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Anthracene tetracene-doped crystals (TA) dispersed in a thin polymer film matrix have been reported as
efficient down converting systems based on Fédrster Resonance Energy Transfer (FRET) which occurs
efficiently from donor (anthracene) to acceptor (tetracene) molecules. In this work, we demonstrate that
the efficiency of this system can be further improved by a metal-enhanced FRET, which is obtained by
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DOI: 10.1039/c7cp01553d are dispersed with TA in a polymethylmethacrylate (PMMA) matrix. A maximum of 11-fold and 6.5-fold
enhancement was achieved with silver and gold nanoparticles, respectively. Efficiency is discussed in
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Introduction

Fluorescence properties of organic compounds in the solid state
are extremely important due to their numerous applications in
different fields such as organic light-emitting diodes (OLEDs),
organic photonics or photoelectronic devices.'” However, the
design of luminescent organic materials in the solid state is
problematic since in the aggregated state their emission efficiency
generally decreases. In this respect, host-guest systems based on
organic molecular crystals have recently provided a good platform
for the design of functional materials with enhanced opto-
electronic properties such as Resonant Energy Transfer (RET)>”
tunable fluorescence,® and amplified spontaneous emission
(ASE).* Among all the reported emitters acene-based compounds
have been extensively studied due to their high fluorescence
quantum yield and thermal stability.®™*

In the recent past, molecular host/guest crystals based on
oligoacenes have been shown to promote a very efficient host-
to-guest Forster Resonance Energy Transfer (FRET) even at a very
low concentration of guest species.>'? Using anthracene/tetracene-
doped crystals (TA), we have recently realized thin film lumines-
cent solar concentrators’®™® demonstrating an increase in the
optical efficiency.® Nevertheless, we noticed that when crystals are
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dispersed in a polymer matrix at low concentration, as required for
example for devices with good optical transparency, the overall
fluorescence emission significantly decreases.

One possible approach to increase the down conversion
efficiency is that of using Metal Enhanced Fluorescence (MEF)
and/or Metal Enhanced FRET (ME-FRET) obtained by incorpor-
ating metal nanoparticles (NPs). The phenomenon arises from
the resonant coupling between the collective metal free electron
oscillation and incident light, which produces a strong localized
electromagnetic field in the proximity of metal nanoparticles
(Localized Surface Plasmon (LSP)).'”>* A few experimental
demonstrations of LSP enhanced FRET have been reported
over the past few years.>*' For a thorough analysis of metal
enhanced FRET, it is necessary to differentiate between: (i) the
direct influence of the metal NPs on the donor-acceptor
luminescence and (ii) the actual effect on FRET. This is not a
simple task since the exact nature of the interaction with LSPs
depends on several factors, such as chemical nature, size, and
shape of the metal nanoparticles® which might, in some instances,
even lead to fluorescence quenching.”® Noteworthily, the efficiency
of MEF depends on the nanoparticle-fluorophore distance®*** and
most ME-FRET systems studied so far were donor/acceptor films
deposited in proximity to metal NPs.>>’

In this work, we report on the preparation and optical
characterization of homogeneous and transparent thin films
where dodecanethiol-capped silver or gold nanoparticles are co-
deposited with TA in a polymethylmethacrylate (PMMA) matrix
to be used as a ME-FRET system. Given the distance depen-
dence of the plasmonic effect, the extent of TA-NP interaction is
controlled by changing the relative concentrations of the two
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components and the effect is monitored by measuring the
fluorescence emission. We have used both silver and gold NPs
which are characterized by two different plasmon frequencies.

The best enhancement (11-fold) of the acceptor emission
has been obtained with silver NPs whose plasmon is in reso-
nance with the emission of the donor (anthracene crystal). A
smaller enhancement has been obtained with gold NPs where
the plasmon frequency is in resonance with the emission of the
acceptor (tetracene molecules). Finally, we present the wave-
length dependence of TA fluorescence emission which further
elucidates the predominance of the ME-FRET.

Experimental

Unless otherwise specified, chemicals and solvents were all pur-
chased from Sigma Aldrich and used without further purification.

Synthesis of gold nanoparticles

Gold nanoparticles (AuNPs) were prepared using the Brust
two-phase method.?® In a typical procedure, HAuCl, (0.6 mmol)
aqueous solution (60 mL) was added to a tetraoctylammonium
bromide TOAB (1.2 mmol) solution in toluene (160 mL), and
the mixture was vigorously stirred. The yellow aqueous solution
became colorless, while toluene turned orange as a result of the
transfer of [AuCl,]™ ions in the organic phase. Under vigorous
stirring this solution was mixed with a solution of dodecane-
thiol (DT, 0.6 mmol) in toluene (20 mL) for 15 min at room
temperature. 60 mL of a 0.1 M NaBH, aqueous solution was
added and the solution was kept under vigorous stirring for 4 h.
The organic phase was then separated and evaporated under
reduced pressure. The resulting solid was heated to 180 °C with
a heating rate of 2 °C min™" and was held for 30 min in air.
After thermal treatment the residual solid was dissolved in
35 mL of toluene and mixed with 400 mL of methanol in order
to remove excess of alkanethiol and TOAB. The precipitate was
filtered off, washed with methanol and redispersed in CHCl;.
The average size of the nanoparticle in water was found to be
7 nm (see SI 01, ESIt for SEM images).

Synthesis of silver nanoparticles

20 mL of 1% (w/v) citrate solution and 75 mL of water were
added in a round bottom flask and the mixture was heated to
70 °C for 15 min. 1.7 mL of 1% (w/v) AgNO; solution was then
poured into the mixture, followed by the quick addition of 2 mL
of 0.1% (w/v) freshly prepared NaBH, solution. The reaction
solution was kept at 70 °C under vigorous stirring for 1 h and
cooled to room temperature. Water was added to bring the volume
of the dispersion to 100 mL.*? Silver nanoparticles (AgNPs) were
transferred from the aqueous phase to the organic phase by
capping with dodecanethiol (DT).“® An aqueous solution of
AgNPs was added to the DT-ethanol solution. The mixture was
sonicated for 10-20 s to mix NPs and DT well and then left for
stirring for 10 min. The mixture was centrifuged (14 000 rpm,
10 min) and the supernatant liquid (water + ethanol) was
removed carefully. The precipitate was washed 2-3 times with
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ethanol to remove DT excess. Finally, DT-AgNPs were redispersed
into chloroform. The average size of the nanoparticle in water
was found to be 10 nm. (see SI 01, ESIt for SEM images). Both
AuNP and AgNP transfer in the organic phase leads to partial
aggregation as can be seen in Fig. SI 02 (ESIY) for silver NPs of
different sizes.

Synthesis of anthracene/tetracene doped crystals (TA)

A chloroform solution of tetracene (T) (0.5 mg in 50 mL) was
refluxed until tetracene is dissolved to give a yellowish solution.
3 g of antracene (A) was added to the solution and the mixture
was refluxed until A was completely dissolved. Then the reaction
mixture was cooled down to 25 °C. The yellow crystals obtained
with a ratio of A: T = 7700: 1 were filtered off.

Preparation of NPs-TA thin films

500 mg of PMMA and 50 mg of TA were dissolved in 5 mL of
CHCI;, heated at 50 °C for 2 h and stirred overnight at r.t. Then,
different wt% of NPs were added to the solution, and spin-
coated onto a pre-cleaned glass substrate at 2000 rpm for 2 min
by a Laurell WS-400-6NPP-LITE; (samples are listed in Table SI 01,
ESIt). For a comparison, films with the A donor and the T acceptor
were prepared with the same concentrations without NPs as the
TA films.

Film characterization

The optical images of the samples were recorded using an
Olympus BX41 microscope and a 50x objective. The UV-vis absorp-
tion spectra were recorded using a Varian Cary 5000 spectrometer.
The photoluminescence spectra were recorded using a JASCO FP
6600 spectrofluorometer. Field emission SEM Zeiss SUPRA 40 was
used for scanning electron microscopy. The Image] software was
used to measure the average size of the NPs and the TA from
SEM images.

Results and discussion

In our previous work'® we reported the preparation and the
characterization of TA-PMMA films for LSCs. The devices pre-
pared with a high concentration of TA in the matrix (A: T=250:1)
show good luminescence properties but poor optical trans-
parency. The most performing TA-PMMA film consists of large
TA crystals (about one-hundred-micron size) randomly oriented
in the polymer matrix.

In this work, with the purpose of improving the transparency
of the films, we used a much lower TA/polymer concentration and
a much lower ratio of the active species along with NPs. Films
with a better transparency and overall improved optical quality
have been obtained (see Fig. 1). Indeed, very small pale yellow
TA-crystals (size of hundreds nanometers) were formed which are
more suitable to be used as an active layer in devices where good
optical properties and transparency are mandatory. Polystyrene
was also tested as a polymer matrix giving similar results.

Different morphologies are obtained with or without NPs
(Fig. 1), clearly indicating that significant changes are induced
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Fig. 1 Optical microscope images (objective magnification 50x of TA/PMMA
films: without NPs (R2), with AuNPs (Au2) and with AgNPs (Ag2)). See details on
sample composition in the ESI.1

by the addition of NPs even at low concentration (see Table SI 01,
ESIt). In the reference samples (R2) i.e. PMMA films without
NPs and with the same relative polymer/TA concentration,
many isolated crystals grow with a dimension of hundreds of
nanometers.

In contrast, in the presence of both gold and silver nano-
particles, a higher number of smaller crystals are observed,
thus, suggesting that the nanoparticles can act as nucleating
agents. Smaller crystal dimensions, with respect to those of
ref. 16, also mean an overall more homogeneous distribution of
TA in the matrix, which improves the optical quality of the films.
In Fig. 2a, we report the UV-vis absorption spectrum of the TA
film (blue line) which reveals the predominant contribution of
isolated A species. Indeed, the well-resolved vibronic structure
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Fig. 2 (a) UV-vis absorption (blue curve) and PL (pink curve) spectra of
the TA/PMMA film. Excitation line: 400 nm. In the inset: anthracene and
tetracene structures. (b) Absorption spectra of TA in PMMA films without
NPs (black curve), with AgNPs (red curve).

with peaks at 341 nm, 359 nm, and 379 nm is assigned to the
absorption of isolated A species dispersed in PMMA as can be
seen from the comparison with the absorption spectrum of
anthracene in CHCl; solution (see SI 03, ESIT).

The absorption spectrum of TA in the PMMA matrix at a
concentration much higher than that used in Fig. 2a"® shows a
peak at 400 nm which can be ascribed to crystalline A (see SI 03,
ESIt). This peak, which shows a negligible intensity in the R2
films, becomes appreciable when metal NPs are added (Fig. 2b).
No distinct visible absorption peaks of isolated (see SI 04, ESIT)
or aggregated T can be observed because of its extremely low
concentration. The absorption spectra of colloidal silver and
gold nanoparticles in the aqueous/organic phase are reported
in SI 05 and SI 06 (ESIT) along with their respective spectra in the
PMMA matrix. In the polymer matrix, the intensity of plasmon
absorption is very low, with a red-shift and broadening of the
peak due to partial NP aggregation (see SI 05 and SI 06, ESIT).

The PL spectrum of the TA film (reported in Fig. 2a) shows
the emission of both A and T. Upon excitation at 400 nm, only
crystalline A can absorb the incident photons and we mainly
observe emission at 443 nm (see SI 07, ESIf). Only when the
samples are excited at a higher energy (360 nm), we can have
emission from isolated A species as can be seen in Fig. SI 07 (ESIT)
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where the shoulder at 455 nm is assigned to a component of the
progression of vibronic transitions typical of isolated molecules.

Noteworthily, T emission is intense in spite of its extremely
low concentration, confirming the existence of an efficient
FRET from donor to acceptor species in TA embedded in the
PMMA matrix. It is known that in pure TA crystals FRET
efficiency is very high and at a relatively high T concentration
(i.e. A:T =250:1) no A emission can be observed in the PL
spectra.>'® However, in present experiments working at lower T
concentrations, A emission is still visible.

Since it is known that metal NPs can increase the Forster
radius®® and hence the amount of energy transfer, we added gold
and silver NPs to the different systems, namely A only, T only
(in the same concentration used in TA) and TA, and we further
analyzed the emissions.

In the case of the donor (A)/PMMA film upon the addition
of NPs (both gold and silver) we observe in the absorption
spectrum a clear peak at 400 nm which corresponds to crystalline
A (see SI08, ESIT) and an increased PL. In the case of acceptor (T)/
PMMA films we do not observe either absorption or emission
peaks even upon the addition of NPs because of the extremely
low T content (see SI 09, ESI¥).

In the TA case, the addition of NPs to the PMMA film
increases the overall emission significantly. We observe a large
increase in the T emission and a smaller increase in the A
emission with respect to the reference samples, as reported in
Fig. 3; this evidence seems to suggest that the more efficient
down-conversion is due to a nanoparticle-mediated energy transfer
phenomenon.

It is well known that there is an optimal fluorophore metal-NP
distance for maximum enhancement.'®?***'*** In order to examine
the dependency of TA-NP interaction on their mutual average
distance, we have prepared blends with different NP concentra-
tions. To obtain the enhancement factor of T in TA films with NPs,
fluorescence spectra have been recorded using the excitation
wavelength at 400 nm. All the values have been obtained using
the integrated area (470-650 nm) of the PL spectra and were
averaged over a set of measurements taken in different sample
regions. To have an effective comparison of the enhancement,

Int (a.u.)

e T

500 600 700 800
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Fig. 3 Emission spectra of TA in PMMA films without NPs (black curve),
with AuNPs (red curve) and with AgNPs (blue curve) at maximum enhance-
ment (1.66 NP wt% for silver and 0.9 NP wt% for gold) (Exc: 400 nm).

This journal is © the Owner Societies 2017

View Article Online

PCCP

12 T T T T T

o] i ]

EF of tetracene
>
L J

0 T T T T
0 1 2 3 4 5

Wit% of AgNPs

T T T T T

EF of Tetracene

T T

0 1 2 3 4 5
Wt% of AuNPs

Fig. 4 Enhancement factors of T emission for TA-NPs films with varying
AgNP and AuNP concentrations.

all the integrated values of the samples were normalized over
the respective reference sample (without NPs).

Fig. 4 shows that, for silver nanoparticles whose plasmon
absorption is in resonance with the donor (A) emission (SI 10,
ESIT), a maximum 11-fold enhancement is achieved at 1.66 wt%
of AgNPs (spectrum reported in Fig. 3). For TA films with gold
nanoparticles, which have a plasmon in resonance with the
acceptor emission (SI 10, ESIt), a maximum 6.5-fold enhance-
ment is obtained at 0.90 wt% of AuNPs (spectrum also reported
in Fig. 3).

In order to rationalize the observed enhancement, we can note
that the presence of nanoparticles not only alters the excitation
rate of both the donor (A) and the acceptor (T) but also changes
the rates of the various decay channels (ie., energy transfer
from the donor to the acceptor, energy transfer between the
plasmon resonance and the fluorophores, the radiative decay to
the far field and the nonradiative decay). As discussed in the
literature,***® it is very difficult to discriminate among the
various effects; nevertheless, a few general considerations can
be done.

In the presence of gold NPs, the excitation line (400 nm)
is not in resonance with the plasmon absorption (550 nm).
Notwithstanding, we do observe an enhancement of both donor
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(with or without acceptor) and acceptor emissions. ID, and ID
(which are, respectively, the donor emission intensity in the presence
or absence of acceptor) increase by the same amount and hence, the
FRET efficiency, which is defined as Erger = 1 — ID,/ID, does not
change. The increase in the emission intensity can therefore be
associated with the formation of a larger number of crystalline
domains (see Fig. 1), which are necessary for FRET to occur.
Moreover, T emission is further enhanced because of the
resonance with the plasmon.

In the case of silver nanoparticles, the excitation wavelength is
in resonance with plasmon absorption which overlaps with the
donor (A) emission and the acceptor (T) absorption (see SI 10,
ESIt). Under these conditions, the FRET rate should increase
(see for example ref. 30). However, decreased FRET efficiency
was observed in spite of the increase in the FRET rate. Actually,
the energy transfer efficiency E defines the fraction of the energy
transfer event occurring per donor excitation event according to
E = kgr/(kp + kgr) where kp is the sum of the radiative and non-
radiative decay rates of the donor.*® When the increase in the
donor rate is larger than that of the FRET, the efficiency
decreases. This seems to be the case with silver NPs (for which
we obtain from the data in Table SI 02 (ESIf) a decrease in
efficiency from 45 to 38%). Indeed, the intensity of the emission
of the donor in the presence of the acceptor increases more
than the intensity in the donor only sample (ID,'/ID, = 4.1 vs.
ID'/ID = 3.6 as seen in Table SI 02, ESIt). Additionally, as
already seen in the case of gold, there is an effect on emission
due to the larger number of crystalline domains.

The larger enhancement obtained with silver NPs suggests
that plasmon resonance affects FRET to a larger extent with
respect to metal-enhanced emission of T. Indeed, even in reso-
nance with T emission (as is the case for AuNP) the maximum
enhancement is lower than that obtained with AgNPs.

To further elucidate the mechanisms of plasmon/TA inter-
action, the excitation wavelength dependent study of T emis-
sion has been carried out on the TA-NPs films that exhibit the
maximum enhancement. Fig. 5 shows the T fluorescence inten-
sity for samples with AuNPs (red) and AgNPs (black) excited at
different wavelengths; all the values obtained are normalized
with respect to the corresponding reference sample. With the

340 360 380 400 420 440
wavelength (nm)

Fig. 5 PL enhancement of T emission in TA films with AgNPs (black) and
with AuNPs (red) excited at different wavelengths.
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addition of nanoparticles (both silver and gold NPs) T emission
increases and reaches a maximum at 400 nm when the excita-
tion line is in resonance with the absorption of crystalline A.
Below 400 nm we are mainly exciting isolated A species which do
not contribute to FRET (hence small T emission). This clearly
confirms the role of the crystalline fraction in promoting the NP
mediated energy transfer FRET in TA.

Conclusions

We have shown that it is possible to obtain transparent films with
good optical properties and an efficient energy transfer by using a
host guest anthracene/tetracene crystalline system embedded in a
polymer matrix in the presence of metal nanoparticles with an
appropriate relative NP/TA concentration. This system can be
used in optical devices where efficient down-conversion (about
100 nm) of incident radiation is required. The enhancement
induced by the presence of silver NPs can be as large as 11 and
it is due to several concurring phenomena: first of all, metal NPs
act as nucleating agents and hence increase the number of small
TA crystals which take part in the FRET process. Moreover, in the
case of silver, excitation of the plasmon resonance increases the
FRET rate and leads to a further increase of the acceptor emission.
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