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Perylene derivative dyes luminescence in polysiloxane matrix
in presence of gold nanoparticles

Perylene derivatives, including 1,6,7,12-tetrachloroperylene-3,4,9,10-tetradicarboxydianhydride (dye 1) and
3,4:9,10-bis(1,2-benzimidazole)- 1,6,7,12-tetra(4-tert-octylphenoxy) perylene (syn/ anti-isomers) (dye III),
were used for preparation of polysiloxane samples (PSi) containing different concentrations of geld nanopar-
ticles (GN). Dyes I and III demonstrate significant fluorescence enhancement upon addition of GN independ-
ent on excitation energy. For Lumogen Red composition in PSi some increase of fluorescence intensity was
observed upon addition of small concentrations of GN while further increase of GN concentration quenches
fluorescence. The increase of Lumogen Red emission intensity which is depending on/energy of excitation is
probably due to increase of radiation decay rate since excitation rate decreases. Effect of GN for Lumogen
Orange was expressed as quenching of fluorescence even at small concentrations of GN. Calculations at DFT
level of approximation for dye III suggest location of GN in plane of perylene core for observed fluorescence
enhancement.

Key words: Perylene derivative dyes, gold nanoparticles, surface plasmon resonance, fluorescence enhance-
ment.

1. Introduction

Metallic nanoparticles play important role in many different scientific and technological fields like pho-
tography [1], catalysis [2], medicine [3], electronic devices [4], data storage [5] and spectroscopy [6].

Nanoparticles of noble metals demonstrate unique optical properties due to surface plasmon resonance
(SPR), which refers to collective coherent oscillation of free electrons in resonance of electromagnetic wave.
Plasmon oscillation is considered as photon confined in nanosized space of metallic particle. SPR leads to
strong absorption or scattering of light'by nanoparticles at resonance frequency. Collective oscillation of free
electrons creates local electric field.

In case of presence of luminescent material in local electric field the rates of absorption and excitation
may change and that leads to'change of radiative and non-radiative decay rates and quantum yield. If the
wavelength of SPR overlaps spectrum of absorption of luminescent material then the rates of absorption and
excitation increase [7]. These interactions were the subjects of theoretical [8] and experimental [9—12] studies.

This mechanism provides possibility to extend the range of application of luminescent materials, which
may be used in luminescent solar concentrators in order to collect long-wavelength light.

We have considered effect of presence of GN on the fluorescent properties of perylene derivative dyes.
The reason for using of GN is that there is a great number of published results devoted to application of met-
al nanoparticles. For instance, in paper [13] the review on spectral properties of nanoparticles of transition
metals is presented as well as the potential of their application for luminescent solar concentrators (LSC). In
[14] authors have demonstrated enhancement of fluorescence intensity of the dye Lumogen F Red 305 in
presence of GN. In papers [15, 2] this effect is considered in detail, particularly effect of distance between
GN and a dye on fluorescence intensity enhancement. The results and methods of study represented in these
works demonstrate that application of GN allows to achieve significant enhancement of dyes fluorescence
thus increasing the efficiency of LSC. Perylene derivative dyes demonstrate relatively high photostability,
ability to emit light in long wavelength region therefore this type of dyes could be a good candidates for LSC
application.

In this paper for the first time we present data on luminescent properties of some perylene derivative
dyes in PSi composition with GN. Such materials may be used in LCS with high efficiency.
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2. Material and methods

2.1 Chemicals

Dye 1,6,7,12-tetrachlorperylene-3,4,9,10-tetradicarboxydianhydride, CAS # 156028-26-1 was pur-
chased from Synthon Chemicals GmbH&Co, Mw 530, 1g/mol.

o-Phenylendiamine, Cat. #P23938; Propionic acid, Cat.#P1386; Potassium carbonate, Cat.#P5833; 1-
Methyl-2-pyrolidinon, Cat.# 443778; Silica gel, Cat.# 236802; 4-tret-Octylphenol, Cat# 290823;
Chloroauric acid, Cat.# 50790 were purchased from Sigma-Aldrich GmbH.

Components of PSi RTV141A and RTV141B were purchased from Rhodia Silicones.

1.2 Synthesis

1.2.1 Intermediate product 3,4.:9,10-bis(1,2-benzimdazole)-1,6,7,12-tetrachlorperylene (Sin.and Anti

isomers) (1I).

1,6,7,12-tetracholperylene-3,4,9,10-tetradicarboxydianhydride (2 g, 3.8 mM) ando<Phenylendiamine
(1.85 g, 17.1 mM) were placed in 100 ml round bottom flask, in which 100 ml of propionic acid was added.
The mixture was mixed at 140 °C for 6 hours, later it was cooled down to 80-90 °C and-filtered out using
Shot funnel at this temperature. Intermediate product was washed with 15 ml of warm propionic acid with
following rinse of plenty of water. The precipitate was dried out on air at 80 °C for 10 hours.

The yield of final product was 2.4 g (62%)).

'HNMR (CDCl;): 8,56-8,42 (m, 4H), 7,83-7,79 (m, 2H), 7,50-7,43 (m, 4H), 7,33-7,20(m, 12 H),
7,01-6,84(m, 6H), 1,85-1,56(m, 16H), 1,33—1,27(m, 20H), 0,91-0,43(m;, 36H).

2.2.2 3,4:9,10-bis(1,2-benzimdazole)-1,6,7,12-tetra(4-tret-oktylphenoxy) perylene (Sin and Anti iso-
mers) (111).

Tetrachloroperynone (5g, 7.4 mM) (I), 4-tret-octylphenol(9.08 g, 44 mM) and potassium carbonate
(6.07 g, 44 mM) were placed into 150 ml of N-methylpyrrolidone. Reaction mixture was stirred at 140 °C for
24 hours, and then it was cooled down to room temperature. Next reaction mixture was processed with 10 ml
of cooled concentrated hydrochloric acid in ice bath till stopping of the emission of gas. The obtained precip-
itate was filtered out through the Shot funnel, rinsed with water several times and then rinsed with 30 ml of
methane 5 times. After that the product was cleaned out by column chromatography using silica gel as sta-
tionary phase and 40-70% mixture of dichloroethane-hexane. Final yield is 2.0 g of mixture of sin/anti-
isomers [16].

'HNMR (CDCl,): 8,51-8,37 (m, 4H), 7,79-7,78(m, 2H), 7,49-7,45 (m, 3H), 7,33-7,20 (m, 13 H), 7,01—
6,84(m, 6H), 1,84-1,76 (m, 8H), 1,65-1,55 (m, 24H), 0,89-0,83 (m, 36H).

Scheme of reaction of obtaining of dye III is shown in Figure 1.
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Figure 1. Scheme of reaction of obtaining of dye III
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2.3 Obtaining of PSi matrix

Into the oligomer of PSi RTV141A the curing agent RTV141B was added in the weight proportion of
RTV141A: RTV141B equaled to 10:1. The obtained mixture was stirred till the uniform white muddy foam
appears and then the air was removed from the foam by vacuum pump until uniform clean transparent prod-
uct forms.

The obtained product is then heated at 60 °C during 30 minutes and then at 120 °C during 15 minutes.
The obtained sample is totally transparent elastic dense product. If sample is not heated at 120 °C then it be-
comes less elastic and easily liable to rupture.

Introduction of dye into polymer matrix by diffusion was performed by following method. Using the
method described above 10 samples of PSi were prepared and placed in the methylenechloride solution of
the dye of 10 different concentrations. The containers with PSi samples in dye solutions were tightly-closed
and left for stirring at room temperature for 12 hours. After that the samples were removed from solutions
and dried at room temperature until constant weight of samples was obtained. For obtained samples the
measurements of UV-vis and fluorescence spectra were conducted.

Introduction of dye into PSi matrix during the curing process was performed by following method.
Methylenechloride solution of dye of particular concentration was introduced in the oligomer RTV141A,
intensively stirred until uniformly colored foam forms and then evacuated at 60 °C and pressure of 10 kPa.
The obtained colored transparent solution of dye in the oligomer was divided into/10 samples of different
amounts and placed into 10 test tubes and then the total weight of each sample was risen to 6 g by adding of
clean oligomer RTV141A. The 0.6 g of curing agent RTV141B was added to-each sample, and then they
were intensively stirred and evacuated several times until uniform mass was obtained. Next these samples
were cured according to the following regime: 40 °C — 15 min.; 50.°C — 15 min.; 60 °C — 15 min.; 120 °C
— 15 min. The UV-vis and fluorescence spectra are measured for these samples.

Introduction of GN in PSi matrix was performed according to earlier published method [14]. The mix-
ture of component A, component B and the dye was poured outin amount of 6 g into test tubes then the solu-
tion of chloroauric acid of different volumes was added to every test tube which were then evacuated and left
for drying.

It should be noticed that color of obtained polymer slowly changes from yellow to gray-crimson due to
reduction of gold atoms from 3 to 0 valence.

In works [2, 14, 15, 17] the detailed procedures of obtaining of GN, description of process of formation
of GN in various media are presented also'the reliable results of obtaining and measuring of GN properties
are demonstrated. Since we have thoroughly followed the methods of obtaining of GN described in [14, 17]
therefore we do not demonstrate results proving the presence of GN and their properties because there is no
doubt that the size and other properties of GN will not be significantly different from previously described
works.

As it is described in experimental part the introduction of dye into PSi matrix could be performed by
two ways: diffusion or direct introduction of solution into curing mixture with following solvent removing.

The advantage of first method is its ability to introduce into the PSi matrix the dyes which are poorly
dissolved in component A. The disadvantage of the first method is a requirement of large time for samples
preparation (12 hours for diffusion and 12 hours for solvent removing). Besides in case of fast or non-
uniform evaporation of solvent the samples start to break due to heterogeneity between more swollen and
less swollenparts of a sample.

The advantage of the second method is its fastness as well as the absence of problem of rupturing of
samples since solvent evaporation is not required. Therefore in case of good solubility of the dye in compo-
nent A the second method is preferable.

For the dyes I and III the few samples of different dyes concentrations in PSi were prepared in order to
determine a concentration which provides maximal fluorescence intensity.

It was found that maximal fluorescence intensity corresponds to the concentration of 7.4 x10° M/1 for
the dye I and 5.01 x10” M/ for the dye III. And these particular concentrations were used then for studying
GN effect on fluorescent properties of the dyes.

2.4 Equipment:

For measuring UV-vis spectra a spectrophotometer Specord 250 Plus was used. Fluorescence and exci-
tation spectra were measured using spectrofluorimeter Fluorat-02 Panorama.
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3 Results and discussion

3.1 Effect of gold concentration on fluorescent properties of the dyes

Method of gold introduction was described in the experimental part. It should be noted that in case of
using diffusion method for introducing dye in PSi the gold was introduced in the polymer in advance and
only after that the samples were placed into methylenechloride solution of the dye.

In case of direct introduction of the dye into curing mixture the solution of chloroauric acid in
dichloroethane was introduced into the mixture of component A and dye with following removing of
dichlorethane by evacuation at 70 °C and 10 kPa.

UV-vis and fluorescence spectra of the obtained samples for the dye I1I in PSi and different GN concen-
trations are shown below (see Fig. 2-5).
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Figure 2¢ UV-vis spectra (A), fluorescence spectra (B) and excitation spectra (C) of the dye III in PSi
for different GN concentrations (see inset). Dye concentration 5.01x10” M/

Figure 2A shows that gradual increase of GN concentrations shifts main absorption band of PSi compo-
sition. from 630 nm to 590 nm and increases its intensity. This is due to the fact that GN usually have plas-
mon band around 520 nm. According to Figure 2B presence of GN in PSi matrix containing dye III mole-
cules provides fluorescence intensity enhancement. In the range of GN concentrations between 0.0006 % and
0.0018 % luminescence intensity increases gradually and reaches its maximum in case 0f0.0018 % respec-
tively. For this concentration luminescence increases by factor of 3 comparing to luminescence of pure dye
1T PSi composition. The subsequent increase of GN concentration leads to decrease of emission intensity but
still remains much higher comparing to initial luminescence intensity of dye III without GN in PSi. The
shape of emission spectrum does not change in presence of GN indicating the absence of any chemical or
physical transformations in the dye III molecules.
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It is known that luminescence enhancement of organic dyes in presence of GN may strongly depend on
relative positions of excitation wavelength, plasmon band and a dye absorption peak. Therefore we have
measured excitation spectra to test effect of excitation energy on luminescence enhancement. Figure 2C
shows excitation spectra of dye III PSi composition in presence of different concentrations of GN.

Changing of excitation wavelength does not change the behavior of fluorescence spectra since the in-
tensity increases gradually as concentration of GN rises from 0 to 0.0018% although this increase is less than
3 times. Following rise of GN concentration (0.0021% and 0.0024%) leads to decrease of fluorescence inten-
sity but still it remains higher comparing to the sample without GN.

As one can see from Figure 2B and 2C GN provide enhancement of luminescence of the dye III under
excitation of different wavelengths and this allows to use such polymer composition in luminescent solar
concentrators (LSC). It is also known that addition of GN may provide enhancement of photostability.of or-
ganic dyes in polymer matrix [18]. This also favorites to use such dyes in combination with GN in creation
of LSC.

Next we have considered effect of GN on dye I fluorescence in PSi. Figure 3A demonstrates UV-vis
spectra of PSi samples containing dye I and GN. As one can see from Figure 3A addition of GN provides
increase of absorption intensity in short wavelength region 300 — 400 nm and some redistribution of intensity
between two peaks located in region 470 — 500 nm. The peak at 500 nm rises in intensity while band at 470
decreases slightly. Increase of band at 500 nm could be explained by fact that plasmon band of GN locates in
region 500-520 nm.
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Figure 3. UV-vis spectra (A), fluorescence spectra (B) and excitation spectra (C)
of the dye I in PSi for different GN concentrations (see inset). Dye concentration in PSi was C=7.4x10°M/1
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Since the dye I in PSi demonstrates high absortion intensity in region of 470-500 nm we have used
excitation energy of 485 nm for measuring fluorescence spectra corresponding to different GN
concentrations (Fig. 3B). Fluorescence intensity reaches the maximum at GN concentration of 0.0003% and
the enhancement coefficient is about 3 which is about the same as in case of dye IIl molecule. Lower or
higher concentration gives smaller gain of emission. It should be noted that smaller amount of GN is needed
for enchancing of dye I molecule emission than in case of dye III. This may indicate that longer distance
between dye I molecule and GN in PSi matrix provides maximal fluorescence enhancing comparing with the
one for the dye III and GN composition in PSi.

To test enhancement efficiency for different energies of excitation we have measured excitation spectra
of PSi matrices containing dye I and GN (Fig. 3C). The results show that excitation in wide range of
wavelength provides fluorescence enhancement of dye I in PSi with GN.

For comparison the UV-vis (Fig. 4A) and fluorescence (Fig. 4B) spectra for samples containing dye
Lumogen Red are shown. Samples with Lumogen Red were prepared using the same method as for samples
of dye III since it is quite soluble in oligomer of PSi RTV141A. Concentration of Lumogen Redin all
samples was 2.6x10” M/I. Fig. 4A demonstrates that addition of GN leads to the decrease of absorption
intensity without changing of spectrum shape. Such behaviour may indicate that presence of GN leads to
decrease of excitation rate in Lumogen Red molecule since it directly depends on local electric field. It is
known from literature that GN may create the local regions of reduced electric field compared to excitation
far-field value [19].
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Figure 4. UV-vis spectra (A), Fluorescence spectra (B) and Excitation spectra (C)
of Lumogen Red in PSi for different GN concentrations (see inset). Dye concentration in PSi was C=2.6x10~ M/1
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Addition of 0.00004% of GN leads to increase of fluorescence intensity by about 30% althougth further
addition of GN starts to reduce the intensity. Besides, all considered amounts of GN more than 0.00016%
provide quenching of initial emission of Lumogen Red molecule. Thus we may conclude that at longer
distances (small concentrations of GN) between the dye molecule and GN fluorescence intensity increases
and at shorter distances (high concentrations of GN) the initial dye emission decreases. Our results correlate
with data provided by authors [15] for dependance of Lumogen Red emission on distance to GN layer. Next
in order to test the effect of excitation energy on fluorescence intensity of the dye we have measured
excitation spectra of PSi samples with Lumogen Red and GN (Fig. 4C).

Excitation spectra for Lumogen Red in presence of GN demonstrate strong dependence of emission in-
tensity on excitation energy. In the region of short wavelength of 230-300 nm GN only quench emission of
the dye but in long wavelength region of 300-550 nm metallic nanoparticles provide significant enhance-
ment of fluorescence, i.e. the highest gain by almost 2 times was obtained for 0.00004% of GN concentra-
tion. Since for all considered samples of Lumogen Red presence of GN in PSi provided reduction of excita-
tion rates and small GN concentrations lead to emission enhancement we may conclude that GN provide sig-
nificant increase of radiative decay rate in the dye that may exceed reduction of excitation rate [19]:

Another well known perylene derivative dye is Lumogen Orange that we used in our experiments.
Samples containing dye Lumogen Orange with concentration 2.8x10°M/I were prepared using diffusion
method since the dye is not soluable in oligomer RTV141A. UV-vis spectra of PSi samples of Lumogen
Orange are presented in Fig. 5A. Addition of GN results in gradual increase of absorption intenisty in the
whole measuring spectrum region preserving the shape of spectrum. Thus:the GN provide increase of
excitation rates.
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Figure 5. UV-vis spectra (A), fluorescence spectra (B) and excitation spectra (C) of dye Lumogen Orange
in PSi for different GN concentrations (see inset). Dye concentration in PSi was C=2.8x10™ M/I
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Measured fluorescence spectraof PSi samples containing Lumogen Orange (Fig. 5B) demonstrate that
addition of GN results in fluorescence quenching. Since the exctitaion rate is increased by GN we may
suggest that nonradiative decay rate and nonradiative energy transfer are also increased even stronger so that
they overwhelmed increase of excitation rate. The excitation spectra of Perylene Orange samples (Fig. 5C)
demonstrate that presence of GN results only in quenching of the dye fluorescence independently on
excitation energies in the region 230-500 nm. The higher the concentration, i.e. the shorter the distance
between metalic nanoparticles and the dye molecules, the higher the probability of non-radiative decay
processes.

Our results for 4 dyes demonstrate that dye I and III as well as Lumogen Red (small concentrations of
GN) may provide fluorescence enhancement upon addition of GN and in case of Lumogen Orange presence
of GN leads to quenching of the emission. High concentrations of GN in PSi matrix result in‘quenching of
emission of Lumogen Red molecule. The enhancement of fluorescence for Lumogen Red depends on excita-
tion wavelength.

In all considered results the increase of fluorescence intensity was estimated on the basis of value of
maximal intensity of fluorescence at the constant wavelength for all samples of the same dye. Moreover the
technical parameters of the measurements of fluorescence spectra (excitation wavelength, dye concentration
in a sample, measuring wavelength region, sensitivity of the detector) were the same for all samples and that
excludes the effect of background noise on estimation of increase of intensity.

In all cases the samples were totally transparent peaces of PSi of the same shape and thickness with uni-
form coloration of the whole volume and absence of any turbidity or non-dissolved particles.

The distinction of behavior of the dye Lumogen Orange from other three dyes cannot be related only to
method of introduction of dyes into PSi by diffusion since the dye I was also introduced by this method and
demonstrated similar results as dye III. We believe that distinctions of the behavior are due to spatial struc-
ture of Lumogen Orange.

The obtained results are very interesting for future development of LSC technique which are transparent
polymer matrices doped by fluorophores. Intensity of emission of fluorophores determines the efficiency of
LSC. Therefore one of the main ways toward the increase of LSC efficiency is increase of emission intensity
of fluorophore. In our case the PSi matrix was doped by perylene derivative dyes demonstrating intensive
emission in visible spectral range and the way of increase of their emission by addition of GN which is a sig-
nificant step toward solution of a problem of increasing of efficacy of solar cells.

3.2 Quantum chemical calculations.

In this section we consider simplistic theoretical model of effect of GN on luminescent properties of
dye III molecule. The luminescence intensity. depends on many parameters which could not be included in
theoretical considerations. One of the problems encountered by theorists is the shape and size of GN required
for the realistic model. In the literature the clusters of different types and sizes were considered from couple
of atoms up to few thousands [20—22]. Another issue is the orientation of GN relative to the organic dye
molecule. Also a method of evaluation of plasmonic effect on luminescent properties of the dye molecule is
another barrier toward consideration interaction of metal nanoparticle with the dye. Some approaches to re-
solving these issues were suggested by authors [20-22].

Here we present simplistic model based on the assumption that GN may increase absorption rate of dye
molecule [23]. This approach may not be considered as a comprehensive model but rather as a source of ad-
ditional data helping clarify effect of metal nanoparticles on the dye molecule.

In our model we have considered GN effect on dye III molecule using the quantum chemical calcula-
tions.For the dye III molecule the optimized structure was calculated (Fig. 6) in DFT approximation using
B3LYP [24, 25] standard functional. For gold atoms LanL2 effective core potential with DZ basis set [26]
were used and for other atoms 6-31G(d) basis set was used. All calculations were performed using
GAUSSIANO09 Rev. CO1 program package [27]. It should be noted that calculated vibration frequencies for
this structure do not demonstrate imaginary numbers therefore this obtained structure corresponds to global
minimum. Figure 6 shows that the molecule has almost planar perylene core and twisted side substituent
rings.In this respect dye III molecule structure resembles Lumogen Red structure [28].
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Figure 6. Optimized structure of the dye III molecule

For obtained optimized structure of dye III UV-vis spectrum was calculated using/TDDFT [29-31]
method (Fig. 7 and Table 1). All visualized spectra were obtained with 0.33 eV half-width and Gaussian type
of function for describing broadening. Data presented in Figure 7 and table 1 demonstrate the presence of
very intensive transition at 637 nm and less intensive transition at 449 nm. The comparison of experimental
and theoretical UV-vis spectra shows good agreement thus proving the correctness of the obtained structure
of the molecule. In Table 1 data on molecular orbitals (MO) corresponding to intensive transitions are pre-
sented. According to these data intensive transition at the wavelength of 637 nm' corresponds to electron
transition from HOMO to LUMO which are delocalized over the whole perylene core: The second intensive
transition at wavelength of 449 nm corresponds to transition from HOMO < 3 to LUMO, where HOMO - 3
is partially localized on perylene core and partially on side substituent rings.
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Figure 7. Calculated UV-vis spectrum of the dye III molecule

Table 1
Intensive transitions of calculated UV-vis spectrum of dye III molecule
Transition # | Transition wavelength Oscillator MO of transitions
(nm) strength
1 637 0.8456 HOMO—LUMO
3 467 0.0825 HOMO -2 — LUMO
4 449 0.1103 HOMO -3 — LUMO

Next we have considered models of complexes of the dye III molecule and gold. Experimental data in-
dicate that addition of gold nanoparticles to polymer composition of the dye IIl may provide significant in-
crease of luminescence intensity without changing the shape of spectrum as a result of SPR. One of the pos-
sible mechanism of Iuminescent intensity increasing under photo excitation is the increase of absorption in-
tensity of the dye molecule in presence of GN [23]. It is also known that metallic nanoparticles usually have
smaller sizes comparing to semiconducting nanocrystals and particularly gold atoms form Au,s cluster, i.e.
contain odd number of atoms and may have unpaired electron [32]. Therefore we have considered a model
with two separated gold atom where each atom represents gold cluster.

Model of complex of dye molecule and two gold atoms one of which is located over perylene plane and
another one symmetrically under this plane (structure I) is shown in Figure 8 where dye structure was not re-
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optimized in presence of gold atoms. For the structure I the UV-vis spectra were calculated for the cases of D
=4 and 5 A, where D is a distance between gold atoms and perylene core plane. Results of calculation of
electronic spectra of structure I are presented in Table 2. These data indicate that location of gold atoms over
perylene plane at the distance of 4 A leads to significant change of UV-vis spectrum. Particularly new inten-
sive band appears in long wavelength region and the most intensive band at 637 nm has lower oscillator
strength in comparison with the dye molecule without gold atoms. Analysis of MO participating in long
wavelength transition shows that this new transition relates only to gold atoms while the most intensive tran-
sition corresponds to the same MOs as in case of single dye molecule. At the distance of 5 A presence of
gold atoms in structure I does not lead to significant changes in electronic spectrum of the dye and the MOs
involved in the most intensive transition remains the same as in cases of D = 4 A and the single dye mole-
cule. The only change in this case is the decrease of oscillator strength of the most intensive transition.at 638
nm although this reduction is less than for distance D = 4 A. For D =4 and 5 A of structure I short wave-
length transition also undergoes some reduction of oscillator strength comparing to the single dye molecule
but the nature of MO does not change. Figure 9 shows visualized calculated UV-vis spectra of structure I in
comparison with calculated electronic spectrum of the dye. Our results demonstrate that for structure I the
presence of gold atoms leads to the decrease of absorption intensity which in turn may provide decrease of
emission intensity of the dye. Besides the longer the distance between gold atoms and the-dye the smaller
decrease of oscillator strength. Such behavior could be explained by the fact that in' case. of structure I gold
atom located directly over 1 MO of perylene core which relates to the formation of the most intensive transi-
tion introduce perturbation in this 7 MO.

Figure 8. Cluster model of dye molecule and gold atoms located over and under perylene core of the dye (structure I),
where D — distance between gold atom and perylene core plane

Table 2
Intensive transitions in structure I
D, A Transition Wavelength of a tran- Oscillator Transition MO
number sition (nm) strength
4 3 1045.93 0.1872 HOMO — LUMO
7 637.87 0.7753 HOMO - 1- LUMO + 1
19 449.49 0.0981 HOMO - 4— LUMO + 1
5 10 638.28 0.8022 HOMO - 1- LUMO + 1
24 448.36 0.0979 HOMO - 4— LUMO + 1
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Figure 9. Calculated UV-vis spectra of the dye and structure I

Next we have considered another model of gold atoms location relative to the dye molecule (Fig. 10) in
which gold atoms were located in plane of the perylene core and coordinated with oxygen-atoms of the car-
bonyl groups of the dye (structure II) where dye III structure was not re-optimized in presence of gold atoms.
For this model the UV-is spectra were calculated and these data are presented in Table 3.
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Figure 10. Structure II model
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Table 3
Calculated intensive transitions of UV-vis spectra of structure II model

D, A | Transitions number. | Transition energy (nm) | Oscillator strength Transition MOs
2.5 6 687.18 0.8340 HOMO -1 —- LUMO + 1
14 500.77 0.0994 HOMO -4 — LUMO + 1
3 6 654.62 0.8562 HOMO -1 —- LUMO + 1
18 466.77 0.1085 HOMO -4 — LUMO + 1
3.5 6 644.15 0.8577 HOMO -1 —- LUMO + 1
18 455.09 0.1031 HOMO -4 — LUMO + 1
3.75 6 642.12 0.8471 HOMO -1 —- LUMO + 1
19 452.85 0.1062 HOMO -4 — LUMO + 1
4 7 640.90 0.8587 HOMO -1 — LUMO + 1
19 451.61 0.1046 HOMO -4 —» LUMO + 1
4.5 8 639.52 0.8587 HOMO -1 — LUMO + 1
22 450.22 0.1046 HOMO -4 — LUMO + 1
5 9 638.64 0.8568 HOMO -1 — LUMO + 1
23 449.50 0.1059 HOMO -4 —» LUMO + 1
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Results presented in Table 3 indicate that at small distances between gold atom and the oxygen atom of
dye (2.5-3.75 A) the basic absorption band shifts to long wavelength region but the nature of the transition
does not change. At small distance of 2.5 A the oscillator strength of the most intensive transition decreases
compared to the single dye molecule. As the distance D increases (3, 3.5, 4, 4.5 and 5 A) the band shifts to
short wavelength region and the oscillator strength increases and becomes higher compared to the single dye
molecule. Only in case of D = 3.75 A oscillator strength becomes smaller than in case of neighboring values
of D, i.e. violating the tendency.

It should be noted that at D = 4.5 and 5 A wavelength of the most intensive transition has almost the
same value as in case of the single dye molecule. The calculated electronic spectra of the dye and structure 11
model are shown in Figure 11.

40000
35000 +
30000 4
25000 4
20000 4

15000 +

Absorption intensity (a.u.)

10000 +

_ 7
5000

0
330 405 480 555 630 705 780 855 930
Wavelength (nm)

Figure 11. Calculated electronic spectra of structure Il model in comparison
with the single dye molecule

Analysis of MOs related to intensive transition in structure Il for D = 2.5 indicate that the intensive
transitions have contribution from unoccupied orbital-localized on perylene core and gold atom. For distanc-
esD=3,3.5,3.75,4,4.5 and 5 A the nature of MQ contributing to intensive transitions coincides with char-
acter of MOs of the single dye molecule. Therefore starting from the distance of 3 A and further the unoccu-
pied MOs related to the intensive transitions do not have contribution from atomic orbitals of the gold atoms.

Thus on the basis of the obtained experimental results and quantum chemical calculations we may sug-
gest that emission enhancement for the«dye Il molecule by GN is observed in case of their mutual location
like in structure II model. On the contrary structure I model may lead to the quenching of the dye III emis-
sion.

4 Conclusions

The obtained experimental and theoretical data allow to make the following conclusions. Addition of
GN of a certain concentrations‘nto PSi matrices may lead to significant increase of fluorescence of the dyes
I and III independent on the excitation wavelength. Such change of the emission intensity may correspond to
gold atoms location like in'structure II model in which the increase of absorption intensity occurs and this
may provide increase of emission intensity of the dye IIl. Location of gold atoms like in structure I model,
i.e. directly-over perylene core 1 MO provides reduction of absorption probability of excitation radiation and
thus may stimulate decrease of emission intensity respectively.

For the dye Lumogen Red some increase of fluorescence intensity may be provided at low GN concen-
trations and quenching of fluorescence was observed at relatively high GN concentrations. Increase of
radiative decay rate of the Lumogen Red in presence of GN (low concentrations) overwhelms decrease of
excitation rate.

Lumogen Orange upon addition of GN always exhibit only emission quenching although excitation rate
increases. The phenomenon of selective emission enhancement effect of GN on these perylene derivative
dyes needs further investigation.

Acknowledgement

This work was supported by the Ministry of Education and Science of the Republic of Kazakhstan. Au-
thors would like to thank National scientific laboratory of shared utilization of informational and space tech-
nologies at KazNTU (Kazakh National Technical University) for providing computational resources.

36 BecTHuk KaparaHguHckoro yHusepcuTeTa



Perylene derivative dyes...

References

1 Schon G., Simon U. A fascinating new field in colloid science: small ligand-stabilized metal clusters and their possible appli-
cation in microelectronics // Colloid Polym. Sci. — 1995. — Vol. 273. — P. 202-218.

2 Hirai H., Wakabayashi H., Komiyama M. Polymer-protected copper colloids as catalysts for selective hydration of acrylonitrile //
Chem. Lett. — 1983. — Vol. 12. — P. 1047-1050.

3 Bhargava S., Booth J., Agrawal S., Coloe P., Kar G. Gold Nanoparticle Formation during Bromoaurate Reduction by Amino
Acids // Langmuir. — 2005. — Vol. 21. — P. 5949-5956.

4 Pan A., Yang H., Liu R., Yu.R., Zou B., Wang Zh. Color-Tunable Photoluminescence of Alloyed CdSxSel-x Nanobelts //
J. Am. Chem. Soc. — 2005. — Vol. 127. — P. 15692-15693.

5 Peyser L., Vinson A., Bartko A., Dickinson R. Photoactivated Fluorescence from Individual Silver Nanoclusters // Science. —
2001. — Vol. 291. — P. 103-106.

6 Haes A., Haynes C., McFarland A., Schatz G., Van Duyne R., Zhou S. Plasmonic Materials for Surface-Enhanced Sensing
and Spectroscopy // MRS Bull. — 2005. — Vol. 30. — P. 368-375.

7  Wokaum A., lutz H.-P., King A., Wild U., Ernst R. Energy transfer in surface enhanced luminescence // J.Chem.Phys. —
1983. — Vol. 79. — P. 509-515.

8 Chance R., Prock A., Silbey R. Molecular Fluorescence and Energy Transfer Near Interfaces / Adv. Chem. Phys. — 1973. —
Vol. 37. —P. 1-65.

9  Lakowicz JR., Shen Y., Auria S.D., Malicka J., Fang J., Gryczynski Z., Gryczynski I. Radiative Decay Engineering: 2. Effects
of Silver Island Films on Fluorescence Intensity, Lifetimes, and Resonance Energy Transfer // Anal. Biochem:—2002. — Vol. 301.
—P.261-277.

10 Chen Y., Munechika K., Plante I., Munro A.M., Skrabalak S., Xia Y., Ginger D.S. Excitation enhancement of CdSe quantum
dots by single metal nanoparticles / App. Phys. Lett. — 2008. — Vol. 93. — P. 053106.

11 Tam F., Goodrich G., Johnson B., Halas N. Plasmonic Enhancement of Molecular Fluorescence // Nano Lett. — 2007. —
Vol. 7. — P. 496-501.

12 Muskens O., Giannini V., Sanchez-Gil J., Rivas J. Strong Enhancement of the Radiative Decay Rate of Emitters by Single
Plasmonic Nanoantennas // Nano Lett. — 2007. — Vol. 7. — P. 2871-2875.

13 Granchak V.M., Sakhno T.V., Kuchmy S.Ya. Light-Emitting Materials— Active. Components of Luminescent Solar Concen-
trators // Theor. Exp. Chem. — 2014. — Vol. 50. — P. 1-20.

14 Buffa M., Carturan S., Debije M.G., Quaranta A., Maggioni G. Dye-doped polysiloxane rubbers for luminescent solar con-
centrator systems // Solar Energy Materials & Solar Cells. — 2012. —Vol. 103.—P. 114-118.

15 Canesi E.V., Capsoni M., Karanam L., Lucotti A., Bertarelli C., Del Zoppo M. Solution Processed, Versatile Multilayered
Structures for the Generation of Metal-Enhanced Fluorescence //J. Phys. Chem. C. — 2013. — Vol. 117. —P. 13197-13201.

16 Debije M., Verbunt P., Nadkarni P.J., Velate S., Bhaumik K., Nedumbamana S., Rowan B., Richards B., Hoeks T. Promising
fluorescent dye for solar energy conversion based on a perylene perinone // Appl. Opt. — 2011. — Vol. 50. — P. 163-169.

17 Goyal A., Kumar A., Ajayan P.M. Metal salt induced synthesis of hybrid metal core—siloxane shell nanoparticles and siloxane
nanowires // Chem. Comm. — 2010. — Vol. 46. — P. 964-966.

18 El-Bashir S., Barakat F., AlSalhi M. Double layered plasmonic thin-film luminescent solar concentrators based on polycar-
bonate supports // Renewable Energy. — 2014.— Vol. 63. — P. 642—-649.

19 Ming T., Chen H., Jiang R., Li Q., Wang J. Plasmon-Controlled Fluorescence: Beyond the Intensity Enhancement // J. Phys.
Chem. Lett. — 2012. — Vol. 3. — P. 191-202.

20 Sanchez-Gonzalez A., Corni S., Mennucci B. Surface-Enhanced Fluorescence within a Metal Nanoparticle Array: The Role of
Solvent and Plasmon Couplings // J. Phys. Chem. C. — 2011. — Vol. 115. — P. 5450-5460.

21 Vukovic S., Corni S., Mennucci B. Fluorescence Enhancement of Chromophores Close to Metal Nanoparticles. Optimal Setup
Revealed by the Polarizable Continuum Model // J. Phys. Chem. C. — 2009. — Vol. 113. — P. 121-133.

22 Fihey A., Maurel F., Perrier A. Plasmon—Excitation Coupling for Dithienylethene / Gold Nanoparticle Hybrid Systems:
A theoretical Study, J. Phys. Chem. C. — 2015. — Vol. 119. — P. 9995-10006.

23 Chandra S.,;Doran J., McCormack S.J., Kennedy M., Chatten A. Enhanced quantum dot emission for luminescent solar con-
centrators using plasmonic interaction // Sol. Energy Mat. Sol. Cells. — 2012. — Vol. 98. — P. 385-390.

24 Becke-A.Density-functional thermochemistry. III. The role of exact exchange // J. Chem. Phys. — 1993. — Vol. 98. —
P. 5648-5653.

25 Lee Cy Yang W., Parr R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron
density // Phys. Rev. B. — 1988. — Vol. 37. — P. 785-790.

26/ Hay P., Wadt W. Ab initio effective core potentials for molecular calculations. Potentials for the transition metal atoms Sc to
Hg//J. Chem. Phys. — 1985. — Vol. 82. —P. 270-284.

27 Frisch M.J., Trucks G.W., Schlegel H.B. et al. Gaussian 09, Revision C.01. — Wallingford, CT: Gaussian, Inc., 2010.

28 Aldongarov A., Barashkov N., Irgibaeva I. Calculated spectral properties of perylene orange, perylene red, and their complex
with sodium azide // Int. J. Quant. Chem. — 2007. — Vol. 107. — P. 2331-2342.

29 Bauernschmitt R., Ahlrichs R. Treatment of electronic excitations within the adiabatic approximation of time dependent den-
sity functional theory // Chem. Phys. Lett. — 1996. — Vol. 256. — P. 454-464.

30 Stratmann R.. Scuseria G.. Frisch M. An efficient implementation of time-dependent density-functional theory for the calcu-
lation of excitation energies of large molecules // J. Chem. Phys. — 1998. — Vol. 109. — P. 8218-8225.

31 Furche F., Ahlrichs R. Adiabatic time-dependent density functional methods for excited state properties / J. Chem. Phys. —
2002. — Vol. 117. —P. 7433-7443.

32 Xie J., Zheng Y., Ying J. Protein-Directed Synthesis of Highly Fluorescent Gold Nanoclusters / J. Am. Chem. Soc. — 2009.
— Vol. 131. — P. 888-889.

Cepusi «dunsuka». Ne 1(81)/2016 37



A.Mantel, N.Shautenbaeva et al.

A.Mamnrens, H.IllayTren6aesa, A.JIanr,
W.Nprubaesa, A.Annonrapos, H.bapamkos, 1.Mykaraes

IMoaucuiokcan MaTpUuHaCbIHIAAYbI IEPUJICH Hel"i3)_'[i 60ﬂfbl].[lTap)1]>IH AJITBIH
HaH06OJIIHeKTepi KaTbICbIHAAYbI JTIOMHUHECCHCHIIUSA

Kypambiana 1,6,7,12-terpaxnoponepunes-3,4,9,10-terpagukapbokcuauanruapun (Dye 1) men 3,4:9,10-
6uc(1,2-6em3umunazon)-1,6,7,12-rerpa(4-repr-okruindenoken) nepuineH (cun/antu-usomepiuepi) (Dye III)
0ap mepuieH TYBIHIBUIAPHI AITHIH HAHOOOINIIEKTEPIiHIH op TYpJi KOHIEHTPAIMSACH 0ap MOIHMCHIOKCAH
yirinepin fgadbiHmayna KommaHesuinel. Dye I men III GosFenmurapbiHBEIH - (DIyOpecHEeHIUSICHl  alThIH
HaHOOOJIIIEKTEePiH KOCKAaHJa KO3/BIPY OSHEPTHACHIHA TOYeJICi3 apTaTBIHIBIFEIH kepcerri. Lumogen Red
GOSFBILIBI KOCBUIFAH MOJIMCHIOKCAH KOMITO3HIMACBIHA aIThIH HAHOOSJIIETiHIH a3 MeJIIepiH KOCKaHJa FaHa
(uryopeclieHINs KapKbIHIBLIBIFBI ocei, anaiaa GN KOHIEHTPauUsIChIH OJJaH dpi apTThIPY JKapblK LWIbIFapyFa
kepi acepin Turizeni. Lumogen Red GOSFBIIBIHBIH KAPbIK MIBIFAPY KapKbIHABLUIBIFBIHBIH apTYbl KO3ABIPY
KBUIIAM/IBIFBIHBIH, a3al0blHAH TYBIHAAMTBIH LIBFApyIblH Oasysay >KbULIAMBIFBIHBIH ©CYIMEH TYCIHAIpiTyi
MYMKiH. AnTbiH HaHoOemmreriHiH Lumogen Orange GosiFbimbiHa ocepi GN TinTi a3 KOHIEGHTPALHMSCHIH
KockaHna (iayopecueHIUsIHBIH ceHyiHeH Oaiikanmsl. Dye Ill-xe apramran DFT jxakslHmayzna ecenteyiep
JKYpri3y MIBFapy KapKbIHABUIBIFBIH JKOFAapiiaTy VIIIH ainThIH HaHOOeNImIeKTepi MNepHiIeH HeTI3iHiH
JKa3bIKTHIFBIH/IA OPHATIACKAH JIeTl OOJDKaHIBL.

A.Manrens, H.IllayTren6aesa, A.JIanr,
W.Nprubaesa, A.Annonrapos, H.bapamkos, 1.Mykaraes

JIroMuHecneHIus nepujicH NpoOu3BOAHBIX Kpacheﬂeﬁ
B IOJIUCHJIOKCAHOBOM MaTpuiie B IPUCYTCTBUH HAHOYACTHII 30J10TA

Iepunen npousBonHsle, BkItoyas 1,6,7,12-rerpaxnoponepmieH-3,4,9,10-rerpagukapbokcuananruapun (Dye I)
u 3,4:9,10-6uc(1,2-6em3umuazon)-1,6,7,12-rerpa(4-tepT-oKTHIAGEHOKCH) MepuieH (CHH/aHTH-H30MepHI)
(Dye III), 6pUM MCTIONB30BAHbI JJISI IPUTOTOBJICHHS TIOMCHIOKCAaHOBRIX 00pasnoB (PSi), conepikamux pas-
nu4HBle KoHIeHTpanuu HanowacTurl 3osota (GN). Dye I m III neMoHCTpHpYIOT 3HaYMTENHHOE YCHIEHHE
¢ryopecrienuu npu nobasnernn GN He3aBUCHMO OT aHepruu Bo3OyxaeHus. s PSi kommosnummu ¢ kpa-
cureneM Lumogen Red Habmomanocs HEKOTOpoe yBeNMYeHNEe HHTEHCHBHOCTH (DIyopeceHIny pH 100aB-
neHun Hebousbioi koHueHTpauuud GNy ofHaKo NaibpHelllee yBenuueHHe KoHUEeHTpauun GN mpuBoauio
K TYIICHHUIO CBEYEHHUs. YBeIMYeHHe MHTEHCHBHOCTH cBeueHus kpacurens Lumogen Red Bo3MoxxHO cBsizaHO
C yBEIMYEHHEM CKOPOCTH 3aTyXaHUS CBEUSHNS, TAK KaK CKOPOCTb BO30YykAeHUs yMeHblIaeTcs. Bmusane GN
Ha kpacutens Lumogen Orange BbIpaxanochk TylmeHHeM (QIIyopecleHIMH laXe MPH MaJbIX KOHLICHTPAIUAX
GN. Pacuers! B npuommxenun DET mis dye 111 npeanonarator pacnonoxkenrie GN B INIOCKOCTH HEpHIEHO-
BOW OCHOBEI TSl YCHJIEHHS] MHTEHCHBHOCTH CBEUCHUSL.
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