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bstract

A series of new unsymmetrical perylene diimides have been synthesized to investigate their binding selectivities to G-quadruplex DNA structure,
unique four-stranded DNA motif, which is significant to the regulation of telomerase activity. The structures of the perylene diimides have been
haracterized by IR spectrophotometer, 1H NMR, 13C NMR, MS, TGA and time-resolved instruments. Spectrochemical behaviors have been
nvestigated by visible absorption and fluorescence emission spectra. The spectral characterization of the compounds has been investigated in
ve common organic solvents of different polarity and in water (in 170 mM phosphate buffer at pH 6). Marked red shifts of absorbance and
uorescence emission bands of the compounds in aqueous solution are compared with the other organic solutions. The fluorescence quantum
ields are determined low in more polar solvents and also calculated to be about less than about 0.05 in aqueous solution because of the aggregation
ffects. Photodegradation rate constants (kp) of the synthesized compounds have been compared under xenon lamp irradiation in acetonitrile
olution.

Binding abilities of the synthesized perylene diimides to different form of DNA strands have been investigated by visible absorption and
uorescence spectroscopy in the phosphate buffer solutions. Also, pH-dependent aggregation and G-quadruplex DNA binding selectivity of these

igands have been compared. Among these ligands, N-(2,6-diisopropylphenyl)-N′-(4-pyridyl)-perylene-3,4,9,10-tetracarboxylic diimide (PYPER)
as been found to be the most selective interactive ligand for G-quadruplex formed in the G4′-DNA structure. PYPER has shown a significant
electivity to G4′-DNA which is comprised of d(TTAGGG) repeats, known as human telomeres, in the phosphate buffer at pH 6. The absorption

aximum of the PYPER/G4′-DNA complex has given bathochromic shift of 7 nm with respect to the absorption maximum of DNA-free solution

f PYPER in phosphate buffer at pH 6. Fluorescence quenching experiments between PYPER and G4′-DNA show that PYPER demonstrates about
9.3-fold selectivity for binding to G4′-DNA versus ds-DNA base pairs with the bimolecular rate constant of 0.95 × 1012 M−1 s−1.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Symmetrical and unsymmetrical perylene diimides (PDIs)
nd their related structure perylene monoimides present a target
f considerable current interest in biological as well as electronic

reas for many decades. PDIs are mostly used in electrical and
ptical applications, such as field-effect transistors [1], photo-
oltaic applications as a n-type semiconductor system [2–4], dye

∗ Corresponding authors. Tel.: +90 232 3886025; fax: +90 232 3886027.
E-mail addresses: haluk.dincalp@bayar.edu.tr (H. Dincalp),
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asers technology [5], electrophotographic devices [6], organic
ight-emitting diodes [7] and photorefractive thin film technol-
gy [8]. Due to their great photo and thermal stabilities under
isible light irradiation and fairly high quantum yield (Φf ≈ 1)
n the common organic solvents [9,10], they are drawn much
ttention for being used as sensitizers and photocatalysts in pho-
osynthetic applications [11]. Besides their conventional uses in
igh technology applications, PDIs are a one of key ligands in
hotodynamic therapy [12], and also G-quadruplex DNA sta-

ilization and inhibition of telomerase activity in cancer cells
13–15]. In photodynamic therapies, PDIs produce active oxy-
en species, which initiate the oxidation of cancer cells under
isible light irradiation. There has been currently great interest
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2 and P

i
t
o
c

T
i
t
t
m
e
D
a
H
o
l
b
b
t
o
c
s
i
r
p
b

e
l
A
a
N
p
q
s
t
t
a
t
t
i
s
i
l
d
f
r
m
h
q
c
l
t
h
s

a

o
t
G
b
o
c
P
u
T
c
u
o
s
(
q
G
h
D

2

c
d
N
c
n
t
t
v
s
A
s
r
d

B
P
p
c
g
t
T
n
h
t

5
r
o
c
6
o

H. Dincalp et al. / Journal of Photochemistry

n exploring the potential of G-quadruplex DNA binding selec-
ivity of PDI dyes. This selectivity has crucial point of inhibition
f human telomerase, which is responsible for growth of cancer
ells.

Most cancer cells have a high level of enzyme telomerase.
his enzyme, which is expressed in 80–90% of all tumor cells

s lacking in most normal cells [16]. Telomerase has the ability
o add DNA back to the telomeres, and to accelerate the uncon-
rolled growth of tumor cells [17–19]. Telomeres are composed

ostly of guanosines. The last few guanosines at the end of
ach telomere can fold into a sort of box, called a G-quadruplex.
NA quadruplexes comprise stacked tetrads, each of which

rises from planar association of four guanosines in a cyclic
oogsteen hydrogen bonding arrangement [20,21]. The ability
f telomere DNA to adopt the G-quadruplex structure in the
aboratory studies is so well established that many researchers
elieve not only in the existence of these structures inside cells
ut also in their essential role in maintaining the integrity of
he telomeres. The box-like G-quadruplex structures at the end
f chromosomes are thought to be the knot that prevents the
hromosomes from unraveling. Many groups have designed and
ynthesized some molecular structures, which are believed to
nteract with G-quadruplex DNA structures to play an important
ole to maintain the telomeres [22–26]. One of the commonly
referred and employed compounds in the G-quadruplex DNA
inding studies is PDIs.

A number of water-soluble PDI derivatives with differ-
nt side chains have been synthesized and studied as a
igand to interact with the G-quadruplex structure [27–33].
lso, in experiments to understand how PDI ligands inter-

ct or bind to G-quadruplex DNA structures, a set of
MR titrations of N,N′-bis[2-(1-piperidino)ethyl]-3,4,9,10-
erylenetetracarboxylic diimide (PIPER) in solutions of G-
uadruplexes related to human telomeric DNA have shown
trong binding of the ligand to the G-quadruplex DNA struc-
ure. The binding site of the ligand to G-quadruplex DNA is
he aromatic core of the ligand, but the side chain of the lig-
nd PIPER plays an important role in the binding affinity. NMR
itration experiments have shown that in the case of the human
elomeres containing a d(TTAGGG) sequence, the ligand PIPER
s located between terminal G4 planes. In the longer telomeric
equences, the ligand is bound at the GT step by a threading
ntercalation mode [13]. All the G-quadruplex interactive PDI
igands mentioned in the literature are symmetrical perylene
iimide derivatives. None of the articles has shown concern
or the G-quadruplex DNA binding selectivity of unsymmet-
ical PDI ligands. According to the absorption and emission
easurements in this study, unsymmetrical structures of PDIs

ave evidently shown some specific interactions with the G-
uadruplex DNA structures. The absorption maxima of the
ompounds complexed with quadruplex DNA are shifted to the
onger wavelengths as compared to the uncomplexed forms of
he compounds. Also, fluorescence quenching measurements

ave indicated that aggregation kinetics of PDIs onto the DNA
trands is responsible for the emission decrease or increase.

The present paper represents the results of the study of inter-
ction of three unsymmetrical PDIs with five different forms
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f DNA strands in phosphate buffer at pH 6. The basic goal is
o understand how unsymmetrical PDI ligands interact with the
-quadruplex DNA structure and to investigate the quadruplex
inding selectivity and affinity of these unsymmetrical forms
f PDI. The first part presents the photophysical and photo-
hemical properties of the newly synthesized unsymmetrical
DI derivatives (Scheme 1) in five solvents of different polarity
sing steady state and time-resolved fluorescence experiments.
he second part presents the binding selectivity of unsymmetri-
al PDI dyes to G-quadruplexes. The five oligonucleotides are
sed for determining the G-quadruplex DNA binding selectivity
f the synthesized ligands. These oligonucleotides are single-
tranded DNA (ss-DNA) [d(TTTTTT)], double-stranded-DNA
ds-DNA) [d(CGCGCGATATCGCGCG)]2, intermolecular G-
uadruplex DNA (G4-DNA) [d(TAGGGTTA)]4, intramolecular
-quadruplex DNA (G4′-DNA) [d(TTAGGG)4] and dimeric
airpin quadruplex DNA (hp-DNA) [d(GGGGTTTTGGGG)]2.
NA G-quadruplex structures are shown in Scheme 2.

. Experimental

Perylene-3,4,9,10-tetracarboxylic dianhydride was pur-
hased from Merck. Reactive amine compounds, including 2,6-
iisopropylaniline, 4-aminopyridine, 1,4-phenylenediamine and
,N-dimethyl-p-phenylenediamine were received from Aldrich
ompany. Quinoline, tert-butanol and all the solvents (methanol,
-hexane, ethyl acetate, chloroform, ethanol, tetrahydrofuran,
oluene, acetonitrile, acetic acid), which were used in the syn-
hetic applications were received from Merck. However, sol-
ents used in spectroscopic and fluorimetric studies were of
pectrophotometric grade. Imidazole was received from Fluka.
ll other chemicals (hydrochloric acid, sodium carbonate, potas-

ium hydroxide pellet, zinc acetate dihydrate, potassium chlo-
ide, KH2PO4, Na2HPO4·12H2O, EDTA) were purchased from
omestic chemical market.

1H NMR and 13C NMR spectra were measured on a 400 MHz
ruker spectrometer. The FT-IR spectra were determined on a
erkin-Elmer model Spectrum BX spectrophotometer by dis-
ersing samples in KBr disks. The mass fragmentation of the
ompounds was realized with a DIP-mass technique on a Finni-
an TSQ-700 (Thermoquest) spectrometer. The thermal proper-
ies of the synthesized ligands were measured on a Perkin-Elmer
hermogravimetric Analyzer Pyris 6 TGA instrument under
itrogen atmosphere with 4.5 bar gas pressure. The samples were
eld for 1 min at an initial temperature of 50 ◦C and, then heated
o 1000 ◦C at a heating rate of 20 ◦C/min.

UV–visible spectra were obtained with a JASCO V-
30 UV–vis spectrophotometer. Fluorescence spectra were
ecorded on a PTI QM1 fluorescence spectrophotometer. Flu-
rescence quantum yields of the synthesized unsymmetri-
al PDIs in organic solvents and an aqueous solution at pH

were calculated with reference to fluorescence emission
f perylene-3,4,9,10-tetracarboxylic-bis-N,N′-dodecyl diimide

N-DODEPER) (Φf = 1.0 in chloroform) which was synthesized
s described previously [34]. The fluorescence decays of the
igands in toluene were taken with a sub-nanosecond pulsed
EDs. The system consisted of a pulsed laser driver and inter-



H. Dincalp et al. / Journal of Photochemistry and Photobiology A: Chemistry 185 (2007) 1–12 3

Scheme 1. The synthesis of unsymmetrical PDIs (PYPER, ANPER and DMANPER).
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cheme 2. Schematic representation of different forms of G-quadruplex DNA:
NA), (C) intramolecular G-quadruplex DNA (G4′-DNA) and (D) dimeric hai

hangeable LED heads. LED heads with center wavelengths
f 460 nm were available and could be provided with optional
pectral bandpass filters to excite samples with a narrow spec-
ral range. The fluorescence decay histograms were recorded
n 2893 channels and the fluorescence decays were analyzed
y using a Marquardt Algorithm [35] with a multiexponen-
ial fluorescence decay fit (FluoFit) software. The quality of
he fits was judged by the fitting parameters, such as χ2 < 1.2
s well as by visual inspection of the residuals and autocor-
elation function [36]. The instrument response function (IRF)
as measured using a ludox scattering solution. All measure-
ents were performed in 1 cm optical path length cuvettes.
ll the compounds were analyzed at an optical density of
elow 0.1.

.1. Synthesis

.1.1. N,N′-bis-(2,6-diisopropylphenyl)-perylene-3,4,9,10-
etracarboxylic diimide (S1)

S1 was synthesized according to the literature procedure
37]. A mixture of 3.14 mL (15 mmol) of 2,6-diisopropylaniline
nd 0.33 g (1.5 mmol) of Zn(CH3COO)2·2H2O was added
nto a solution of 0.59 g (1.5 mmol) of perylene-3,4,9,10-
etracarboxylic dianhydride in 20 mL of quinoline. The mixture
as stirred at 210 ◦C for 14 h under a nitrogen atmosphere. After

ooling to room temperature, the mixture was added into 400 mL
f methanol/10% hydrochloric acid (v/v = 2:1) under stirring.
he solid precipitate was filtered off and stirred in 100 mL of
old Na2CO3 solution (10%) for 2 h. Then the precipitate was fil-
ered again and washed with water until the filtrate was colorless.
he solid was dried under vacuum at 90 ◦C for 16 h and puri-
ed by silica gel column chromatography with n-hexane/ethyl
cetate (70:30) as eluent. Yield: 68%, mp > 300 ◦C. FT-IR (KBr,
m−1): 2963, 2873, 1706 and 1667 (imide group), 1597, 1404,
345, 1255, 1200, 959, 833, 813, 746 cm−1. 1H NMR (CDCl3,
7.26 ppm): δ = 8.78 and 8.73 (8H, dd, perylene H); 7.50 (2H,

); 7.36 (4H, d); 2.75 (4H, h); 1.17 (24H, d) ppm.
.1.2. N-(2,6-diisopropylphenyl)perylene-3,4,9,10-
etracarboxylic 3,4-anhydride 9,10-imide (S2)

A similar synthetic procedure given in the literature was
ollowed for the synthesis of S2 [38]. A mixture of 0.28 g

2
p

(

ouble-stranded-DNA (ds-DNA), (B) intermolecular G-quadruplex DNA (G4-
uadruplex DNA (hp-DNA).

0.4 mmol) of S1 ligand, 0.08 g (1.2 mmol) of 85% KOH pel-
ets, and 15 mL of tert-BuOH was stirred at reflux for 15 h. The

ixture was poured into a solution of 15 mL of AcOH and 7 mL
f 2N HCl. The precipitate was washed with water and dried
nder vacuum at 80 ◦C for 16 h. Purification was accomplished
y column chromatography on silica with chloroform/acetic
cid (95:05) as eluent. Yield: 55%, mp > 300 ◦C. FT-IR (KBr,
m−1): 2969, 2868, 1776 and 1737 (anhydride group), 1709
nd 1667 (imide group), 1591, 1359, 1297, 1244, 1121, 1020,
11, 735 cm−1. 1H NMR (CDCl3, δ 7.26 ppm): δ = 8.85 (2H, d,
erylene H), 8.75 (2H, d, perylene H) and 8.71 (4H, d, perylene
); 7.55 (1H, t); 7.38 (2H, d); 2.69 (2H, h); 1.17 (12H, d) ppm.

.1.3. N-(2,6-diisopropylphenyl)-N′-(4-pyridyl)-perylene-
,4,9,10-tetracarboxylic diimide
PYPER)

PYPER was prepared by the reaction of 0.100 g (0.18 mmol)
f S2 compound with 0.034 g (0.36 mmol) of 4-aminopyridine
n 5.5 mL of quinoline in the presence of 0.012 g (0.05 mmol) of
n(CH3COO)2·2H2O. The mixture was stirred under a nitrogen
tmosphere at 180 ◦C for 16 h. After cooling to room tempera-
ure the mixture was added into 30 mL of 2N HCl to precipitate
he product, which was collected by filtration. The crude product
as washed with 30 mL of cold Na2CO3 solution (10%) under
acuum, and then dried under vacuum at 90 ◦C for 16 h. The
olid was passed through a silica column (CHCl3:MeOH/92:08).
ield: 57%, mp > 300 ◦C. FT-IR (KBr, cm−1): 2957, 2924, 1709
nd 1664 (imide group), 1591, 1493, 1401, 1345, 1253, 1174,
08, 746 cm−1. 1H NMR (CDCl3, δ 7.26 ppm): δ = 8.90 (2H,
, perylene H), 8.78 (2H, d, perylene H), 8.76 (2H, d, perylene
) and 8.73 (2H, d, perylene H); 7.53 (1H, t); 7.36 (2H, d);
.45 (2H, d); 7.42 (2H, d); 2.74 (2H, h); 1.17 (12H, d) ppm.
3C NMR [CDCl3 δ 77 ppm (3 peaks); d-TFA δ 162 ppm (4
eaks), 115 ppm (4 peaks)]: 165 (C = O), 163 (C = O), 120–145
aromatic C), 29 (CH(CH3)2), 23 (CH(CH3)2) ppm. DIP-mass:
M]+ = 627 molecular ion peak; 584 [M]•+ − CH(CH3)2; 467
M]•+ − Ph-CH(CH3)2; 398 [M]•+ − (CO)2N-Ph-CH(CH3)2.
.1.4. N-(2,6-diisopropylphenyl)-N′-(4-aminophenyl)-
erylene-3,4,9,10-tetracarboxylic diimide (ANPER)

A mixture of 0.100 g (0.18 mmol) of S2 compound, 0.392 g
3.62 mmol, 20 mol equivalent) of 1,4-phenylenediamine and
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.012 g (0.05 mmol) of Zn(CH3COO)2·2H2O in 6 mL of quino-
ine was heated to 220 ◦C for 20 h under nitrogen gas protection.
he mixture was cooled to room temperature and precipitated
y adding to the solution of 30 mL of 2N HCl. The residue
as filtrated under vacuum, and the filtrate was washed with
50 mL of Na2CO3 solution (10%) under vacuum until the
reen fluorescent color of the solution was disappeared. The
olid was dried under vacuum at 90 ◦C for 16 h. Then, the
HCl3/MeOH (90:10) system eluted the title compound. Yield:
0%, mp > 300 ◦C. FT-IR (KBr, cm−1): 3361 and 3226 (amino
roup), 2963, 2873, 1703 and 1661 (imide group), 1591, 1513,
353, 1250, 1177, 1124, 811, 746 cm−1. 1H NMR (CDCl3, δ

.26 ppm): δ = 8.73 (2H, d, perylene H), 8.69 (2H, d, perylene
), 8.67 (2H, d, perylene H) and 8.65 (2H, d, perylene H); 7.64

1H, t); 7.46 (2H, d); 7.43 (2H, d); 7.27 (2H, d); 4.22 (2H, s);
.68 (2H, h); 1.12 (12H, d) ppm. 13C NMR [CDCl3 δ 77 ppm
3 peaks); d-TFA δ 162 ppm (4 peaks), 115 ppm (4 peaks)]: 165
C O), 164 (C O), 122–145 (aromatic C), 29 (CH(CH3)2), 23
CH(CH3)2) ppm. DIP-mass: [M]•+ = 641 molecular ion peak
as not observed, but 546 [M]•+ − Ph-NH2; 531 [M]•+ − Ph-
H2 − CH3; 516 [M]•+ − Ph-NH2 − 2CH3; 460 [M]•+ − Ph-
H2 − 2CH(CH3)2; 388 [M]•+ − Ph-CH(CH3)2 − Ph-NH2;
16 [M]•+ − (CO)2N-Ph-CH(CH3)2 − Ph-NH2.

.1.5. N-(2,6-diisopropylphenyl)-N′-[4-(N,N-dimethyl-
minophenyl)]-perylene-3,4,9,10-tetracarboxylic diimide
DMANPER)

Following a standard procedure, a mixture of 0.100 g

0.18 mmol) of S2, 0.074 g (0.54 mmol) N,N-dimethyl-p-
henylenediamine and 1.034 g imidazole was heated to 130 ◦C
or 2 h in the glycerine bath under nitrogen gas protection.
he warm solution was poured into 50 mL of ethanol. The

[
s
e
a

able 1
he visible absorption data of PYPER, ANPER, and DMANPER in solvents of diffe

olvent εa Compound λ1 ε1

oluene 2.4 PYPER 460 9
ANPER 459 4
DMANPER 459 4

thyl acetate 6.0 PYPER 454 12
ANPER 453 8
DMANPER 453 5

etrahydrofuran 7.6 S1 456 21
S2 452 12
PYPER 456 9
ANPER 456 5
DMANPER 455 4

ethanol 32.7 PYPER 457 14
ANPER 457 7
DMANPER 456 5

cetonitrile 35.9 PYPER 455 17
ANPER 454 8
DMANPER 455 7

BS buffer 80.2 PYPER 469 10
ANPER 469 10
DMANPER 468 8

a Dielectric constant, ε, is taken from reference [39].
hotobiology A: Chemistry 185 (2007) 1–12 5

olution was stirred with 50 mL of 2N HCl at room temperature
or 2 h. The residue was filtrated and dried under vacuum at
00 ◦C for 14 h. Elution with (CHCl3:MeOH/92:08) afforded
he title compound. Yield: 72%, mp > 300 ◦C. FT-IR (KBr,
m−1): 2957, 2873, 1703 and 1658 (imide group), 1591, 1518,
345, 1255, 1172, 1121, 808, 749 cm−1. 1H NMR (CDCl3, δ

.26 ppm): δ = 8.78 (2H, d, perylene H), 8.76 (2H, d, perylene
), 8.75 (2H, d, perylene H) and 8.71 (2H, d, perylene H);
.70 (1H, t); 7.53 (2H, d); 7.47 (2H, d); 7.20 (2H, d); 3.06
6H, s); 2.75 (2H, h); 1.19 (12H, d) ppm. 13C NMR [CDCl3

77 ppm (3 peaks); d-TFA δ 162 ppm (4 peaks), 115 ppm
4 peaks)]: 166 (C O), 164 (C O), 122–145 (aromatic C),
7 (N-(CH3)2), 25 (CH(CH3)2), 23 (CH(CH3)2) ppm. DIP-
ass: [M]•+ = 669 molecular ion peak was not observed, but

47 [M]•+ − Ph-N(CH3)2; 506 [M]•+ − Ph-CH(CH3)2;
90 [M]•+ − Ph-CH(CH3)2 − CH3; 474 [M]•+ − Ph-
H(CH3)2 − 2CH3; 459 [M]•+ − Ph-CH(CH3)2 − N(CH3)2;
16 [M]•+ − (CO)2N-Ph-CH(CH3)2 − Ph-N(CH3)2.

.2. DNA preparation

The oligonucleotides were synthesized on a Thermo Elec-
ron DNA synthesizer and purified by reversed phase HPLC.
NAs were dissolved in a 70 mM potassium phosphate/100 mM
otassium chloride/1 mM EDTA buffer at pH 6 (170 mM phos-
hate buffer). Phosphate buffer solution was prepared in a 95%
2O/5% EtOH solution.
Following a standard procedure with small modifications
13,14] oligonucleotides were heated to 95 ◦C for 3 min and
lowly cooled to room temperature. Two micromolar (�M) of
ach of the G-quadruplex structures was added to the solution of
bout 2 �M of the ligand at a total volume of 3 mL. Reaction mix-

rent polarity (λ (nm), ε (L mol−1 cm−1))

λ2 ε2 λ3 ε3

900 490 26400 527 39300
900 490 12000 527 17530
630 490 11700 527 17500

230 484 31400 519 46300
200 483 18760 519 27200
000 483 12550 519 19000

300 486 52000 522 56000
170 482 31200 518 48000
500 486 23800 522 34750
800 485 13780 521 19850
320 486 11200 522 16900

900 487 36900 523 54040
500 488 18000 524 25500
300 488 13630 524 20400

680 486 39000 522 55900
100 485 19600 520 28500
180 485 17450 521 25700

900 501 17650 538 14300
900 501 16400 538 14100
450 499 14040 534 11600
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ures were incubated for 1–2 h at 37.2 ◦C. After the incubation,
bsorption spectra of the G-quadruplex-ligand complexes for all
he nucleotides and ligands were compared to the nucleotide free
olution (data not shown) of every ligands in phosphate buffer
olution at pH 6.

. Results and discussion

.1. Stationary measurements, time-resolved experiments
nd fluorescence quantum yield determination studies

The absorption spectra of all the compounds in toluene show
hree vibronic maxima at 459, 490 and 527 nm. Large shoul-
er observed in the absorption spectra of the compounds at
avelength of 550 nm and longer indicates the non-fluorescent

ggregates. The fluorescence spectra show emission maxima at
36 and 575 nm for ANPER and DMANPER and at 538 and
79 nm for PYPER in toluene. No considerable spectral shift
r broadening can be observed upon varying the substituents
f PDI dyes in solutions. Conformational or solvent relaxation
oes not occur for the compounds in the studied solvents.

We investigated the spectral characteristics of the compounds
n five solvents of different polarity (Tables 1 and 2). In general, it
s seen that higher the dielectric constants of the solvents, shorter
he wavelengths of absorption and emission maxima of the com-
ounds, excluding in methanol solution. This behavior may be
ttributed to the variation of dipole moments among the excited
tates and the ground states of unsymmetrical PDI dyes. Polar-
sibility of the excited states is lower than that of the ground

tates so that increasing solvent polarity stabilizes the ground
tates to a greater degree than the corresponding dipole moment
n the excited states [40]. As a result, a hypsochromic shift is
bserved in polar solvents with respect to the less polar solvents.

l
s
6
d

able 2
luorescence emission data, fluorescence quantum yields (ΦF), radiative lifetimes (τ0

inglet energies (Es, kcal mol−1) and Stokes shifts (�λ, nm) of PYPER, ANPER and

olvent Compound Фf τ0

oluene PYPER 0.81 10.6
ANPER 0.13 30.4
DMANPER 0.07 32.1

thyl acetate PYPER 0.89 13.1
ANPER 0.12 19.8
DMANPER 0.06 33.4

etrahydrofuran S1 0.91 10.3
S2 0.87 10.7
PYPER 0.84 14.6
ANPER 0.11 24.8
DMANPER 0.05 33.7

ethanol PYPER 0.73 8.8
ANPER 0.09 16.2
DMANPER 0.05 24.8

cetonitrile PYPER 0.83 10.0
ANPER 0.10 17.2
DMANPER 0.05 23.0

BS buffer PYPER <0.05 10.0
ANPER <0.05 7.9
DMANPER <0.05 11.8

-DODEPER was used as fluorescence standard (λexc = 485 nm, Φf = 1.0 in chlorofo
ig. 1. The normalized visible absorption and fluorescence spectra of PYPER
black line), ANPER (red line) and DMANPER (blue line) in 170 mM phosphate
uffer solution at pH 6 (λexc = 485 nm).

n methanol, an unexpected increase is observed at the absorp-
ion maxima of the compounds. This may be because hydrogen
onding ability of the compounds with solvent molecules in
roton donating methanol solution stabilizes the charge-transfer
xcited state relative to the ground state. Because proton donat-
ng methanol interacts with the unshared valence electron pairs
f the carbonyl group that will be the charge-transfer acceptor
n the excited state. This may enhance charge-transfer by donat-
ng a partial positive charge into the functional group [40]. As a
esult the absorption spectrum is seen to shift to the long wave-

ength region. In addition, a strong red shift is observed for the
tudied compounds in 170 mM phosphate buffer solution at pH
(Fig. 1). In buffer solution, the absorption spectrum of PYPER
isplays maxima at 538 and 501 nm with a shoulder at 469 nm

, ns), fluorescence lifetimes (τf, ns), fluorescence rate constants (kf × 107, s−1),
DMANPER in solvents of different polarity (λexc = 485 nm)

τf kf Es λem(max) �λ

8.5 9.4 55.0 538 53
3.9 3.3 55.0 536 51
2.3 3.1 55.0 536 51

11.6 7.6 55.9 530 45
2.4 5.1 55.9 527 42
2.0 3.0 55.9 529 44
9.4 9.7 55.6 533 48
9.3 9.3 56.0 529 44

12.2 6.8 55.6 532 47
2.7 4.0 55.7 530 45
1.7 3.0 55.6 532 47
6.4 11.4 55.5 538 53
1.5 6.2 55.3 537 52
1.2 4.0 55.3 538 53
8.3 10.0 55.6 531 46
1.7 5.8 55.8 530 45
1.2 4.3 55.7 532 47

<0.05 10.0 57.9 553 68
<0.05 12.7 57.9 552 67
<0.05 8.5 58.1 552 67

rm) [34].



H. Dincalp et al. / Journal of Photochemistry and Photobiology A: Chemistry 185 (2007) 1–12 7

F
r
p

a
c
r
t
i
s
w
m
b
s
a
D
i
u
t
e
b

D
i
b
o
p
D
a
o
i
i
a
B
p
L
i
l

s
p
f
k
f
υ

a
w

Table 3
Fluorescence decay times (τi, ns) and associated relative amplitudes (αi)
obtained by singular analysis for PYPER, ANPER and DMANPER in toluene
(detected emission wavelength: 535 nm, time increment: 38 ps)

Compound χ2 τ1 α1 (%) τ2 α2 (%)

PYPER 1.15 4.1 100 – –
ANPER 1.12 3.9 89 0.8 11
DMANPER 1.18 3.9 92 1.1 8
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ig. 2. Fluorescence quantum yields of PYPER, ANPER and DMANPER with
espect to the model compounds S1 and S2 in five different solvents of increasing
olarity and in 170 mM phosphate buffer at pH 6.

nd gives a marked bathochromic shift (about 11 nm) in maxima
ompared to the same spectrum recorded in toluene. The fluo-
escence spectrum of PYPER shows a maximum at 538 nm in
oluene, while the same spectrum displays a maximum at 553 nm
n 170 mM phosphate buffer at pH 6. The absorption and emis-
ion spectra of both ANPER and DMANPER show similar long
avelength shifts in phosphate buffer at pH 6 and all the nor-
alized absorption and emission spectra of the compounds in

uffer solution are given in Fig. 1. While PYPER shows a marked
hift of the emission maximum from 553 nm in phosphate buffer
t pH 6 to 531 nm in acetonitrile, the corresponding change in
MANPER is much smaller. Contrary to the organic solvents,

n phosphate buffer solution at pH 6, the emission spectra of the
nsymmetrical PDIs are structureless. This may be attributed to
he aggregation of the PDIs in phosphate buffer solution. Also,
xcited state relaxation of the unsymmetrical PDIs in phosphate
uffer solution at pH 6, leads to an increase in dipole moment.

Quantum yields of fluorescence of PYPER, ANPER and
MANPER with respect to the model compounds S1 and S2

n five solvents of increasing polarity and in 170 mM phosphate
uffer at pH 6 are compared in Fig. 2. Only a minor decrease
r change is observed in organic solutions for all of the com-
ounds. Fluorescence quantum yields of PYPER, ANPER and
MANPER are lower than that of the model compounds S1

nd S2. A significant decrease of fluorescence quantum yields is
bserved for the unsymmetrical perylene diimides at about <0.05
n 170 mM phosphate buffer at pH 6. A striking observation
s the very low fluorescence quantum yield values of ANPER
nd DMANPER in all of the organic solvents, Φf = 0.05–0.13.
oth of them have nitrogen atoms carrying non-bonding electron
airs, which initiate the quenching process in the perylene ring.
anghals and Jona have proved that a free amino group causes an

ntramolecular electron transfer to the HOMO level of the pery-
ene chromophore, which diminishes the fluorescence [41,42].

Table 2 summarizes the photophysical properties of the
tudied compounds in five different solvents and in phos-
hate buffer solution. Fluorescence lifetimes are estimated
rom τf = τ0 × Φf and the rates of fluorescence are found from
f = 1 /τ0. The radiative lifetimes, τ0, are calculated by the

ormula [43,44]: τ0 = 3.5 × 108/(υ2

max × εmax × �υ1/2), where
max is the wavenumber, εmax the molar extinction coefficient
t the selected absorbance wavelength and �υ1/2 is the half
idth of the selected absorbance in wavenumber unit. Fluo-

3

t

elative amplitude values, αi, were calculated with the formula [45]:
αi = τi × Pi/�τi × Pi, where τi was the decay time of the compound and Pi

as the number of free parameters in the fit function.

escence lifetimes of PYPER in solvents of different polarity
re the highest among the other fluorescence lifetime values of
nsymmetrical PDIs. Moreover, a slightly larger Stokes shift is
bserved in phosphate buffer solution with respect to organic
olutions for unsymmetrical PDIs. This is attributed to the loss
f vibration band structure of absorption and emission spectra
f the studied compounds in water.

To investigate the excited state deactivation taking place
n these molecules, time-resolved fluorescence measurements
ere undertaken. The fluorescence decay times of all the syn-

hesized unsymmetrical PDIs were measured in toluene by the
ingle photon counting method. Also, the results are given in
able 3. The analyses of the decays detected at emission wave-

ength of 535 nm reveal a mono-exponential decay at 4.1 ns for
YPER in toluene. This component is attributed to the sta-

ionary fluorescence of PDI. Combination of the fluorescence
ecay time and the fluorescence quantum yield of PYPER in
oluene yields a fluorescence rate constant of 2 × 108 s−1. In
ontrast, the fluorescence decays of ANPER and DMANPER
equire bi-exponential decay to obtain good fit of the traces.
he presence of two components in the fluorescence decay cer-

ainly suggests a multiple component system. The components
t 0.8 ns (with amplitude of 11%) for ANPER and at 1.1 ns (with
mplitude of 8%) for DMANPER can be attributed to the forma-
ion of excited state with more extensive conjugation between
niline group and PDI. The observed steady state emissions
re mainly attributed to the state formed with 3.9 ns time con-
tant for both the compounds. From the observed fluorescence
uantum yields and the average decay components, the fluores-
ence rate constants of ANPER and DMANPER are found to be
bout 0.6 × 108, 0.3 × 108 s−1, respectively. These values indi-
ate that both molecules have similar transition dipole moments
nd similar HOMO and LUMO energy levels. Fluorescence rate
onstants obtained for the relaxed conjugated states of ANPER
nd DMANPER are approximately 80% smaller than the fluo-
escence rate constant of PYPER. This means that the n orbital
f the quencher lies above the HOMO of the PDI. Electron trans-
er from the non-bonding electron pair of the nitrogen atom to
he ground state of the PDI explains the formation of charge-
ransfer.
.2. Photo and thermal stabilities of the compounds

TGA curves of symmetrical PDI, perylene monoimide and
hree unsymmetrical PDIs are compared in Fig. 3. While the
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ig. 3. TGA curves of PYPER, ANPER and DMANPER compared to the model
ompounds S1 and S2.

ymmetrical one (S1) starts to loose weight at 481 ◦C, the unsym-
etrical PDIs, PYPER, ANPER and DMANPER, start to loose
eight at about 487, 488 and 290 ◦C, respectively. Moreover,
erylene monoimide (S2) showed the most thermal stability
ith the decomposition temperature of 520 ◦C with respect to

he other PDI derivatives. Therefore, one may conclude that the
ynthesized unsymmetrical PDIs except DMANPER are as sta-
le as the symmetrical one. DMANPER has a dimethylamino
roup, which can be easily be degraded.

Photostability tests of all the synthesized compounds are
etermined under Xe lamp exposure in the fluorescence spec-
rophotometer in acetonitrile for 1 h. The compounds are excited
t 254 nm and the data are acquired at the emission wavelength
f 530 nm. Photodecomposition percents of the compounds are
etected by monitoring the decrease in fluorescence intensity of
he compounds. During the irradiation period, while emission
ntensities of S2 and PYPER increase, emission intensities of
NPER and DMANPER decrease (Fig. 4). Photodecomposi-

ions of the compounds are evaluated by the calculation of rate
onstant. The photodecomposition rate constants of the com-

ounds are calculated with the formula [46], ln(I0/I) = kp × t,
here I0 and I are the emission intensities of the compound
efore and after the irradiation, respectively, kp the photode-

ig. 4. Photodegradation (%) of PYPER, ANPER, DMANPER and the ref-
rence compounds S1 and S2 under Xe lamp exposure in the fluorescence
pectrophotometer in MeCN at the excitation wavelength of 254 nm for 1 h
λemis = 530 nm).
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urves of PYPER, ANPER and DMANPER in MeCN solution (for PYPER:
.5 × 10−6X + 0.00562; R2: 0.95, for ANPER: 8.6 × 10−6X + 0.000029; R2: 0.99
nd for DMANPER: 2.1 × 10−5X + 0.00127; R2: 0.98).

omposition rate constant and t is the irradiation time. kp values
f the S2, PYPER, ANPER and DMANPER are calculated to be
.7 × 10−6, 9.5 × 10−6, 8.6 × 10−6 and 2.1 × 10−5 s−1, respec-
ively (Fig. 5). It is clearly seen that S1 and S2 are more resistant
o UV radiation than the unsymmetrical PDIs. DMANPER is
he least photoresistant compound. Highest photodecomposi-
ion rate for DMANPER is attributed to the presence of dimethyl
mino moiety attached the perylene group that accelerates the
egradation under UV radiation.

.3. G-quadruplex DNA binding selectivity

The ability to facilitate the formation of G-quadruplex DNA
nd the high binding selectivity to G4-DNA and G4′-DNA
ave been reported for various PDI derivatives including PIPER
28,30,47], Tel01 [28,30], Tel11 [29] and Tel12 [29]. Some
f the PDI derivatives, which show aggregation behavior are
uitable ligands to selective binding to G-quadruplex DNA.
his aggregation-mediated selectivity of G-quadruplex ligands

s very well known in the literature [30]. In our study, synthesized
nsymmetrical PDI derivatives with diisopropyl side chains
ttached to the benzene ring show good solubility in different sol-
ents and aggregation tendency in phosphate buffer solution at
H 6. Saturated concentrations of PYPER, ANPER and DMAN-
ER in THF are 1.4 × 10−2, 8.6 × 10−3 and 8.2 × 10−3 M,
espectively. Both the loss of vibration band structure of absorp-
ion and emission spectra and also the low fluorescence quantum
ields of the synthesized PDIs in phosphate buffer solution at
H 6 can be taken as evidences of aggregate formation of syn-
hesized PDIs (Fig. 1).

In 170 mM phosphate buffer between pH 2 and 10, the absorp-
ion spectra of PYPER, ANPER and DMANPER are given in
ig. 6. pH changes do not effect the structure and the maxima

f the absorption spectra of PYPER. However, for ANPER and
MANPER, the short wavelength shift and the loss of the struc-

ures of absorption spectra are observed with increasing values
f pH. These changes may be attributed to the dissociation of
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Fig. 6. Normalized absorption spectra of (A) PYPER, (B) ANPER and (C)
DMANPER in 170 mM phosphate buffer at the indicated pH (concentration of
each ligand is about 2 �M).

Fig. 7. Normalized absorption spectra of (A) PYPER, (B) ANPER and
(C) DMANPER in a 70 mM potassium phosphate/100 mM potassium chlo-
ride/1 mM EDTA buffer at pH 6 (170 mM phosphate buffer) alone or in the pres-
ence of 1 equivalent of single-stranded DNA (ss-DNA) [d(TTTTTT)], double-
stranded-DNA (ds-DNA) [d(CGCGCGATATCGCGCG)]2, intermolecular G-
q
D
D

a
i
D

a

uadruplex DNA (G4-DNA) [d(TAGGGTTA)]4, intramolecular G-quadruplex
NA (G4′-DNA) [d(TTAGGG)4] or dimeric hairpin quadruplex DNA (hp-
NA) [d(GGGGTTTTGGGG)]2 structure.

ggregated PDI molecules at lower pH values. These results are

n agreement with the aggregation behavior of G-quadruplex
NA interactive perylene diimides reported earlier [28–30].
Fig. 7 shows the absorption spectra of the synthesized PDIs

lone and interaction with the various DNA structures in 170 mM
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also shows good binding selectivity to G-quadruplex formed in
G4′-DNA structure. DMANPER displays about a 4.9-fold selec-
tivity for binding G4′-DNA versus intermolecular G-quadruplex
DNA.

Table 4
Concentration of DNA (×10−6 M) required to decrease the initial fluorescence
intensity of PYPER, ANPER and DMANPER ligands by 50% in the quenching
experiments in phosphate buffer at pH 6

DNA structure PYPER ANPER DMANPER

ds-DNA 2.73 2.72 nqa
ig. 8. Normalized absorption spectra of PYPER (2 �M) in 170 mM phosphate
uffer in the presence of hp-DNA structure at the indicated pH.

hosphate buffer solution at pH 6. More gradual red shifts from
01 to 505 nm and 538 to 545 nm are observed for PYPER in
he presence of G4′-DNA. The peak-to-valley ratio for 0–0 tran-
ition at 545 nm increases from 1.13 in the absence of G4′-DNA
o 1.33 in the presence of G4′-DNA. These data can be taken
s proof that some stacking interactions occur between PYPER
nd the G4′-DNA structure in phosphate buffer solution at pH 6.
e observe significant bathochromic shifts from 499 to 503 nm

nd 534 to 539 nm for DMANPER in the presence of G4′-DNA.
hese data for perylene diimides interacting with different forms
f G-quadruplex structures are in agreement with the data given
n literature [28–30]. Similar red shifts are observed for PIPER,
el01, Tel11 and Tel12. All these data suggest that synthesized
DIs interact and bind to a specific side of DNA.

The aggregation behavior of PYPER interacting with hp-
NA in 170 mM phosphate buffer solution was investigated at
ifferent pH values (Fig. 8). Higher the pH of the buffer solution,
he more increase in the aggregated state of PYPER.

.4. Fluorescence quenching of unsymmetrical PDIs with
ucleotides

PDIs are known to be both electron acceptors and electron
onors in the literature [48,49]. In order to confirm that unsym-
etrical PDI ligands interact with nucleotides, fluorescence

uenching of PYPER, ANPER and DMANPER were studied at
ncreasing concentrations of different DNA structures. Approx-
mately, 0.1–1.5 �M solutions of each nucleotides was added
o solutions of unsymmetrical PDI derivatives, which were
issolved in 70 mM potassium phosphate/100 mM potassium
hloride/1 mM EDTA buffer at pH 6. Fluorescence emission is
etected after equilibrium has been reached to an optimum level
5–10 min).

Fig. 9 shows that PYPER is easily bound to the ds-DNA, G4-

NA and hp-DNA. PYPER interacts with little affinity, but high

electivity for the G4′-DNA structure. It shows about 9.3-fold
electivity for binding to G4′-DNA versus double-stranded DNA
ase pairs. Table 4 gives information about the concentration of

G
G
h

NA, intermolecular G-quadruplex DNA, intramolecular G-quadruplex DNA
r dimeric hairpin quadruplex DNA structures in 170 mM phosphate buffer solu-
ion at pH 6 (λexc = 490 nm).

NA required to decrease the initial fluorescence intensity of
DI ligands by 50% in the quenching experiments in phosphate
uffer at pH 6. Marked enhancements of ANPER and DMAN-
ER emissions are observed with the addition of nucleotides.
hese enhancements can be explained by the changes in the sta-
ility constant of PDI aggregates. When the stability constant
f PDI aggregates is less favorable than the association constant
f PDI-nucleotide binding, fluorescence enhancement can be
bserved. In this interaction, PDI ligands are most likely to be
onomeric or dimeric forms. ANPER is a more pH-sensitive

igand than the other studied ligands (see Fig. 6). The ligand
an be easily changed from aggregate state to the monomeric
orm. For this reason, a significant enhancement of fluorescence
mission is observed at very low concentrations of nucleotides.

hile ANPER emission is enhanced at about 15% in the pres-
nce of 0.55 × 10−6 M ss-DNA, the corresponding change in the
resence of G4′-DNA at the same concentration is only about
% (data not shown). This little enhancement in emission inten-
ity can be exploited for good binding selectivity of ANPER to
4′-DNA. This result supports the aggregation-mediated selec-

ivity of binding between ANPER and the G-quadruplex formed
n the G4′-DNA structure. As indicated in Table 4, DMANPER
4-DNA 1.88 nqa 2.97
4′-DNA 25.42 nqa 14.61
p-DNA 3.26 nqa nqa

a Not quenched.
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Table 5
Fluorescence quenching rate constants, kq (×1012 M−1 s−1), of PYPER,
ANPER and DMANPER ligands interacting with different DNA structures in
quenching experiments in phosphate buffer at pH 6

DNA structure PYPER ANPER DMANPER

ds-DNA 9.43 16.21 nqa

G4-DNA 14.80 nqa 4.38
G4′-DNA 0.95 nqa 0.86
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p-DNA 7.81 nqa nqa

a Not quenched.

These results indicate that all of the studied ligands show a
ood binding affinity, but little selectivity for ss-DNA, ds-DNA,
4-DNA and hp-DNA, which may be attributed to stacking of

he dye along the DNA polymer. Charge–charge effects between
he positively charged ligands (at pH 6) and negatively charged
olyanionic backbone of the DNA generate the rapid initial bind-
ng in 5 or 10 min. Therefore, ligands aggregate on the polymeric
ackbone of the DNAs. A striking result of this study is the G4′-
NA binding selectivity of the synthesized ligands. The possible
inding type of the ligands for the G4′-DNA is the end-stacking
nteractions, which need only one face of PDIs to interact with
4′-DNA tetrads. Ligand aggregation may facilitate the binding

electivity to G-quadruplex formed in G4′-DNA structure.
For evaluating the quenching dynamics, the steady-state

uorescence quenching results of unsymmetrical PDIs with
ucleotides are analyzed following the Stern–Volmer equation
50],

I0

I
= 1 + kq × τ0 × [Q],

here I0 and I are the fluorescence intensities in the absence
nd presence of quenchers, respectively, and kq the quench-
ng constant and τ0 is the radiative lifetime in the absence
f the quencher. Fluorescence quenching rate constants of
DIs interacting with different DNA structures are given

n Table 5. Calculated quenching rate constant values of
011–1013 M−1 s−1 are above the limit of diffusion controlled
uenching rates of 1010 M−1 s−1 and indicates almost static
uenching [51]. Condensation of the PDIs onto the DNA strands
ith the increasing concentration of G-quadruplex DNAs ini-

iates the self-quenching process. Fluorescence emissions of
he PDIs decrease. Higher quenching rate constants support the
harge–charge effects of the PDIs with the polyanionic backbone
f the DNA. kq values for PYPER and DMANPER interact-
ng with G4′-DNA are calculated to be about 0.95 × 1012 and
.86 × 1012 M−1 s−1, respectively. These values may support
he claim for self quenching of the PDIs which aggregate on the
olymeric structure of the DNAs.

. Conclusions

In this study, we have synthesized new unsymmetrical PDIs,

-(2, 6-diisopropylphenyl)-N′-(4-pyridyl)- perylene-3, 4, 9, 10-

etracarboxylic diimide (PYPER), N-(2,6-diisopropylphenyl)-
′-(4-aminophenyl)-perylene-3,4,9,10-tetracarboxylic diimide

ANPER) and N-(2,6-diisopropylphenyl)-N′-[4-(N,N-dimethyl-

[

[
[
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minophenyl)]-perylene-3,4,9,10-tetracarboxylic diimide (DM-
NPER) to investigate their binding selectivity to the G-
uadruplex DNA structure. Photophysical properties of these
ompounds in five solvents of different polarity and in phos-
hate buffer solution have been compared. These compounds
howed good solubility in organic solvents and aggregation
endency in phosphate buffer solution at pH 6. Time-resolved
easurements have indicated that more extensive conjugation

etween the aniline moiety and PDI in the excited state of
NPER and DMANPER gives two decay components.
Both absorption binding and fluorescence quenching experi-

ents of unsymmetrical PDI ligands with different nucleotides
ave demonstrated that these ligands bind to G-quadruplex
NA. Binding selectivity of these PDIs to G-quadruplex DNA
as been examined with fluorescence quenching experiments.
he studied ligands have shown good binding selectivity to G-
uadruplex. Among the studied compounds, PYPER is found
o be the most selective interactive ligand for G-quadruplex,
ormed in the G4′-DNA structure. PYPER has been success-
ully radioiodinated with 131I. Scintigraphic imaging with the
adioiodinated compound (131I-PYPER) has been performed on
ats. It has been found that 131I-PYPER has diagnostic and ther-
peutic application potentials in nuclear medicine [52]. These
esults have shown that unsymmetrical PDI ligands offer promis-
ng molecular architectures for the design of new G-quadruplex
NA-interactive ligands based on PDI structure with therapeutic

pplication potentials in nuclear medicine.
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48] S. Icli, S. Demiç, B. Dindar, A.O. Doroshenko, C. Timur, J. Photochem.
Photobiol., A 136 (2000) 15–24.

49] H. Icil, Spectrosc. Lett. 31 (1998) 747–755.

50] J.R. Lakowicz (Ed.), Principles of Fluorescence Spectroscopy Part 8,

Kluwer Academic/Plenum Publisher, New York, 1999, pp. 239–242.
51] G.J. Kavarnos, N.J. Turro, Chem. Rev. 86 (1986) 401–449.
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