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Abstract

Three novel pyrene dyes substituted by four oligo-ether side chains of varying size have been synthesized. Surprisingly, two of these fluorescent
derivatives are liquid at room temperature. The photophysical study of one of these dyes, which is miscible in common organic solvents such as
hexane, chloroform and toluene, but also in water, has been performed. It has been shown that this pyrene derivative exhibits a high quantum yield
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f fluorescence,Φf ∼ 1, and has a high extinction coefficient, i.e.ε = 100,000 mol cm l, in diluted n-hexane solution. In water, aggregat
akes place and the fluorescence quantum yield decreases considerably. Moreover, the spectroscopic properties of the aggregates fo
re very close to those of the neat liquid. Therefore, the basic structure of the aggregates formed in water and in the pure liquid are ex
imilar.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since several decades, there has been a wide utilisation
f fluorescent molecular probes for various purposes[1].
xamples are numerous: the investigation of macromolecular
onformations[2], the microenvironments of organized media,
uch as micelles[3], LB films [4] and bilayers[5], the DNA
uplex formation between complementary oligonucleotides

6] and the mechanism for binding RNA to a ribozyme[7],
etal cation detection[8] and molecular-recognition process

9]. Amongst the fluorescent probes, pyrene and perylene
erivatives are rather attractive because they exhibit generally a
ather high quantum yield of fluorescence (Φf ) in dilute solution
ombined with high photostability[10,11]. Φf tends to drop
hen going from good to poor solvents, such as water[12]. This
ecrease results to a large extent from aggregation that causes

nteractions between�-systems in ground and excited states

∗ Corresponding author. Tel.: +32 1 632 79 21; fax: +32 1 632 79 90.
∗∗ Corresponding author. Tel.: +32 2 650 53 90; fax: +32 2 650 54 10.

[13,14]. Ground state aggregation of water-soluble pery
derivatives has been investigated in great details by a com
small angle neutron scattering, proton NMR spectroscopy
UV–vis spectroscopy.[15] Anticooperative association pr
cess, i.e. dimerisation favoured over oligomerisation, has
demonstrated[15]. However, the decrease ofΦf has not bee
reported. Other perylene derivatives withΦf as high as 0.6
in water have been reported by Müllen and co-workers[12].
These water-soluble fluorescent dyes have also been u
cardiac cell culture[12]. Water-soluble pyrene derivatives ha
been investigated too. For example, a quantitative treat
of 4-(1-pyrene)butanoate aggregation properties in aqu
environment has recently been reported[16]. Conclusions wer
that this pyrene derivative has not only a significant prope
for aggregation in the excited state but also in the ground
Encouraged by these recent results and motivated by the w
understand the role of molecular and supramolecular stru
on the fluorescence of neutral�-systems in lyotropic an
thermotropic mesophases, we embarked on the synthes
study of three novel pyrene derivatives: 1,3,6,8-tetrakis(n-
monoethyleneglycol-(2-propynyl)ether)pyrene (6a), 1,3,6,8-te
E-mail addresses: Steven.Defeyter@chem.kuleuven.be (S. De Feyter),
geerts@ulb.ac.be (Y.H. Geerts).

trakis(4-n-diethyleneglycol-(2-propynyl)ether)pyrene (6b) and
1,3,6,8-tetrakis(4-n -triethyleneglycol-(2-propynyl)ether)pyre-
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ne (6c). 6b is a liquid at room temperature and has been chosen
for further investigations. A comprehensive spectroscopic
study as a function of concentration and solvent indicates
ground-state aggregation.

2. Experimental/materials and methods

2.1. Reagents, catalysts and solvents

Toluene (Aldrich, A.C.S. reagent) was refluxed over cal-
cium chloride and freshly distilled before use. Triethy-
lamine was dried over sodium hydroxide and freshly dis-
tilled before use. Tetrahydrofuran was used as received
from Aldrich as A.C.S. reagent. Sodium hydride (80% dis-
persion in oil), triethyleneglycol monoethylether (95+%),
diethyleneglycol monoethylether (95+%), monoethylenegly-
col monoethylether propylbromide (95+%), propargylbromide
(80 wt.% solution in toluene), nitrobenzene, pyrene, bromine,
tetrakis(triphenylphosphine)–palladium (0) and copper iodide,
were used as commercially available grade from Aldrich.n-
Hexane was of spectroscopic grade (98–99%). The ultrapure
water (Milli-Q) was obtained by using a filter system with sev-
eral filtration steps (Millipore, Cat. no. CFOF 012 05) to remove
ions, organic materials and small particles. The resistivity was
18 M�.
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excitation light and the detected fluorescence light is 26◦, while
for the right angle configuration this angle equals 90◦. Gener-
ally, the sample was perpendicular to the incoming light beam.
The emission spectra were corrected for fluctuations of the lamp
intensity as well as the wavelength dependency of the photo mul-
tiplier tube detector (PMT). The reference method was used to
determine the quantum yield of fluorescence. The fluorescence
quantum yield of6b in n-hexane has been determined with pery-
lene in toluene as a reference. The fluorescence quantum yield of
6b in water has been determined with Rhodamine 6G in ethanol
and fluoresceine in 0.1 M sodium hydroxide as a Ref.[17].

2.2.3. Time-resolved fluorescence spectroscopy
Fluorescence decays have been obtained via the ‘single pho-

ton counting’ technique[18]. The samples were excited at
377 nm by the frequency doubled output of a regeneratively
mode-locked Ti:sapphire laser Ti:Sa (Tsunami model 3950D,
Spectra Physics), pumped by all visible lines of a continuous
wave argon ion laser Ar+ (BeamLock model 2028A-12, Spectra
Physics). Suitable filters were placed in the detection path to
suppress remaining excitation light. The diameter of the beam
was 1–2 mm, where the width of the instrument response func-
tion (IRF) was 38 ps and the time increment for all samples was
3.52 ps. The decays were fitted and analyzed using the least-
squares (LS) method and the decays for the excited species
were analyzed by linking the instrument response function, scat-
t run.
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.2. General methods

The mesomorphic behaviour of6a–c was investigated b
olarizing optical microscopy (Aus JENA microscope equip
ith a Mettler FP 52 hot stage) and by differential scan
alorimetry (Mettler Toledo DSC 821 and 3 mg sample
losed Al pans) with heating and cooling scans performe
0◦C min−1 (peak values are given).

1H NMR (250 and 300 MHz) and13C (75 MHz) spectra wer
ecorded on a Bruker AMX 3000 and Bruker DRX 500 and
pectrometer. CDCl3 was used as a solvent and the solvent si
as used as internal standard. Chemical shifts are reporteδ

ppm). Mass spectra were recorded on an Intectra GmbH,
02 instrument (electron impact, 70 eV).

.2.1. Absorption spectroscopy
Absorption spectra were recorded with a double-b

V–vis spectrophotometer (Perkin-Elmer Instruments, s
ambda40). For the solution experiments, cells with a 1
mm or 0.1 mm path length, the latter one realized by a 1
ell with a 0.9 mm quartz spacer, were used depending o
oncentration of the solution. Absorption spectra of oily6b were
ecorded on a quartz slide.

.2.2. Steady-state fluorescence spectroscopy
Steady-state fluorescence spectra were recorded with

rimeter (Spex fluorolog, model 1691). Diluted solutions w
easured in cells with 1 cm path length in the right angle m
ore concentrated solutions, measured in 1 mm or 0.1 mm
nd a film of oily6b on a quartz plate, were measured in the f

ace configuration. The latter means that the angle betwee
t

l

e

-

.
,

e

er over all the recorded decay traces within the decay
he quality of the fits has been judged from the values o
educedχ2 as well as from the residuals and the autocorrela
unction.

.3. Synthesis

Mono-di and tri-ethyleneglycol-2-propynylether (3a–c)
Scheme 1) were synthesized following a literature proced
19]. Tetrabromopyrene5 was obtained by the procedure
olmmann et al.[20].

.3.1. 1,3,6,8-tetrakis(4-n-diethyleneglycol-
2-propynyl)ether)pyrene (6b)

3b (1.26 g, 8 mmol and 8 equiv.),5 (0.518 g and 1 mmol
d(PPh3)4 (92 mg, 0.09 mmol and 8 mol%) and copper iod

19 mg, 0.1 mmol and 10 mol%) were added to a mixtur
oluene and triethylamine (50:50 mL). The reaction mixture
tirred, under nitrogen, at 80◦C for 24 h. Then it was poured in
solution of ice and concentrated hydrochloric acid (3:1).
rganic phase was extracted with dichloromethane, dried
agnesium sulfate and the crude product was purified by co

hromatography on silica gel with tetrahydrofuran:toluene (
s eluent to give 87% of6b (0.72 g and 0.87 mmol).

1H NMR (300 MHz, CDCl3): δ = 8.58 (s, 4H, CH), 8.25 (
H, CH), 4.65 (s, 8H; CH2), 3.92 (m, 8H; CH2), 3.78 (m, 8H
H2), 3.71 (m, 8H; CH2), 3.58 (m, 8H; CH2) and 3.38 (s
2H; CH3). 13C NMR (75 MHz, CDCl3): δ = 134.28, 131.96
26.90, 123.73, 118.25, 91.85, 84.21, 71.96, 70.65, 70.58, 6
9.45 and 59.06. MS: (electro spray):m/z 849.5 M + Na+, 100%,
alculated 849.38;m/z 865.5 M + K+, 40%, calculated 865.4
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Scheme 1. Synthetic pathway to pyrene derivatives6a–c.

UV–vis (absorption inn-hexane)λmax= 422 nm and (emission
in n-hexane)λmax= 425 nm.

2.3.2. 1,3,6,8-tetrakis(4-n-triethyleneglycol-
(2-propynyl)ether)pyrene (6c)

Compound 6c was synthesized by the same procedure
described for the preparation of6b. 3c (3 g, 15 mmol and
8 equiv.), 5 (0.95 g and 1.82 mmol), Pd(PPh3)4 (170 mg,
0.146 mmol and 8 mol%) and copper iodine (35 mg, 0.185 mmol
and 10 mol%) were added in a mixture of toluene:triethylamine
(150:150 mL). After aqueous work-up, the crude product
was purified by column chromatography on silica gel with
toluene:methanol (8:2) as eluent to give 62% of6c (1.13 g and
1.13 mmol).

1H NMR (250 MHz, CDCl3): δ = 8.60 (s, 4H, CH), 8.26 (s,
2H, CH), 4.60 (s, 8H; CH2), 3.88 (m, 8H; CH2), 3.76 (m, 8H;
CH2), 3.67 (m, 24H; CH2), 3.52 (m, 8H; CH2) and 3.34 (s, 12H;
CH3). 13C NMR (75 MHz, CDCl3): δ = 134.28, 131.95, 126.89,
123.73, 118.23, 91.84, 84.21, 71.95, 70.65, 70.58, 69.42, 59.45
and 59.07. MS: (electro spray):m/z 1025.5 M + Na+, 100%, cal-
culated 1025.49;m/z 1041.5 M + K+, 80%, calculated 1040.60.
UV–vis (absorption inn-hexane)λmax= 422 nm and (emission
in n-hexane)λmax= 425 nm.

2.3.3. 1,3,6,8-tetrakis(4-n-monoethyleneglycol-
(2-propynyl)ether)pyrene (6a)

ure
d l
a

0.059 mmol and 8 mol%) and copper iodine (9 mg, 0.047 mmol
and 10 mol%) were reacted in a mixture of toluene:triethylamine
(50:50 mL). After aqueous work-up, the crude product was puri-
fied by column chromatography on silica gel with ethyl acetate
as eluent, followed by recrystallisation in hexane to give 40% of
6a (0.123 g and 0.19 mmol).

Mp = 63◦C. 1H NMR (250 MHz, CDCl3): δ = 8.58 (s, 4H,
CH), 8.25 (s, 2H, CH), 4.66 (s, 8H; CH2), 3.90 (m, 8H; CH2),
3.68 (m, 8H; CH2) and 3.34 (s, 12H; CH3). 13C NMR (75 MHz,
CDCl3): δ = 134.24, 131.95, 126.68, 118.21, 91.73, 84.28,
71.82, 69.26, 59.47 and 59.18. UV–vis (absorption inn-hexane)
λmax= 422 nm and (emission inn-hexane)λmax= 425 nm.

3. Results and discussion

3.1. Synthesis

The synthesis of6a–c is outlined inScheme 1. In a first step
mono-di and tri-ethyleneglycol-2-propynylether (3a–c) were
obtained in a 39–52% yield by the nucleophilic substitution of
mono-di or tri-ethyleneglycol2a–c on propargylbromide (1) fol-
lowing a procedure described in literature[19]. In a second step
tetrabromopyrene5 was obtained in a 96% yield by a procedure
developed by Volmmann et al. which consists of an electrophilic
substitution of bromine on pyrene (4) in nitrobenzene[20].
F y-
r
i

Compound 6a was synthesized by the same proced
escribed for the preparation of6b. 3a (0.32 g, 2.8 mmo
nd 6 equiv.),5 (0.245 g and 0.47 mmol), Pd(PPh3)4 (44 mg,
inally, the alkyne chains3a–c were coupled to tetrabromop
ene5 by the Haghiara–Sonogashira method[21] to give6a–c
n 40–87% yield depending on the ease of purification.
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Table 1
Calorimetric data of compound6a, recorded at 10◦C/min

Compound Process Temperature (◦C) Enthalpy (kJ/mol)

6a Heating 31 4.4
63 20.6

Cooling 20 −4.3
33 −20.5

3.2. Thermotropic and lyotropic properties

A columnar thermotropic or lyotropic liquid crystalline phase
was expected from the molecular structure of6a–c [22–24].
Indeed,6a–c are composed of a discotic rigid hydrophobic core
surrounded by four flexible polar chains with a clear amphiphilic
character. The thermotropic behaviour of6a investigated by dif-
ferential scanning calorimetry (DSC) (Table 1) and polarized
optical microscopy (POM) reveal a polymorphism but no meso-
morphism. The transition enthalpy of melting is rather low for
such a large molecule and indicates the occurrence of a crys-
talline phase with a weak cohesive energy. This is also corrobo-
rated by the low clearing temperature for a molecule containing
twenty-four carbon atoms in its rigid conjugated core and an
equal number of carbon and oxygen atoms in the flexible side
chains.

The lyotropic propensity of6a–c in hexane:water solutions
was investigated using contact preparations[25]. However, none
of the samples showed any birefringence under the optical
cross-polarized microscope, even under shearing indicating the
absence of lyotropic phase. Beside the absence of liquid crys-
talline phase, the liquid character of6b and 6c is surprising.
However, the liquid character at room temperature and miscibil-
ity in non-polar to polar solvents qualify6b and6c as original
candidates to study emissive properties from dilute solution to
neat phase without the perturbing effect of phase transition.
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Fig. 1. (a) Normalized absorption (—) and emission (- - -) spectra of6b in n-
hexane. The excitation wavelength is 310 nm. (b) Absorption spectra of6b in
n-hexane at high and low concentration. (c) Normalized excitation spectra of
2.3× 10−4 M of 6b in n-hexane. The emission wavelengths are indicated in the
figure.

emission is collected at 430 nm, the excitation spectrum reflects
the absorption spectrum of the monomer with the characteristic
vibronic progression between 350 and 425 nm. At collection of
the emission light at 570 nm, which we attribute to aggregate
emission, the excitation spectrum is broadened and red shifted
and resembles the absorption and excitation spectra in neat liq-
uid (seeFig. 3c and vide infra). These data proves that both
monomer and ground-state aggregates are present in solution.

3.4. Aggregate formation of 6b in water

6b not only shows aggregation in apolar solvents but also
in polar solvents such as water in which it is miscible.Fig. 2a
.3. Aggregate formation of 6b in apolar solvents

Fig. 1a reflects the steady-state absorption and emission
ra of6b (∼1�M) in n-hexane. The spectra are characterize
clear vibronic progression (absorption: 422, 398, and 37
nd emission: 425, 452 and 484 nm) and a very small S
hift. The extinction coefficient at 422 nm is 105 mol−1 cm−1 l.
b is highly fluorescent andΦf approaches unity.

In contrast to pyrene, the lowest transition are sym
ry allowed, which is also reflected by the fluorescence
ime determined by time-correlated single photon coun
τ = 2.65 ns), which is mono-exponential and much sho
han that for pyrene[26,27] and independent of the emiss
avelength. At higher concentrations, the absorption sp
ecome concentration dependent, characterized by a tail
athochromic edge of the absorption spectrum (Fig. 1b). Upon
xcitation at 410 nm, emission spectra show in addition to
ibronic peaks related to monomer emission, a weak emi
and with a maximum at∼570 nm, which can be attributed
mission of the aggregates (not shown). The excitation sp
Fig. 1c) show very clearly the effect of aggregation. When
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Fig. 2. (a) Concentration dependent absorption spectra of6b in water. (b) Emission wavelength dependent excitation spectra of a 9.1× 10−6 M solution of6b in
water. The emission wavelengths are indicated in the figure. (c) Normalized concentration dependent emission spectra of6b in water for different concentrations, as
indicated in the figure, at excitation wavelengths of 400 nm and (d) 430 nm.

shows the concentration dependent optical steady-state spectra.
The absorption spectra do not show a clear vibronic progression
and have a significant absorption at wavelengths above 450 nm.
The spectra are not concentration dependent in the concentration
range studied.Fig. 2c and d shows the concentration dependent
emission spectra obtained upon excitation at 400 and 430 nm,
respectively.

The emission spectra are characterized by an emission band
with vibronic progression in the monomer emission region and
a broad unstructured band at 570 nm. The ratio of the emis-
sion band at 450 nm versus 570 nm decreases upon increasing
concentration and this same ratio also decreases with increas-
ing excitation wavelength: increasing the concentration leads to
pronounced aggregate formation and the relative absorption of
the aggregates versus monomer increases at increasing excita-
tion wavelengths. The excitation spectra (Fig. 2b) recorded at

an emission wavelength of 575 nm (aggregate emission) reflect
the absorption spectrum, while at much shorter detection wave-
lengths where the monomer emission is recorded, the excitation
spectrum reflects the monomer absorption. In line with aggre-
gation, the fluorescence quantum yield is very small (Φf ∼ 0.02)
which is significantly lower than that for the monomer, recorded
in n-hexane (Φf ∼ 1.00).

These conclusions are also supported by the time-correlated
single photon counting data. In contrast to the fluorescence
decays collected inn-hexane at low concentrations, which are
mono-exponential,6b shows multi-exponential decay behaviour
in water (not shown). In agreement with the steady-state absorp-
tion and emission data, the decay traces obtained at short emis-
sion wavelengths (wavelength < 420 nm) are mono-exponential
(τ = 2.85 ns,) and reflect the emission of the monomer. In con-
trast, the decay traces obtained at longer emission wavelengths
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Fig. 3. (a) Absorption spectrum of6b drop-casted on a quartz slide. (b) Emission spectra of6b drop-casted on a quartz slide,λex = 408 nm (—) and 435 nm (- - -),
respectively. (c) Excitation spectra of6b drop-casted on a quartz slide: emission wavelengths are 580 nm (—) and 550 nm (- - -), respectively.

are multi-exponential and the relative amplitudes of the long
decay components increase with increasing emission wave-
lengths, reflecting aggregate emission. Note that ground-state
aggregates, and not diffusion-controlled excimer formation, is
responsible for the long-wavelength emission.

3.5. Aggregate formation of 6b in neat liquid

As mentioned,6b is still a liquid at room temperature. In
order to investigate its spectral properties, a thin film of6b
was prepared by drop casting from an-hexane solution on a
quartz plate. The spectra are presented inFig. 3. The absorption
spectrum of a film of6b is similar to the absorption spec-
trum in water. The emission band is the same as the long
wavelength emission band observed for the aggregated systems
discussed (vide supra). The quantum yield of fluorescence is
of the order ofΦf ∼ 0.04. In addition, the excitation spectrum
reflects the absorption spectrum and no monomer fluorescence
is observed. The time-correlated single photon counting data
are multi-exponential with slowly decaying components. These
data suggest that the interactions between the molecules in the
aggregates formed in water and the molecules in the pure liquid
are similar, since they lead to similar spectroscopic properties.
The aggregation number in water has not been established, but
based upon the absorption spectra, it is clear that even in the
most diluted solutions, aggregates are the dominant species.
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