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Concentration-dependent spectral rearrangement of photoluminescence
in the nanocomposite material “polycarbonate matrix —
gold nanostructures — multidomain HTTH dye”
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Abstract. In this work, the thiazole organic multidomain dye HTTH, which exhibits
excited state intramolecular proton transfer (ESIPT) phenomenon, is used as a sample to
investigate the influence of the component concentration of the “polycarbonate matrix —
gold nanostructures — HTTH dye” system on its photoluminescence spectral characteristics.
A hypothesis that different forms of the dye, such as enol form (in the ground state) and
keto form (after proton transfer), may be involved in Forster resonance energy transfer
(FRET) and plasmon resonance energy transfer (PRET) mediated by gold nanostructures
was experimentally verified. The concentration dependence and spectral rearrangement in
the photoluminescence of the developed thin-film nanocomposite based on gold
nanostructures and HTTH with a transverse concentration gradient were demonstrated and
explained by the efficiency of FRET and PRET phenomena depending on the system
parameters. The ascertained features open up the possibility of additional manipulation of
the spectral properties of the system based on ESIPT-exhibiting molecules by optimization
of their parameters, particularly the concentration of components.
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1. Introduction

The excited state intramolecular proton transfer (ESIPT)
phenomenon was discovered by Weller in molecules of
salicylic acid and its derivatives [1, 2]. It is a four-level
photochemical process that occurs in compounds with a
special structure (for example, in organic dyes), in which
the hydrogen atom is valence bonded to nitrogen or
oxygen and through a hydrogen bond to nitrogen or
oxygen (Fig. 1). Accordingly, four possible variants of
the proton transfer in the excited state of the molecule are
possible: from nitrogen to nitrogen, from nitrogen to
oxygen, from oxygen to oxygen or from oxygen to
nitrogen. During the process, an excited hydrogen atom
transforms its valence bond in the ground state into a
hydrogen bond, and a hydrogen bond is transformed into
a valence bond, after which the luminescence in the
excited state and reverse proton transfer occur [3, 4]. The
ground state of the molecule is called the enol form

and the excited state is called the keto form, therefore,
luminescence without proton transfer in such molecules
is called enol luminescence, and in the case of proton
transfer of the molecule it is called the keto lumines-
cence. A significant Stokes shift distinguishes the keto
luminescence because the energy is used to transform the
chemical bonds [5]. It is known that the ESIPT phenome-
non can be affected by the external electromagnetic field,
chemical environment, etc. [6]. In particular, metal ions
usually block the ESIPT phenomenon completely [7].
Since the external electromagnetic field influences
this phenomenon, it would be especially interesting to
consider the effect of gold nanostructures in the localized
surface plasmon resonance (LSPR) excitation mode,
because an enhanced near field is induced around such
nanostructures [8]. For this, the organic dye 2,2'-
(thiazolo[5,4-d]thiazole-2,5-diyl)bis(4-tert-butylphenol)
(HTTH) [9] (Fig. 2), which exhibits ESIPT properties
and emits light within the spectral range corresponding to
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Fig. 1. lllustration of the ESIPT phenomenon: molecular
structure transformation (left) and corresponding luminescence
spectra (right).

Fig. 2. Molecular structure of the HTTH dye.

the LSPR spectrum of the gold nanostructures, can be
used [10]. In addition, it is worth noting that the LSPR
phenomenon can cause the enhancement as well as
quenching of the luminescence of molecules near metal
nanostructures [11].

As shown in [12], ESIPT-exhibiting dyes can be
used to detect the damage in the shell around
nanostructures. An interesting finding in this work is that
the donor-acceptor systems, between which Forster
resonance energy transfer (FRET) is possible, were used as
a control sample that showed similar results to those of
ESIPT-exhibiting dyes, but with a slightly slower reaction
time. The FRET is a resonant mechanism of the
nonradiative energy transfer due to a dipole-dipole
interaction between a donor and an acceptor at nanometer
distances [13, 14]. Therefore, it will be appropriate to
investigate whether similar processes occur between
ESIPT-exhibiting dyes, where the donor is a dye molecule
in the enol form and the acceptor is a dye molecule in the
keto form. In this case, for high concentrations of dye
molecules, the FRET phenomenon will be possible, which
will enhance the keto luminescence and weaken the enol
luminescence (Fig. 3).

It is known that if light-absorbing molecules are located
near the noble metal nanostructures and irradiated with the
LSPR wavelength, the plasmon resonance energy transfer
(PRET) phenomenon is possible [15-18]. This mechanism is
a case of FRET, which extends the range of interaction
between donor and acceptor via the plasmonic nanostructure
[19]. Therefore, this mechanism of resonance energy transfer
is also called plasmon-coupled resonance energy transfer
(PC-RET) [20].
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Fig. 3. Proposed illustration of the keto luminescence enhancement
phenomenon via FRET and PRET mechanisms.

Our previous paper [21] considers the phenomenon of
ESIPT in the organic dye HTTH in the context of FRET and
PRET resonance energy transfers. If the FRET is possible
between donor (in ESIPT “off” state) and acceptor (in ESIPT
“on” state) of HTTH molecules, then the plasmonic
nanostructures can enhance energy transfer by increasing the
radius of possible dipole-dipole interaction between enol and
keto forms of HTTH molecules in the role of donor and
acceptor. However, the distances between the molecules in
enol and keto forms may exceed the distance sufficient for
resonance transfer due to FRET and/or PRET, in which case
two options should be considered. If the concentration of
molecules is insufficient to activate the FRET mechanism but
is sufficient to activate the PRET mechanism, then a
significant increase in keto luminescence should occur. If the
concentration of molecules is low for the effective occurrence
of both resonance transfer phenomena, then only the
absorption of the luminescent radiation of nanostructures
within the LSPR spectral band of plasmonic nanostructures
will be manifested. Therefore, in this work, we investigate the
dependence of ESIPT spectral features on the concentration
of HTTH dye and plasmonic nanostructures.

2.

To test the hypothesis, two samples containing HTTH
dye in a thin-film matrix were created: one on a glass
substrate with size 10x20 mm and the other on the same
size glass substrate with a random array of gold nano-
structures located on the surface (a nanochip), after
which the matrices were detached from the substrates.
The nanochip (Fig. 4) was manufactured using the
method of thermal annealing of gold island films [22],
which provided the LSPR position at a wavelength close
to 550 nm [23].

The following protocol was used to prepare the
HTTH-containing thin film matrix. In 150 ml saturated
solution of HTTH in toluene (purity > 99.3%), 4.4 g of
polycarbonate (according to ISO 10993-1 standards) was
dissolved. After that, 1000 pl of the solution was applied
to the surface of each sample with further complete
drying. After detaching of the prepared polycarbonate
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Fig. 4. AFM images of the glass substrate covered with a random array of gold nanostructures (a nanochip) [23]. (Color online)

matrix with HTTH from the substrate, two samples were
obtained, the characteristics of which differ by the
concentration gradient of both HTTH and gold
nanostructures. First, the side of the sample that was
adjacent to the substrate had a higher concentration of
HTTH dye, while the outer side was formed with a lower
concentration of HTTH because the HTTH dye solution
in toluene is saturated and it precipitates when the solvent
dries. Second, in the case of a nanochip as a substrate, a
sample was obtained with a large concentration of
plasmonic nanostructures on the inner side and with its
small number on the outer surface, due to desorption and
subsequent diffusion.

Photoluminescence spectra of the obtained samples
were measured (at the excitation wavelength 380 nm) on
both sides of the obtained matrices using a Shimadzu
RF-6000 spectrofluorophotometer. To compare the results,
the spectra were normalized on the intensity of the
central peak, since it is the least dependent on the enol or
keto form of the luminescent molecule. The samples
were measured within a time that does not exceed 20 s
for each sample, so the influence of the excitation light
on the structure of the matrix can be neglected.

3. Results and discussion

Fig. 5 shows the photoluminescence spectra measured for
each side of the polycarbonate plastic matrices with
HTTH molecules made using a nanochip with gold nano-
structures and an ordinary glass substrate. It is worth noting
that the intensity of the peaks in the luminescence spectra
is different for each of the cases being considered. So, to
reveal how exactly the gold nanostructures affected the
photoluminescence, the spectra have been normalized on
the intensity of the peak at 442 nm.

The distribution of the intensity of the
photoluminescence peaks (Fig. 6) shows that both the
matrix created on a nanochip with gold nanostructures
and the matrix created on a glass substrate have a
common feature that the peak of keto luminescence has a
greater intensity in the spectrum of the inner side
(adjacent to the substrate).

81 nm

The mentioned difference in the peak intensity in
the spectra of the inner and outer sides of the
polycarbonate matrix is the manifestation of the
influence of the concentration of the HTTH dye
molecules on the ESIPT phenomenon. Namely, the
increase in the intensity of the keto-luminescence peak
can be explained by the occurrence or the strengthening
of effectiveness of the FRET phenomenon between
HTTH molecules in the enol form as a donor and HTTH
molecules in the keto form as an acceptor at the
increasing of their concentration.

In addition, it was found that the intensity of the
keto-luminescence peaks is higher in the spectra of polycar-
bonate matrix with HTTH containing gold nanostructures
compared to the same matrix without nanostructures
(Fig. 6). This circumstance, as well as the fact that the
difference between the intensities of the Kketo-
luminescence peaks for the inner and outer sides of the
polycarbonate matrix is larger at the presence of
nanostructures, shows that gold nanostructures also affect
the ESIPT phenomenon.
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Fig. 5. Room-temperature photoluminescence spectra of poly-
carbonate matrix with HTTH containing (solid lines 1 and 2)
and not containing (dashed lines 3 and 4) gold nanostructures,
measured from the side adjacent to the substrate (lines 1 and 3)
and outside of the samples (lines 2 and 4). (Color online)
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Fig. 6. Normalized photoluminescence spectra of polycarbonate
matrix with HTTH containing (solid lines 1 and 2) and not
containing (dashed lines 3 and 4) gold nanostructures, measured
from the side adjacent to the substrate (lines 1 and 3) and

outside of the samples (lines 2 and 4). (Color online)
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Thus, we can assume that the additional increase in
the intensity of keto-luminescence is caused by the PRET
mechanism in the presence of gold nanostructures and
depends on their concentration.

4. Conclusions

The influence gold nanostructures on the
photoluminescence spectral characteristics of the
nanocomposite material “polycarbonate matrix — gold
nanostructures — HTTH dye” was experimentally shown.
The nanocomposite thin film with a transverse gradient
of the component concentration exhibits the different
intensities of the keto-luminescence of HTTH measured
in opposite surfaces of the polycarbonate matrix. The
redistribution in the photoluminescence bands intensity
in the spectra of the polycarbonate matrix with HTTH in
the presence of gold nanostructures was observed. The
noted redistribution can be explained by the complex of
the following factors: the concentration of HTTH
molecules and gold nanostructures, and the efficiency of
the FRET and PRET resonance energy transfer
phenomena. Thus, the optimization of the parameters of
the systems based on ESIPT-exhibiting molecules,
particularly, the concentration of components, will
potentially allow control of the rearrangement of their
luminescence spectral properties within wide limits.
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KonnenrpaniiiHo-3a/1ekHa  ClieKTpajibHA mepedynoBa QoTooMiHecHeHIii Yy HAHOKOMIIO3UTHOMY Marepiani
«noJikapOéoHATHA MATPHISA — HAHOCTPYKTYPH 30/10Ta — 6araronoMenHuii 6apsauxk HTTH»

LL I'ynzenko, A.M. Jlonaruncwskuii, B.K. JlurBun Ta B.I. Yeresn

AHoTanisi. Y wiii poOoTi Ha NMpUKIIAl Tia30JbHOrO OpraHiyHoro OararonomenHoro Oapsuuka HTTH, sikuit BusiBnse
BJIACTUBICTh BHYTPIITHEOMOJIEKYJIAPHOTO TEPEHOCY MPOTOHA Y 30ymkeHoMy crani (BIIII3C), mpoBemeHO MOCIIHKEHHS
BIUTHBY HAHOCTPYKTYP 30710Ta Ha CIIGKTPAIIbHI XaPAKTEPUCTHKH (OTOMOMIHECHUCHIIIT CHCTEMH «II0IKapOOHATHA MATPHIIS —
rifnoTe3y Mpo Te, IO MDK pi3HUMHU (opmamu OapBHHKa — B OCHOBHOMY CTaHi (€HOJI- (bopMa) 1 TICJIs TIepeHocy MPOTOHA
(xkero-popma) — MoxkmBi edekTr (epcrepiBehkoi pe3oHaHCHOi mepenadi eHeprii (PPIIE) Ta miasMoH-pe3oHaHCHOT
nepemadi eneprii (IIPITE) 3a ydacTio HAaHOCTPYKTYp 30JI0Ta. 3 BHKOPHCTaHHAM pPO3POOJICHOIO TOHKOIUTIBKOBOTO
HAHOKOMITO3UTY Ha OCHOBI HaHOCTPYKTyp 3oi0ota Ta HTTH 3 momepeyHuM rpaji€eHTOM KOHIIEHTpAIlii KOMITOHEHTIB
MIPOJICMOHCTPOBAHO KOHIICHTPAIIHHY 3aJCKHICTh Ta CICKTPAIbHY IepeOymoBy (DOTOMOMIHECHEHIT CHCTEMH, IO
Bu3Ha4aroThes eektuBHicTIO sBUI OPIIE ta [TPTIE B 3anexHOCTI Bin mapamerpiB cuctemu. L{i ocoOIMBOCTI BiIKpHUBaIOTH
MOXIMBOCTI JIOATKOBOIO PEry/IOBAHHS CHIEKTPAIBHAX BnacmBocreﬁ CHCTEM Ha OCHOBI MOJICKYI, IO JACMOHCTPYIOTh

Kmoqom CJI0Ba: BHYTPINIHLOMOJIEKYISIPHUI MEPEHOC MPOTOHA Y 36y;1>1<eH0My CTaHi, HAHOCTPYKTYpPH 30JI0Ta,
JIIOMIHECIIEHITis1, (hepcTepiBechka Pe30HAHCHA Mepeaada CHeprii, MIa3MOH-pPe30HaHCHA Tepeiada CHeprii.
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