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Abstract

The photophysical and photochemical properties of three different perylenediimide derivatives, N,N'-di-dodecylper-
ylene-3,4,9,10-bis(dicarboximide), N,N’-di-(1-dehydroabietyl)perylene-3,4,9,10-bis(dicarboximide) and N,N’-di-(4-car-
boxy phenyl)perylene-3,4,9,10-bis(dicarboximide) (N-DODEPER, ABIPER and PECA, respectively), were determined
in immobilized phases (PVC films, both plasticized and non-plasticized, and sol-gel matrix) using steady state fluores-
cence spectroscopy and compared with the data in solution phase. It was found that the plasticizers support the inter-
action of the dyes with the quencher and bis-(2-ethylhexyl)phthalate (DOP) itself acts as a quencher for the
perylenediimide derivatives with aromatic substituents. The sol-gel matrix imparted serious changes to the properties of

the perylenediimides.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years immobilisation of organic dye
molecules within polymer and sol-gel matrices has
gained interest due not only to the application
areas that immobilisation provides and their easy
pathways of preparation, but also because of the
need to understand the ground and excited state
properties of single molecules [1,2]. Liquid polymer
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[highly plasticized poly(vinyl chloride)] films are
commonly used to prepare fluorescent optical fiber
sensors [3—6]. A sol-gel glassy matrix is very
attractive because of its low preparation tempera-
ture and high chemical and mechanical stabilities
[2,7-9]. In the sol-gel process, transparent oxide
glasses are prepared by hydrolysis and condensa-
tion of tetra alkylorthosilicates and, in one sol-gel
preparation technique, molecules can become
entrapped in the growing covalent silica network.
Perylenediimides (PDI) and the basic 3,4,9,10-
perylenetetracarboxylic dianhydride compounds
represent one of the most widely studied classes of
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organic semiconductors and enjoy possible
application in electroluminecent displays, elec-
trophotography and as n-type photovoltaic
materials for solar energy conversion [10—13].
Because of their high fluorescence quantum
yields in the 500-650 nm region and their high
photo- and thermal- stabilities, they have began to
be investigated as new convenient fluorescence
quantum yield standards [14—16]. Perylene deriva-
tives are also useful as laser dyes, photosensitisers
and in energy and electron-transfer reactions [17—
19]. The literature provides numerous data on the
energy and electron transfer reactions of per-
ylenediimide derivatives in solution, but there are
only a limited number of reported studies con-
cerning their photophysical and photochemical
behaviour in immobilised phases [20-22]. The
energy and/or electron transfer processes between
a perylene derivative in an immobilised phase and
the quencher in solution phase have not been
reported. The aim of this paper was to deter-
mine the photophysical properties of three PDI
derivatives [N,N’-di-dodecylperylene-3,4,9,10-bis-
(dicarboximide), N,N’-di-(1-dehydroabietyl) per-
ylene-3.,4,9,10-bis(dicarboximide) and N,N’-di-(4-
carboxy phenyl)perylene-3,4,9,10-bis(dicarboximide),
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N-DODEPER, ABIPER and PECA, respectively]
in immobilised phases (PVC and sol-gel matrices)
using steady state fluorescence experiments.

2. Experimental
2.1. Materials

N-DODEPER, ABIPER and PECA were syn-
thesised and purified as described previously
[19,23,24]. High Mv PVC and the plasticizers bis-
(2-ethylhexyl)phthalate (DOP) and bis-(2-ethyl-
hexyl)adipate (DAO) used in PVC film prepara-
tion were obtained from Fluka. The organic
solvents used (chloroform, tetrahydrofuran) were
all of spectrophotometric grade and were used as
supplied. The polyester support (Mylar type) was
provided by Du Pont. The sol-gel precursor tetra-
ethyl orthosilicate (tetracthoxysilane, TEOS), the
surfactant additive Triton X-100 (polyethylene
glycol t-octylphenyl ether) and analytical grade
concentrated hydrochloric acid were obtained
from Merck. Acid solutions were prepared using
high quality pure water obtained from a reverse
osmosis ELGA apparatus. Absolute ethanol used
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throughout the studies was used as received. The
cobalt salt (CoCl,.6H,O) used in quenching
experiments was purchased from Merck.

2.2. Polymer film preparation

Polymer films were prepared from a mixture of
120 mg of PVC, 240 mg of plasticizer (DOP or
DOA), and 1.5 ml ~10=® M perylene dye in
THF (dry). The concentration of the dyes in
mixture was in the range of 1073-10~* M. The
resulting polymer solutions were spread onto a
125um polyester support (Mylar type) having a
width of 120 mm, using a manual spreading device
(from Heidelberg, Germany). PVC films were kept
in a THF containing dessicator to avoid damage
from the air. Each PVC film was placed diagonally
into the sample cuvette, improve the reproduci-
bility of the measurements. Using a Leitz Ortop-
can Polarise Microscope, connected to a PC, the
PVC film thicknesses were measured with refer-
ence to that of Mylar type polyester support; PVC
film thicknesses were found to be in the range of
5-10 pm.

2.3. Sol-gel matrix and film preparation process

Perylenediimide doped silica gel glasses were
derived from a starting composition of 4 moles
high quality acidic water (pH =2, adjustment is
done by HCIl) and 1 mol of TEOS. These con-
stituents were sonicated for 40 min in closed
vials. It is well known phenomena that ultra-
sonically prepared polysiloxanes have high Mv
[25]. 1.5 ml dopant was then added in the concen-
tration range of 107°-10® M in THF. The
resulting dopant concentration in sol was 1073—
10~* M. The addition of a few drops of Triton X-
100, to improve the homogeneity of the silica sol-
gel and to give a crack-free monolith, was also
performed. The doped sol was stirred for at least
half an hour or until the dye was completely dis-
solved before coating a glass slide (11x40x1 mm)
which had been activated by treatment with con-
centrated HNO; for 24 h, washed with distilled
water and then ethanol. Immersing the doped gel
glass that was pale pink and transparent, in
ethanol gave no detectable removal of dye.

Coating was performed by dip coating and the
coated glass slides were kept in a dessicator for
several days at room temperature. After eva-
poration of the solvent, the coated glass slides
were fixed diagonally in a quartz sample cuvette
as for the PVC films. The thicknesses of the
coatings were approximately 2 pm. In the pre-
paration of the sol, no alcohol addition (EtOH
in our case) was made because alcohol has been
stated as an unnecessary additive in the silicon
alkoxide sol-gel process [7].

2.4. Spectroscopic measurements

The absorption spectra of the polymer films
and sol-gel glass slides were measured using a
Jasko V-530 UV-vis spectrophotometer and
the fluorescence emission spectra was recorded
on PTI-QM1 fluorescence spectrophotometer.
Fluorescence quantum yields of N-DODEPER,
ABIPER and PECA were measured with reference
to the absorption and fluorescence emission
spectra of N-DODEPER in the corresponding
matrix (PVC or sol-gel) and all excitations
were carried out at the wavelength that is
abbreviated as A, in Table 1. The calculated
relative fluorescence quantum yields were the
values corrected for the index of refraction dif-
ferences generated from matrix (indexes of refrac-
tion were taken as 1.40, 1.52 and 1.44 for THF,
PVC and sol-gel respectively). The equation used
in calculation of fluorescence quantum yield is
given in (1), where ¢, is the quantum yield, 4, is
the absorption intensity, S, is the integrated emis-
sion band area and n, is the solvent reflective
index, u and s refer the unknown and standard
respectively.

A I’l2

u S u

(p = QP X — X — X — 1
fu fs SS [u g ( )

Absorption and fluorescence emission spectra
were measured in quartz UV cells, which were fil-
led with water. The quenching of the fluorescence
emission of the dyes in both THF solution and the
immobilized phases were monitored using a
PTI-QM1 spectrophotometer.
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Table 1

UV-vis spectroscopic data (1/nm) and &/l mol~! cm™!) of ABIPER, N-DODEPER and PECA in solution and immobilized phases

Ar(R) Solvent Plasticiser A & A & A3 &3
ABIPER CHCI; [23] - 526 93 200 490 58 950 458 25 800
THF - 520 76 242 486 47 225 454 18 150
PVC - 526 61 700 490 61 400 458 50 700
PVC DOP 526 98 900 490 78 600 460 43 000
PVC DOA 524 90 400 488 79 500 458 54 300
Sol-gel - 544 10 2500 496 153 000 474 14 3000
N-DODEPER CHCI; [24] - 526 76 200 490 47 400 460 17 400
THF - 520 70 548 486 48 966 454 19 200
PVC - 526 62 800 490 61 400 460 52 800
PVC DOP 526 88 100 490 80 700 458 44 300
PVC DOA 524 86 200 488 81 100 458 48 100
Sol-gel - 544 101 500 496 14 4500 472 137 000
PECA H,0 [19] - 466 18 800 - - - -
THF - 520 11 500 484 7760 454 3450
PVC - 528 6100 490 6400 452 6390
PVC DOP 528 26 300 492 26 800 452 27 300
PVC DOA 526 22 700 488 23 600 452 19 400
Sol-gel - 546 102 000 492 148 000 474 140 000

For fluorescence emission studies, excitations were done at /5.
2.5. Fluorescence quenching measurements

Fluorescence quenching of ABIPER, N-DODE-
PER and PECA in both the immobilized and solu-
tion phases were studied at increasing concentration
of the cobalt ions, CoCl,.6H,O. The solutions of
CoCl,.6H,O in water were added to the THF
solutions of the dyes in increasing amounts. In the
immobilized phases, the films and coated glass
slides were placed directly into the Co ™2 solutions
at different concentrations. As in THF solutions
the Stern—Volmer plots deviated from linearity for
Co "2 concentrations of (8.4-13.4) x 107> M, cal-
culations of the slopes were made by taking the
Co*? concentrations corresponding to the linear
part of the plot. 10 to 100 fold concentrated solu-
tions of Co ™2 were needed to be used in order to
detect a quenching effect on the emission spectra
for the three perylenediimides in the immobilized
phases. The Stern—Volmer plots lost their linearity
at [Co™?] higher than 6 x 10~* M for the non-
plasticized films and films that were plasticized
with DOA, 6 x 10~3 M for the films that were
plasticized with DOP and 4 x 10=3 M for the dye
in sol-gel matrices.

3. Results and discussion

3.1. Ground state absorption and fluorescence in
different host matrices

Absorption and fluorescence data of all three
perylenediimide derivatives in different host
matrices are summarised in Tables 1 and 2; Solu-
tion phase results, in CHCI; and H,O, were taken
from literature, are included for comparison. As in
solution, the absorption and fluorescence spectra
of ABIPER, N-DODEPER and PECA in the PVC
film matrix show consistent mirror-image beha-
viour. Compared to the A,,x in THF solution, in
all of the three different PVC film matrices (ABI-
PER, N-DODEPER and PECA), red shifts corre-
sponding to a maximum of 8§ nm were observed.
However, there were no significant differences
between CHCI; solutions and PVC film matrices. As
perylenediimides are rigid molecules, immobilisation
of them into a polymer phase is not expected to
cause any difference in their vibrational rotational
motions and, consequently, a minimal effect on the
Amax Was expected. The molar extinction coeffi-
cients decreased for all of the three perylenediimide
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Table 2

Fluorescence quantum yields ¢y, radiative life times o/ns, fluorescence life times t/ns, fluorescence rate constants kpx10% s~!,
quenching rate constants kqx10'%, maximum emission wavelength Zem max/nm) and Stokes shift A4/nm

Ar(R) Solvent Plasticizer or 70 P ke kq Jrem max A
ABIPER CHCI; [23] - 1 8.4 8.4 1.2 - 536 46
THF - 0.93 6.3 5.85 1.7 40.3 530 44
PVC - 0.98 49 4.8 2.0 5.7 535 45
PVC DOP 0.44 11.2 5.1 1.4 3.2 535 45
PVC DOA 0.93 7.3 6.8 0.8 33 533 45
Sol-gel - 0.76 3 2.3 4.4 5.0 599 103
N-DODEPER CHCI, [24] - 1 10.4 10.4 0.9 - 533 43
THF - 0.93 8.5 7.9 1.2 30.2 530 44
PVC - 0.96 5.9 5.6 1.7 1.1 533 43
PVC DOP 0.92 6.0 5.5 1.8 49 533 43
PVC DOA 0.95 5.3 5.0 1.9 4.0 531 43
Sol-gel - 0.70 2.2 1.5 6.5 7.4 597 101
PECA H,0 [19] — 1 — - - 230 — —
THF - 0.92 17.2 15.8 0.6 19.8 531 47
PVC - 0.91 5.9 5.3 0.2 0.93 538 46
PVC DOP 0.62 13.5 8.4 1.2 2.0 535 43
PVC DOA 0.89 14.8 13.2 0.8 2.7 532 44
Sol-gel - 0.72 3.4 2.4 4.1 4.3 598 106

4 75=3.5x10%v2

max

. Emax - Avijy where vy is the wavenumber in em™!, gyax the molar absorptivity coefficient at the selected

absorption wavelength and Av, ), the half-width of the selected absorption in wavenumber units of cm~! [26].

b =10 ¢

© kl‘: 1/‘[(

derivatives under investigation in PVC film in
which no plasticizer was used. If ratio of PVC and
plasticizer used (33 and 66% by mass, respec-
tively) in the preparation of polymer solutions is
considered, one may conclude that the plasticizer
is the component representing the solvent system.
It is assumed that the improved strength of inten-
sity of absorption in the plasticized films was
caused by the improved solubility of the dye in the
polymer solution upon addition of the plasticizer.

With the exception of the film that was plasti-
cized with DOP, the relative quantum yield values
were around unity. A lower fluorescence intensity
for ABIPER and PECA, corresponding to higher
absorption was seen, when the absorption and
fluorescence spectra of the films that were plasti-
cized with DOP were compared to the film plasti-
cized with DOA (Fig. 1). The relative quantum
yield values of ABIPER and PECA in DOP plas-
ticized PVC films were 0.44 and 0.62, respectively.
This decrease may be related to the interactions of

conjugated substituents with the aromatic ring of
DOP. In order to prove this suggestion, the com-
position of the polymer solution was changed to
50% PVC and 49% DOP. For those films the ¢¢
values increased to 0.82 and 0.80, respectively. The
fluorescence quantum yield of N-DODEPER
(0.92) which can be considered as around unity, in
DOP plasticized film supports this suggestion. As
a result it can be proposed that DOP acts as a
quencher for the emission of ABIPER and PECA.
The radiative life times 1o and fluorescence life
times t; were calculated to be in the range of 5-17
and 5-15 ns, respectively.

The photophysical properties of ABIPER,
N-DODEPER and PECA in sol-gel thin films
were found to be distinctly different (Tables 1 and
2). Stokes shifts are seen to be twofold in sol-gel
matrix compared to the AZ values in PVC matrix
and in solutions. Kessler et al. have stated that the
dye in a sol-gel matrix may undergo spectral
shifts, and also that other polarity dependent
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Fig. 1. The absorption and emission spectra of ABIPER (1), N-DODEPER (2) and PECA (3) PVC films that were plasticized with
bis-(2-ethylhexyl)phthalate (DOP) and bis-(2-ethylhexyl)adipate (DOA).

parameters may change also, such as molar
absorptivity constant and fluorescence quantum
yield [27]. The observed red-shift of the absorption
spectra in sol-gel host matrix of perylenediimide
derivatives, compared to the spectra in both solu-
tion and PVC, can be explained by the polar
environment of the dye molecules within the silica
cage (Fig. 2).

Burgdorff et al. have reported that per-
ylenediimide derivatives in a sol-gel matrix show
broad and structureless fluorescence spectra in
thin films that are similar to the spectra observed
in highly concentrated solutions and to “‘excimer

like” emission; they reported the lifetime of the
excimer as 12 ns [21]. Although the fluorescence
emission spectra obtained for each of the three
derivatives under investigation in the sol-gel
matrix were broad and structureless, in neither of
them was the lifetime higher then 4 ns. At high
concentrations, interactions between the dye
molecules, such as the formation of dimers and
excimers, can be expected and deviations from the
linearity of Lambert—Beer law may occur. Biju et
al. have reported that aggregated molecules may
be separated into single molecules by reducing the
concentration as well as by mixing the dye solu-
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Fig. 2. The absorption and fluorescence emission spectra of ABIPER in THF solution, PVC film without plasticizer and sol-gel

matrices.

tion in a polymer solution [1]. Absorption values
were tried to be maintained below 0.1 not only for
the solution phase studies but also for the immo-
bilized host matrices, in order to avoid these kinds
of complications.

3.2. Fluorescence quenching with cobalt ions

Perylenediimides are known to be both electron
acceptors [28] and electron donors [18,19,29]. The
quenching process for all of the three host matri-
ces obeyed the Stern—Volmer relation [30] (2).

Io/T=1+kq7o[Q] 2)

where Iy and I represent the fluorescence intensity
of dyes in the absence and presence of quencher
cobalt ions, of concentration [Q] and 7, is the
radiative lifetime in the absence of the quencher.
The values of fluorescence quenching rate con-
stants, kg, were calculated using the Stern—Volmer
plots shown in Fig. 3.

In THF solution, the Stern—Volmer plots yiel-
ded quenching rates of 4x10'!, 3x10!' and
1.9x10'"" for ABIPER, N-DODEPER and PECA,
respectively (Table 2). These kg values are above
the diffusion rate limit of 1x10'© M~! s~! reported
for perylenediimides [29]. High quenching rates
indicate towards the tendency of electron transfer
process, although quenching rates, for a per-
ylenediimide derivative with m-electron donors,

have been reported as 10''-10', which are also
above diffusion rate limits [28]. We [19] have
reported the k, value of quenching of the fluores-
cence emission of PECA with Co™? in H,O as
2.3x10'%. High kq values can be attributed to an
electron transfer mechanism in aqueous solution.
The high quenching rate values obtained in the
present study may be due to, an interaction
between the polar oxygen atom of THF and
perylenediimide.

Higher concentrations of Co "2 were needed to
impart a quenching effect in the immobilized pha-
ses. In neither of them was the diffusion rate limit
exceeded and there were no significant differences
between the kg values (Table 2). All of the calcu-
lated kg values were approximately 10 times lower
than those obtained the case in solution phase.
One may suggest that immobilization of the dye
inhibites the energy transfer process. The effect of
increasing the concentration of Co*? on the fluo-
rescence emission of the dyes in both the solution
phase and the immobilized host matrices is illu-
strated in Fig. 3.

4. Conclusions

It has been found that the characteristics of the
host matrix have a marked on the photophysical
and photochemical properties of the dye. DOP
acted as a quencher for the perylenediimide
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Fig. 3. Fluorescence emission quenching of PECA in THF solution, with increasing Co™? concentration (la) and corresponding
Stern—Volmer plot (1b). Stern—Volmer plot of N-DODEPER in sol-gel matrix (2) and ABIPER in PVC film plasticized with DOA (3).

derivatives with aromatic substituents; this is a
finishing which had not been previously reported.
We also found that where usage of plasticizer
supports the interaction of dye molecule and
Co ™2, the glassy structure of the sol-gel matrix
inhibits this interaction.
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