo-
ride), average M, < 100000 g/mol, solution
35 wt. % in H,O, Fig. 1b) and anionic
polyelectrolyte PSS (polysodium 4-styrene-
sulfonate), average M, ~ 70000 g/mol,
powder, Fig. 1¢) were purchased from
Sigma Aldrich (USA) and used as-received.

Silver nanoparticles were obtained using
citrate ion reduction method [11] from sil-
ver nitrate water solution purchased from
Sigma Aldrich (USA). As a result, spherical
nanoparticles were obtained with the aver-
age diameter of about 50 nm and the maxi-
mum of plasmonic resonance at around
410 nm in water (Fig. 2a, curve 3).

To prepare polymer films containing TC
monomers, the spray layer-by-layer assem-
bly method [12] has been applied. For this
purpose commercially available paintbrush
80-897 (Miol, China) has been used. A sub-
strate glass plate was preliminarily cleaned
by hot (95°C) piranha acid (Hy,SO4+H,0,
=2:1). Cleaning by the piranha acid gives a
negatively charged surface of the glass.
Then, an aqueous polycation PDDA solution
(2 wt. %) was sprayed on the substrate for
coating by a positively charged film
(Fig. 3). After that, the aqueous Ag NPs
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Fig. 1. The chemical structures of the TC dye
(a) and polyelectrolytes PDDA (b) and PSS (c).

solution was sprayed, as Ag NPs is coated
by a negatively charged citrate shell. Then
a PDDA layer was deposited on the Ag NPs
layer with successive deposition of a nega-
tively charged polymer layer from an aque-
ous polyanion PSS solution (2 wt. %) (Fig.
3). As TC dye is the cationic one (Fig. 1a)
the layer was deposited on the PSS layer or
directly on the Ag NPs layer in case of
minimal distance between Ag NPs and TC
monomers. To control the distance between
NPs and the dye PDDA and PSS layers were
alternated. The monomers layer was coated
by PDDA layer to provide isolation from
surrounded air (Fig. 3). Each layer deposi-
tion was followed by rinsing sprayed dis-
tilled water.

Fluorescence spectra of the polymer
films were obtained using fluorescent mi-
croscope MIKMED-2 var.11 (LOMO, Russia)
coupled with microspectrometer USB4000
(OceanOptics, USA) via a home-made fiber-
optic adapter attached to the 20X eyepiece.
Spectral output of the microspectrometer
USB4000 was calibrated using calibrated
tungsten halogen lamp HL-2000-CAL
(OceanOptics, USA). Fluorescence was ex-
cited at 385-425 nm and collected in the
455—-700 nm spectral range using violet fil-
ter set (11005v2, Chroma, USA). Absorp-
tion spectra were registered using a spectro-
photometer USB4000 (Ocean Optics, USA)
supplied with an incandescent lamp. Fluo-
rescence decay spectra were registered using
FluoTime 200 fluorescence lifetime spec-
trometer (PicoQuant, Germany) equipped
with picosecond pulsed laser diode head
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absorption spectrum (3) in different media: a) water, b) LbL film.

Aoy, = 489 nm). An instrument response
function (IRF) width for the whole setup
was 100 ps. A solid sample holder was used
to provide front face illumination. For
decay curves analysis FluoFit software (Pico-
Quant, Germany) was used.

3. Results and discussion

It is known that a dye aggregation is
promoted by interaction with water mole-
cules first of all due to hydrophobic forces
involved [13]. Besides, incorporation of cy-
anine dyes into polymer films by layer-by-
layer assembly method used in the present
work results in further promotion of aggre-
gation process [14]. According to [15], J-ag-
gregation ability of thiacyanine dyes
strongly dependends on 5,5 -substitutes of
the chromophore (Fig. la). Chlorine substi-
tutes promote the J-aggregation while hy-
drogen substitutes inhibit aggregation and
the dye presents in an aqueous solution in a
monomeric state or as H-dimers [15]. So, in
the present study cationic form of the
thiacyanine dye without specific 5,5"-substi-
tutes has been used (Fig. la).

Monomeric TC dye absorbs and emits a
light at shorter wavelength comparing with
classical cyanines [16] with kabsDMF =
432 nm and A,,,PMF = 485 nm in dimethyl-
formamide (DMF) (not shown, see [10]). In
the aqueous solution its absorption band is
blue-shifted compared with TC in DMF with
Agps?" = 414 nm while spectral position of
the fluorescence band remains unchanged
(Fig. 2a). There are two main reasons for
the dye Dblue shift: solvatochromic effect
[17] and H-dimerization of TC in water [15].
The latter is proved by near symmetrical
shape of the absorption band without pro-
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Fig. 3. Scheme of hybrid composite film with
controlled thickness of the spacer between the
dye and Ag NPs layers.

nounced shoulder of vibrational band and
the absence of the fluorescence band shift
(Fig. 2a, curve 1). Due to the absorption
band (}\.plwate’“= 410 nm) of the plasmon
resonance of Ag NPs perfectly coincides
with the absorption band of TC dye (Fig. 2a)
the effective MEF should be expected [5].
To control the distance between silver
NPs and TC dye molecules, a method of
oppositely charged polyelectrolyte layers al-
ternation known as layer-by-layer (LbL) as-
sembly has been used [18]. LbL method was
successfully applied for the fluorescence en-
hancement of sulforhodamine B by interac-
tion with silver islands [6]. Modification of
LbL method for colloid solutions has been
used also in our previous research [10]. Ac-
cording to the literature data the thickness
of the LbL polymer layers is about 1.5 nm
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1 — without Ag NPs, 2 — the dye directly on NPs, 3 — 5 bilayers, 4 — 6 bilayers, 5 — 9 bilayers.
b) The effect of the distance between the dye and Ag NPs layers on the TC fluorescence enhance-

ment.

[6, 10, 18]. So, we prepare TC-Ag NPs com-
posite films with the dye and NPs layers
separated by different amount of PSS-
PDDA bilayers from 0 to 12 (Fig. 3) and
analyze TC dye fluorescence properties.
Embedding into polymer films results in
shifting the spectral bands of all optical
species (Fig. 2b). In the TC absorption spec-
trum two intense bands could be resolved:
one with maximum at A,,,/™ = 429 nm and

the second one with maximum at }\‘absﬁlm =
410 nm (Fig. 2b, curve 1). The first band
corresponds to the band observed in DMF
and it could be associated with the
monomeric main electronic transition. The
second band corresponds to the band ob-
served in water (Fig. 2a, curve 1) and it
could be associated with overlap of the vi-
bronic band and the H-band as its intensity
is too high to be the vibronic band only
[15]. The fluorescence band (Fig. 2b, curve 2)
is blue-shifted with A,/ = 472 nm due to
the solvatochromic effect [18]. The plas-
monic band (Fig. 2b, curve 3) of Ag NPs
with A, film = 487 nm is appeared to be red-
shiftecf obviously due to agglomeration of
NPs but it still coincides with the TC ab-
sorption band in a good manner.

So, composite system consisted of LDbL
polymer films, Ag NPs and TC dye is suit-
able for MEF study. When TC dye is depos-
ited directly on silver NPs layer strong
fluorescence quenching is observed accord-
ing to the MEF theory [1-6]. Distance in-
creasing between the dye and NPs results in
the fluorescence enhancement but only to
some critical distance (12 polymer layers in
our case) with following fluorescence de-
crease at the distances exceeded the critical
one (Fig. 4a). For illustration purposes the
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fluorescence enhancement has been repre-
sented as a plot of the fluorescence intensi-
ties (at A,,,/"™ = 472 nm) ratio of TC fluo-
rescence separated from Ag NPs by a cer-
tain thickness spacer to TC fluorescence in
absence of Ag NPs versus the thickness of
the polymer spacer (Fig. 4b). The latter is
defined as the layers amount in the spacer
multiplied by 1.5 nm thickness of each
layer plus 2 nm thickness of Ag NPs citrate
coating [10]. From the plot it could be seen
that about 5-fold (4.75-fold in the strict
sense) enhancement of TC fluorescence has
been achieved at 20 nm distance between TC
dye layer and Ag NPs layer (Fig. 4b).
Another way to carry out MEF study is
analysis of the dye lifetime changing due to
interaction with metal NPs [6]. Electron-
plasmon interaction results in radiative
decay rate increasing, i.e. at the maximal
fluorescence enhancement the minimal life-
time should be achieved [6]. Indeed, the dis-
tance between NPs and TC increasing up to the
critical one leads to the lifetime shortening
down to the minimal value with followed
restoring up to initial values (Fig. 5a). Note
that in all cases TC fluorescence decay
curves have non-monocexponential shape
with average lifetimes Ty =360 ps (in ab-
sence of NPs) and TNPmin = 86 ps (at the
maximal fluorescence enhancement). As pre-
viously the lifetimes changing has been
plotted as the dependence of lifetimes in
NPs absence and NPs presence ratio versus
the distance between NPs and the dye (Fig. 5b).
The maximal lifetime decreasing has been
about 4-fold (4.25-fold in the strict sense)
at the same 20 nm distance between NPs
and the dye. Interesting that in the case of
MEF for sulforhodamine B the most effec-
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tive fluorescence enhancement was about 6-
fold on the 10 nm distance with strong dif-
ference between the steady-state and time-
resolved fluorescence changing [6]. Taking
into account experimental errors and the
similarity of the stationary fluorescence and
the lifetime measurement data (Fig. 4b and
5b) we could conclude the average 4.5-fold
fluorescence enhancement of TC dye by Ag
NPs on the distance of 20 nm between
them. Comparing with only 2-fold TC J-ag-
gregate fluorescence enhancement by Ag
NPs on the distance of 16 nm [10] we as-
sume a very effective MEF achieved in the
obtained hybrid system based on TC mono-
mers.

4. Conclusions

The metal enhanced fluorescence of
thiacyanine dye monomers has been studied
by the distance controlled interaction with
silver nanoparticles. For the distance con-
trol, the layer-by-layer assembly of PSS and
PDDA polyelectrolytes has been used. Both
the steady-state and time-resolved fluores-
cence changing depending on the spacer
thickness between the dye and NPs has been
analyzed. Maximal 4.5-fold fluorescence en-
hancement of TC has been found at the dis-
tance of about 20 nm between nanoparticles
surface and the dye.
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