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Abstract In this manuscript, we report the fluorescence
properties of N-(2-(N’,N’-diethylamino)ethyl)perylene-3,4-
dicarboximide (1) and its quaternized derivative N-(2-(NV’,N’-
diethyl-N’-methylammonium)ethyl)perylene-3,4-dicarboxi-
mide tosylate (2) in organic solvents. The effects of carboxylic
acids and amines on the fluorescence properties of these
compounds were investigated. In addition, we studied the
aggregation and fluorescence properties of (2) and its
9-bromo-substituted derivative (3) in aqueous solution. The
fluorescent properties of these compounds change dramatical-
ly with the extent of aggregation, thus allowing these
compounds to be used as fluorescent probes for changes in
temperature and solvent polarity. For instance, the fluores-
cence emission intensity of 3 increases by about 28 times as
the temperature of the solution increases from 10°C to 85°C.
The fluorescent intensities of 2 and 3 in methanol are higher
than that in water by about 8 and 25 times, respectively.

Keywords Perylene monoimide - Fluorescence probe -
Photoinduced electron transfer- Aggregates

Introduction

Fluorescent compounds have important applications in
clinical diagnostics, biomedical research, studies in life
sciences, and as luminescent materials in optical devices [1].
Although there are reports of the photophysical properties of
perylene-3,4-dicarboximides (or perylene monoimide) in
organic solvents [2—4] and polymers [5-8] suggesting that
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these compounds have potential applications in bioassays
[9-16], light harvesting systems, and photovoltaic devices
[17-27], the structural effects on the fluorescence properties
of perylene-3,4-dicarboximides, particularly in aqueous
solution, remain largely unexplored. A deeper understanding
of the structural effects on electronic transition and fluores-
cence properties of perylene-3,4-dicarboximides is important
for developing applications and future design of fluoro-
phores with desired properties.

We reported recently the direction-dependent electronic
transition and fluorescence properties of N-(2-(N’,N’-dieth-
ylamino)ethyl)perylene-3,4-dicarboximide 1 and its quater-
nized derivative 2 in the crystal phase [28, 29]. In this
manuscript, we report the fluorescence properties of these
compounds and the 9-bromo-substituted derivative 3 in
organic solvents and aqueous solution. The structures of
compounds 1-3 are shown in Fig. 1.

We are interested in investigating the fluorescence proper-
ties of these compounds in solution for several reasons. Firstly,
the flexible (N, N-diethylamino)ethyl group of compound 1
not only imparts solubility in common organic solvents but
also present an electron rich amino group for quenching
fluorescence emission of the perylene-3,4-dicarboximide ring
by photoinduced electron transfer (Fig. 2). Protonation of the
amino nitrogen lone-pair electrons will turn off this quench-
ing mechanism, thereby allowing the use of 1 as fluorescence
probe for detection of acids. Secondly, compounds that
fluoresce in aqueous solution are generally useful in medical
diagnostics, studies in life sciences, biomedical and biological
research, and environmental analysis [30-35]. The quater-
nized derivative 2 has higher solubility than 1 in polar
solvents and aqueous solution and is potentially useful in a
broader range of applications. Water-soluble fluorophores
with properties that vary with changes in environment are
particularly important for sensing applications [36, 37]. In this
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Fig. 1 Structures of perylene-3,4-dicarboximides 1-3

paper, the effects of temperature and solvent polarity on the
fluorescence properties of 2 in aqueous solution are pre-
sented. Thirdly, substituents on the perylene-3,4-dicarboxi-
mide ring may modulate the aggregation, and hence
fluorescence properties of ionic perylene-3,4-dicarboximides
in aqueous solution. We demonstrate such effect using the
ionic 9-bromoperylene-3,4-dicarboximide derivative 3.

Results and discussion

Effects of organic acids and bases on the UV-vis absorption
and fluorescence properties of 1 and 2 in organic solvents

2-(N,N-Diethylamino)ethylperylene-3,4-dicarboximide (1)
is soluble in organic solvents such as chloroform (CHCIls)
and dichloromethane (DCM), but less soluble in methanol
(MeOH). The ionic derivative 2 has higher solubilities in
MeOH than in CHCIl;. To allow comparison of the optical
properties of 1 and 2 in organic solvents, UV-vis and
fluorescence studies were performed in a mixture of DCM/
MeOH. In this solvent mixture, compounds 1 and 2 have
similar electronic transition properties which are not
affected significantly by the addition of organic acids such
as 5 vol% of formic acid (HCOOH) or acetic acid
(CH5COOH) (Fig. 3). In the presence of an organic base
such as 5 vol% of piperidine, a small blue shift (about
10 nm) in the absorption band of 1 is resulted.

Both 1 and 2 exhibit fluorescence emission (A, of
emission at about 560 nm) upon excitation at 491-495 nm;
a Stokes shift of about 70 nm. As shown in Fig. 4, there is
no significant change in fluorescence emission of 2 in the
presence of as much as 5 vol % of CH;COOH or HCOOH.
At similar concentrations (1.0x107 M), the emission
intensity of 1 is substantially lower than that of 2 and is
greatly enhanced in the presence of CH;COOH (Fig. 5).
The enhancement can be observed in the presence of as
little as 5 uM of CH3;COOH. Presumably, the fluorescence
emission of 1 is quenched by a photoinduced electron
transfer (PET) process [1, 30-35, 38, 39] in the presence of
lone-pair electrons of the tertiary amino group of 1.
Removal of the lone-pair electrons of the amino group of
1 by protonation with acids prevents the quenching of
fluorescence emission by PET. The results show that 1
serves as fluorescence probe of acids in organic solvents.
Amino nitrogen lone-pair is not available in 2, consequent-
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ly, the emission of 2 is not quenched by intramolecular PET
and does not vary with the acid concentration in solution.
The pK, values of the N-(2-(N’,N’-diethylamino)ethyl)
perylene-3,4-dicarboximide and perylene-3,4:9,10-bis
(dicarboximide) in methanol or ethanol and water mixtures
were found to be in the range of 9.5-9.8 [35], which are
similar to the value of 9.9 determined for the pK, of the
monoprotonated species of 1-amino-2-diethylaminoethane
and not significantly influenced by the aromatic rings. Base
on these values, the pK, value of 1 is estimated to be in the
same range (9.5-9.8).

Using fluorescein (quantum yield of 1.0 in MeOH with
0.01 M KOH) as reference standard [40], the fluorescence
quantum Yyield of 2 in MeOH was determined to be 0.50.
The quantum yield of 1 in DCM is only 0.06 presumably
due to quenching by intramolecular PET. The quantum
yield of 1 in MeOH/DCM (v:v=50:50) is 0.12, slightly
higher than that in DCM, presumably because of the
presence of some protonated form in MeOH/DCM (v:v=
50:50). Fluorescence emission of the protonated form is not
quenched by intramolecular PET.

Results of the time-resolved fluorescence lifetime studies of
the effect of acids are consistent with the results of the steady
state experiments. The lifetime of a 1.0x107® M solution of 2
in MeOH/DCM (v:v=50:50) is 5.3 ns and it does not change
in the presence CH;COOH (1-5 vol %) in MeOH/DCM. In
contrast, the lifetime of 1 changes in the presence of acid.
Lifetime studies of 1 in MeOH/DCM (v:v=50:50), indicated
the presence of a species (20%) with a lifetime of 5.0 ns, and
a short-lived species (80%) with a lifetime of about 1.0 ns.
Presumably, 1 has a short lifetime of about 1 ns because of
quenching by the nitrogen lone-pair of the amino side chain,
and some protonated form of 1 is present in MeOH/DCM
resulting in the longer lifetime of 5.0 ns observed. After the
addition of CH3;COOH (1-5 vol %), the amino group of 1 is
protonated, resulting in a species of lifetime of 5.3 ns only.

Although the fluorescence emission of 2 is not quenched
by intramolecular PET process, it can be quenched by
intermolecular PET. Quenching of 2 by intermolecular PET
was studied using piperidine (an alicyclic amine) and N-

photo- electron
excitation transfer
| —y
ﬂ r_\ L n L n
(non-bonding L ﬂ
rbital of
Homo i ora ,‘j) HOMO HomMO___

| Ground state of 1_|

| Excited state of 1|

1 retumns to ground
state without the

ion of photon

Fig. 2 Diagram illustrating the quenching of fluorescence emission of
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ethylaniline (an aromatic amine). As shown in Fig. 6, the
addition of piperidine (e.g., 1 vol%, ~0.1 M) to a solution
of 2 (e.g., 1 x10~7 M) in methanol has no significant effect
on the wavelengths of emission, however, it lowers the
fluorescence intensity of 2. The quenching effect is weak
and requires a high molar ratio of piperidine to cause a
significant decrease in fluorescence intensity. The quench-
ing constants (Kp) determined from the slopes of the linear
Stern-Volmer plots (Fig. 7) are 1.3, 1.8, and 2.3 M ! at 25°
C, 35°C, and 45°C, respectively. The increase in quenching
constant with temperature suggests that the decrease in
fluorescence is caused by collisional quenching effect [1] of
piperidine. Diffusion rate, and thus, quenching by collision
increase as temperature increases.

N-ethylaniline is a more effective quencher than piper-
idine. Quenching of emission of 2 (1x1077 M) at 35°C
occurs in the presence of N-ethylaniline at concentrations as
low as 0.5 mM, and only about 0.01 M of N-ethylaniline is
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Fig. 4 Fluorescence spectra of 2 (1.0% 1077 M) (0) in MeOH/DCM
(v/v=50/50), (x) in MeOH/DCM/CH3;COOH (v/v/v=47.5/47.5/5),
and (A) in MeOH/DCM/HCOOH (v/v/v=47.5/47.5/5). The spectra
in the presence of CH;COOH or HCOOH overlapped with the spectra
in the absence of acids

Wavelength (nm)

required for 50% quenching. An upward curvature is
observed for the Stern-Volmer plot (Fig. 8, left). The
dependence of Fo/F on the concentration of N-ethylaniline
is second order in the concentration of N-ethylaniline. This
suggests that the quenching of 2 occurs by both collisional
quenching and a static mechanism [1]. The values of
collision quenching constant (Kp) and static quenching
constant (Kg) were determined from the plot of ((F,-F)/F[N-
ethylaniline]) versus [N-ethylaniline]. According to Eq. 1,
the slope of the linear plot equals KpKg and the intercept
equals (Kp+Kg) [1]. From the slope and intercept of the
plot (Fig. 8, right), the values of Kp and Kg at 35°C were
calculated to be 4.5 M " and 97 M, respectively.

(Fo — F)/F[N — ethylaniline] = KpKs[N — ethylaniline] + (Kp + Ks)

(1)

Effects of solvent polarity and temperature on UV-vis
absorption and fluorescence properties of 2 and 3
in MeOH and aqueous solution

The ionic derivatives 2 and 3 have higher solubilities in
MeOH than in CHCI;. They can also be dissolved in water to
give dilute solutions at room temperature. Compounds 2 (1.0 x
10> M) and 3 (1.0x 10> M) in MeOH have similar A, of
absorption. At similar concentrations, the A,,,x values of these
compounds in water are blue-shifted compared to that in
MeOH. The molar absorptivities of these compounds in water
are lower than those in MeOH (see A,.. values and molar
absorptivities provided in the experimental section.)

The aggregation of 2 and 3 in water was investigated
using UV-vis spectroscopy. Upon varying the concentration
of 2 over the range of 1.0x1077 M to 1.0x107> M, a blue
shift in A, from 504 nm to 482 nm in the visible spectra
was observed due to aggregation of 2 (Fig. 9a). Similar
shift was observed for 3 (Fig. 9b). At a low concentration
(1.0x1077 M), the Apax of 3 is at 487 nm. It shifts gradually
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Fig. 5 Effect of CH;COOH on fluorescence emission of 1 (1.0x
1077 M) in MeOH/DCM (v/v=50/50)

to 475 nm as the concentration increases to 1.0x10™* M.
Spectral changes in the visible region of 2 and 3 suggest the
formation of H-aggregates [41, 42] of these compounds in
water. Studies reported for other ionic aromatic dyes in
aqueous solution suggested that there is no optimum
aggregation size and no critical concentration for the
formation of aggregates [43—45].

Further evidence for the formation of H-aggregates is
provided by the temperature-dependent absorption spectra of
these compounds. As shown in Fig. 10, the A, of absorption
of 2 (1x10° M) in water is red-shifted from 485 nm at 10°C
to 495 nm at 80°C. The red shift is accompanied by an
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Fig. 6 Effect of piperidine on the fluorescence properties of 2 (1.0x
107 M) in MeOH at 25°C. The intensities of emission spectra
decreased gradually as the volume % of piperidine was increased from
0tol,2,4,6,9, 12, 15, and 20 vol%

increase in molar absorptivity. A red shift from 480 nm at 10°
C to 490 nm at 80°C was observed for 3 (1x107> M). Such
changes are indicative of the formation of H-aggregation of
these compounds in water at low temperature. The extent of
aggregation decreases as temperature increases resulting in an
increase in A, and molar absorptivity.

Compounds 2 and 3 fluoresce in water and show an
excitation band with a maximum at 491 nm and an emission
band at about 590 nm; a very large Stokes shift of almost
100 nm. The effect of temperature on the fluorescent
properties of these compounds is dramatic. As temperature
was raised from 10°C to 80°C, about 14-fold increase in
emission intensity was observed for a 1x10~> M solution of 2
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Fig. 7 Stern-Volmer plots of quenching of 1.0x107 M of 2 in MeOH
by piperidine at 25°C (A), 35°C (¢), and 45°C (o)
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constant ((F,-F)/F[N-ethylaniline]) versus [N-ethylaniline]

(Figs. 11a and 12). At a low temperature, the aggregation of 2
in water results in significant self-quenching. The extent of
aggregation decreases at a higher temperature, consequently
reducing the extent of self-quenching.
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Fig. 9 Series of offset visible spectra of (a) 2 of concentrations from
1.0x10° M (top spectrum) to 1.0x 10”7 M (bottom spectrum) and (b)
3 of concentrations from 1.0x10~* M (top spectrum) to 1.0x10~" M
(bottom spectrum) in water

The substitution of hydrogen at the 9-position of the
perylene-3,4-dicarboximide ring by bromine resulted in
very significant difference in the temperature-dependent
aggregation and fluorescence properties of 3. At 10°C,
the emission intensity of 3 (1.0x107°> M) is significantly
lower than that of 2 at similar concentrations (Fig. 11b).
This is attributed to the bromine substitution that (1)
causes quenching of fluorescence by heavy atom effect
and (2) modulates the solubility and stacking of aromatic
rings, thereby, increases aggregation and self-quenching
of 3. More importantly, the fluorescence emission inten-
sity increases dramatically by about 28-fold as the
temperature of the solution increases from 10°C to 85°C
(Figs. 11b and 12).

In addition to temperature, the fluorescence emissions of
2 and 3 in aqueous solution can be varied by the addition of
a less polar solvent, such as methanol. As shown in Fig. 13,
the Apax of emission of 2 and 3 in methanol are slightly
blue-shifted (about 20 nm) compared to that in water. The
relaxation of the excited state dipole of fluorophores by
solvation of solvent dipoles will result in lower energy of
the excited state [38, 39]. Since stabilization of the excited
state dipole in methanol is less effective than in water,
emission in methanol is at higher energy or shorter
wavelength. In addition to different A, values of
emission, the fluorescent intensities of 2 and 3 in methanol
are higher than that in water by about 8 and 25 times,
respectively. Several factors contribute to the lower fluo-
rescent emission intensities in water compared to methanol.
The molar absorptivities of 2 and 3 in water are lower than
those in methanol. Furthermore, the rate constants of non-
radiative decays of fluorophores are not the same in
different solvents. Most significantly, the aggregation of
these fluorophores in water results in reabsorption and self-
quenching of fluorescent emission.

Using fluorescein (quantum yield of 1.0 in methanol
with 0.01 M KOH) as reference standard, the fluores-
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cence quantum vyields of 2 and 3 in MeOH were
determined to be 0.50 and 0.41, respectively (Table 1).
The lower quantum yield observed for 3 is probably
caused by the presence of bromine which increases
fluorescence quenching by heavy atom effect. The average
quantum yields of the aggregates in water were also
determined. In consistent with the lower fluorescent
emission intensities in the steady state spectra observed
for these compounds in water, the average quantum yields
of the aggregates of 2 and 3 in water were found to be
lower than the quantum yields in methanol. Furthermore,
the quantum yields decrease as self-quenching increase
with aggregation at higher concentrations.

Fig. 11 Temperature-dependent a SOEH6 T
fluorescence excitation and
emission spectra of (a) 2 (1.0x .
107> M) and (b) 3 (1.0x107° M) ]
in water. Spectra were taken at 5.0E+06 T
increments of 5°C in tempera- 4
ture. Excitation spectra were = ]
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Conclusions

Overall, perylene-3,4-dicarboximide is an excellent scaffold for
constructing fluorophores with desired properties for sensing
applications. The solubility, aggregation, and fluorescence
properties can be modulated by the structure of the group
attached to the imide nitrogen and substituent on the aromatic
ring. Compounds 1-3 can be excited with visible light at
wavelengths of commercially available lasers and fluores-
cence emission can be observed without the need to remove
oxygen from the solution. The large Stokes shift permits easy
filtering of emission light from excitation light in studies by
fluorescence microscopy and spectroscopy techniques.
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Fig. 12 Plot showing the effect of temperature on the fluorescent
emission intensity at Ayax of aqueous solutions (1.0x 10> M) of 2 and
3. For comparison of the relative increase in intensity, the emission
intensities are normalized with respect to the intensity at 10°C

This study shows that the fluorescence emission of N-(2-
(N’,N’-diethylamino)ethyl)perylene-3,4-dicarboximide 1 is
partially quenched by photoinduced electron transfer from
the lone-pair electrons of its amino side chain. Fluorescence
emission is enhanced by protonation of the amino side
chain suggesting that 1 may serve as fluorescent probe for
acidic environment. Our studies show that 1 can detect
carboxylic acids in the uM concentration range. Quaterni-
zation of the amino side chain of 1 resulted in 2 with higher
fluorescent quantum yield and longer lifetime than 1. The
fluorescence emission of 2 is not affected by carboxylic
acids. The results of this research demonstrated that the
fluorescence emission of perylene-3,4-dicarboximide could
be switched on or off by controlling the availability of lone-
pair electrons of an amino group.

The ionic compounds 2 and 3 are soluble in water and
have potential applications as fluorescence probes of
temperature and solvent polarity. The fluorescence emission
intensity of 3 increases dramatically by about 28-fold as the
temperature of the solution increases from 10°C to 85°C. In
addition, the fluorescent intensities of 2 and 3 in methanol
are higher than that in water by about 8 and 25 times,
respectively. The 9-bromo substituent of 3 has substantially
change the extent of aggregation of the ionic perylene-3,4-
dicarboximides in water and resulted in a much larger
increase in fluorescence emission with temperature and
solvent polarity than 2.

Experimental

Compounds 1 and 2 were synthesized according to proce-
dures described previously [28, 29]. Compound 3 was

synthesized by reaction of 9-bromo-(N-(2-(V’,N’-diethyla-
mino)ethyl)perylene-3,4-dicarboximide (4) with methyl p-
toluenesulfonate as described below.

N-(2-(N’,N’-diethyl-N-methylammonium)ethyl)-9-bromo-
perylene-3,4-dicarboximide tosylate (3) Methyl p-toluene-
sulfonate (2.50 g, 13.5 mmol) was dissolved into 20 mL of
toluene. Then 9-bromo-2-(N, N-diethylamino)ethylperylene-
3,4-dicarboximide 4 (0.50 g, 1.0 mmol) was added and the
reaction mixture was refluxed overnight. After the reaction
mixture was cooled to room temperature, the solid was
collected by suction filtration and washed with toluene and
ether. The solid was dried under vacuum overnight and then
suspended into 50 mL of CHCl;. The suspension was
refluxed overnight. Then the resulting solid was collected by
suction filtration and dried over vacuum overnight to give 3
(0.59 g, 86%). 'H NMR (400 MHz, CD;0D): 5=7.67 (d,
2H, *J (H,H)=8.4 Hz, Ar-H), 7.63 (d, 1H, *J (H,H)=9.6 Hz,

H,0:MeOH
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Fig. 13 Effect of solvent on the fluorescence emission spectra of (a) 2

(1x10°° M) and (b) 3 (1x10°® M). The emission spectra were
acquired at an excitation wavelength of 491 nm
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Table 1 Quantum yields (®) of

2 and 3 in MeOH and water at Entries Solution P of 2 P of 3
25°C
1 In methanol 0.50+0.02 0.42+0.008
2 2x1077 M in water 0.17+0.004 0.079+0.006
3 5x1077 M in water 0.13+0.006 0.051+0.003
4 1x10°® M in water 0.11+0.006 0.035+0.002
1x107° M in water
Sa at 80°C 0.13+0.003 0.072+0.001
Sb at 25°C 0.021+0.0002 0.0061+0.00009
Sc at 10°C 0.010+0.00009 0.0026+0.00004

Ar-H), 7.61 (d, 1H, *J (H,H)=8.8 Hz, Ar-H), 7.60 (d, 1H, J
(H,H)=7.6 Hz, Ar-H), 7.52 (d, 1H, *J (H,H)=7.6 Hz, Ar-H),
7.38 (d, 1H, *J (H,H)=8.0 Hz, Ar-H), 7.28 (d, 1H, *J (H,H)=
9.2 Hz, Ar-H), 7.27 (t, 1H, *J (H,H)=8.4 Hz, Ar-H), 7.21 (d,
1H, 3J (H,H)=8.0 Hz, Ar-H), 7.18 (d, 2H, *J (H,H)=8.0 Hz,
Ar-H), 7.14 (d, 1H, *J (H,H)=7.6 Hz, Ar-H), 430 (t, 2H, °J
(H,H)=7.6 Hz, -CH2), 3.54 (m, 4H, -N-(CH,),-), 3.46 (t, 2H,
-CH,-N~(CH,),), 3.16 (s, 3H, -N-CH3), 2.30 (s, 3H, CH; of
p-toluenesulfonate), 1.47 (t, 6H, 3 (H,H)=7.2 Hz, -CH,-
CHs) ppm; *C NMR (100 MHz, CF;COOD): 5=168.3,
167.7, 146.4, 140.7, 140.5, 138.6, 135.2, 135.2, 134.0, 133.9,
133.2, 132.9, 131.5, 131.2, 130.3, 130.0 129.4, 129.2, 127.9,
127.2, 127.0, 122.8, 122.4, 120.0, 119.9, 60.1, 58.3, 49.7,
36.4, 21.7, 8.9 ppm; UV (MeOH, 1.0x107> M) ) Apax=262
(€=29,700), 338 (£=2,800), 354 (£=3,520), Amax=493 (¢=
35,500) nm, (water, 1.0x 107> M) ) Apax=360 (¢=2,820), 481
(e=16,500) nm; MS (ESI+, m/z) Calcd for [CoH,6BN,O,]":
513.12; Found: 513.28.

N-(2-N’,N’-diethylamino)ethyl)-9-bromoperylene-3,4-dicar-
boximide (4) 2-(N,N-diethylamino)ethylperylene-3,4-dicar-
boximide (1) (3.01 g, 7.15 mmol) and 150 mL of
concentrated sulfuric acid were mixed in a 500-mL round-
bottom flask. The mixture was cooled to —10°C, then
0.48 mL of Br, was added slowly with a 1-mL syringe.
After the reaction mixture was stirred at —10 to —5°C for 4 h,
it was poured into 750 mL of cold distilled water in a 2,000-
mL flask in an ice bath. About 400 mL of 30% NH4OH,)
was added dropwise until the pH was 8-9. A bright red solid
formed was filtered and washed with 300 mL of 5%
NH4OH,q) and then distilled water. The solid was dried in
an vacuum oven at 110°C. The bright red solid was purified
by recrystallization in 100 mL of 1% triethylamine in DMF
solution. The filtered solid was washed with ethyl ether and
dried under vacuum to yield 4 (2.96 g) in 83% yield. 'H
NMR (500 MHz, CDCl;) $=8.30 (d, 1H, *J (H,H) ) 8.0 Hz,
Ar-H), 8.27 (d, 1H, *J (HH) ) 8.5 Hz, Ar-H), 8.09 (d, 2H, *J
(H,H) ) 8.5 Hz, Ar-H), 8.01 (d, 1H, *J (H,H) ) 8.0 Hz, Ar-H),
7.93 (d, 1H, *J (H,H) ) 8.0 Hz, Ar-H), 7.80 (d, 1H, *J (H,H) )
8.0 Hz, Ar-H), 7.66 (d, 1H, *J (H,H) ) 8.5 Hz, Ar-H), 7.51 (d,
1H, °J (H,H) ) 8 Hz, Ar-H), 4.27 (t, 2H, *>J (H,H) ) 7.5 Hz, o«-
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CH,), 2.82 (t, 2H, *J (H,H) ) 7.5 Hz, B-CH,), 2.72 (q, 4H, °J
(H,H) ) 7.0 Hz, -NCH,CHj), 1.14 (t, 6H, *J (H,H) ) 8.0 Hz,
CHs) ppm; >C NMR (125 MHz, CDCl;) 5=163.7, 163.7,
136.1, 136.0, 132.7, 131.3, 1,312, 131.1, 130.0, 129.3, 129.3,
128.7, 128.0, 126.2, 126.0, 124.1, 123.4, 121.2, 120.5, 120.2,
50.0, 47.9, 38.2, 12.5 ppm; UV (CHCl3, 1.0 107> M) Apax=
475 (¢=33,150), 497 (¢=34,100) nm; HRMS (FAB, m/2)
Calcd 499.1021, found 499.1004; mp 246°C.

Deuterated trifluoroacetic acid (TFA-d, D-99.5%), deu-
terated chloroform (CDCl;, D-99.8%), and deuterated
methanol (CD;0D, D-99.8%) were purchased from Cam-
bridge Isotopes. Formic acid (HCOOH(aq) conc. +88%)
and glacial acetic acid (100.0%) were purchased from
ACROS Organics and Fisher Scientific, respectively.

'"H and ">C NMR spectra were acquired on either a
Varian MR 400 MHz or a GE QE 300 MHz spectrometer.
Infrared spectra were recorded on a Perkin-Elmer Spectrum
2000 FT-IR spectrometer. Spectra of powdered samples
were obtained in the form of KBr pellets prepared with
dried KBr using a mini-press from SpectraTech, Inc. Mass
spectra were recorded with Waters Micromass XQ detector
using ESI" and ESI . Electronic spectra were obtained with
a dual-beam Perkin Elmer Lambda 950 and software UV-
WIN Lab version 5.1.5.

Fluorescence spectra were acquired using a Jobin-Yvon
Horiba Fluorolog 3-222 spectrophotometer and software
FluorEssence. Lifetime measurement were performed at
25°C using the Fluorolog 3 equipped with a NanoLED-492,
FluoroHub TCSPC, a single photon detection cooled
photocathode TBX-05, and Datastation DAS6 Foundation
Software. The lifetime of fluorescein in MeOH was
determined under the same conditions for comparison and
was found to be 4.1 ns. All studies were preformed without
purging the solutions with inert gas to remove oxygen.

Quantum yields were determined according to the method
reported by Williams and his coauthors [46]. Solutions of
three concentrations (2.0x1077 M, 5.0x10" M, and 1.0x
107® M) were prepared for fluorescein in MeOH (0.01 N
KOH) and perylene-3,4-dicarboximide 1-3 in the solvents to
be studied. The UV-vis absorption spectra of solutions of
both fluorescein and 1-3 were acquired using a 10 or 1-cm
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path length cuvette. Electronic spectra were obtained with a
dual-beam Perkin Elmer Lambda 950 and software UV-WIN
Lab version 5.1.5. Fluorescence spectra were acquired using
a Jobin-Yvon Horiba Fluorolog 3-222 spectrophotometer
and software FluorEssence. Emission in range from 460 nm
to 750 nm was acquired when the sample in a 1-cm path
length fluorescence cuvette was excited at 450 nm. The
integrated fluorescence intensity (that is, the area of the
fluorescence spectrum from 490 nm to 750 nm) was
calculated and note down from all fluorescence spectrum.
A graph of integrated fluorescence integration vs absorbance
(at 450 nm) was plotted for each compound. The slopes of
the graphs are proportional to the quantum yield of the
different samples. Absolute values were calculated according
to the following equation [46]:

&y = dgr(Grady /Gradgr) (ﬂ%(/ﬂéT)

Where @ is the fluorescence quantum yield, ST and X
denote standard and test respectively, 1 is the refractive
index of the solvent, and Grad is the slope from the plot of
integrated fluorescence intensity vs absorbance.

Acknowledgments We thank the National Science Foundation
(DMR-0405532 and DMRO0804897) for funding this research. Any
opinions, findings, and conclusions or recommendations expressed in
this material are those of the authors and do not necessarily reflect the
views of the National Science Foundation.

References

1. Lakowicz JR (2006) Principles of fluorescence spectroscopy, 2nd
edn. Springer, Singapore

2. Langhals H, Jona W (1998) The synthesis of perylenebisimide
monocarboxylic acids. Eur J Org Chem 847-851

3. Langhals H, Ismael R, Yiiriik O (2000) Persistent fluorescence of
perylene dyes by steric inhibition of aggregation. Tetrahedron 56
(30):5435-5441

4. Zoon PD, Brouwer AM (2005) Paradoxical solvent effects on the
absorption and emission spectra of amino-substituted perylene
monoimides. Chemphyschem 6(8):1574-1580

5. Stork M, Herrmann A, Nemnich T, Klapper M, Milen K
(2000) Combinatorial testing of supported catalysts for the
heterogeneous polymerization of olefins. Angew Chem Int Ed
39(23):4367-4369

6. Maus M, Cotlet M, Hofkens J, Gensch T, De Schryver FC,
Schaffer J, Seidel CAM (2001) An experimental comparison of
the maximum likelihood estimation and nonlinear least-squares
fluorescence lifetime analysis of single molecules. Anal Chem
73:2078-2086

7. Christ Th, Petzke F, Bordat P, Herrmann A, Reuther E, Miillen K,
Basche Th (2002) Investigation of molecular dimmers by
ensemble and single molecule spectroscopy. J Lumin 98:23-33

8. Haase M, Hiibner CG, Reuther E, Herrmann A, Miillen K,
Basche Th (2004) Exponential and power-law kinetics in single-
molecule fluorescence intermittency. J Phys Chem B 108
(29):10445-10450

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Métivier R, Christ T, Kulzer F, Weil T, Miillen K, Basché Th

(2004) Single-molecule spectroscopy of molecular aggregates at
low temperature. J Lumin 110:217-224

Petrella A, Cremer J, De Cola L, Bauerle P, Williams RM (2005)
Charge transfer processes in conjugated triarylamine-oligothiophene-
perylenemonoimide. J Phys Chem A 109:11687-11695

Christ T, Kulzer F, Weil T, Miillen K, Basché Th (2003) Frequency
selective excitation of single chromophores within shape-persistent
multichromophoric dendrimers. Chem Phys Lett 372:878-885

Liu D, De Feyter S, Cotlet M, Wiesler U-M, Weil T, Herrmann A,
Miillen K, De Schryver FC (2003) Fluorescent self-assembled
polyphenylene dendrimer nanofibers. Macromolecules 36:8489—
8498

Weil T, Reuther E, Beer C, Miillen K (2004) Synthesis and
characterization of dendritic multichromophores based on rylene
dyes for vectorial transduction of excitation energy. Chem Eur J
10:1398-1414

Cotlet M, Gronheid R, Habuchi S, Stefan A, Barbafina A, Miillen
K, Hofkens J, De Schryver FC (2003) Intramolecular directional
forester resonace energy transfer at the single-molecular level in a
dendritic systems. ] Am Chem Soc 125:13609-13617

Cotlet M, Vosch T, Habuchi S, Weil T, Miillen K, Hofkens J, De
Schryver FC (2005) Probing intramolecular forster resonance energy
transfer in a naphthaleneimide-peryleneimide-terrylenediimide-
based dendrimer by ensemble and single-molecule fluorescence
spectroscopy. J Am Chem Soc 127:9760-9768

Minard-Basquin C, Weil T, Hohner A, Rédler JO, Miillen K
(2003) A polyphenylene dendrimer-detergent complex as a highly
fluorescent probe for bioassays. ] Am Chem Soc 125:5832-5838
Loewe RS, Tomizaki K, Youngblood WJ, Bo Z, Lindsey JS
(2002) Synthesis of perylene-porphyrin building blocks and rod-
like oligomers for light-harvesting applications. ] Mater Chem
12:3438-3451

Tomizaki K, Thamyongkit P, Loewe RS, Lindsey JS (2003)
Practical synthesis of perylene-monomide building blocks that
possess features appropriate for use in porphyrin-based light-
harvesting arrays. Tetrahedron 59:1191-1207

Muthukumaran K, Loewe RS, Kirmaier C, Hindin E, Schwartz
JK, Sazanovich 1V, Diers JR, Bocian DF, Hotlen D, Lindsey JS
(2003) Synthesis and exciated-state photodynamics of a perylene-
monoimide-oxochlorin dyad. A light-harvesting array. J Phys
Chem B 107:3431-3442

Tomizaki K, Loewe RS, Kirmaier C, Schwartz JK, Retsek JL,
Bocian DF, Hotlen D, Lindsey JS (2002) Synthesis and photo-
physical properties of light-harvesting arrays comprised of a
porphyrin bearing multiple perylene-monoimide accessory pig-
ments. J Org Chem 67:6519-6534

Yang SI, Prathapan S, Miller MA, Diers JR, Bocian DF, Lindsey
JS, Hotlen D (2002) Synthesis and excited-state photodynamics of
perylene-porphyrin dyads. 4. Ultrafast charge separation and
charge recombination between tightly coupled units in polar
media. Res Chem Intermed 28:719-740

Ambroise A, Kirmaier C, Wagner RW, Loewe RS, Bocian DF,
Hotlen D, Lindsey JS (2002) Weakly coupled molecular photonic
wires: synthesis and excited-state energy-transfer dynamics. J Org
Chem 67:3811-3826

Cremer J, M-Osteritz E, Pschierer NG, Miillen K, Béuerle P
(2005) Dye-functionalized head-to-tail coupled oligo(3-hexylth-
iophenes)-perylene-oligothiophene dyads for photovoltaic appli-
cations. Org Biomol Chem 3:985-995

Cremer J, Biduerle P (2005) Perylene-oligothiophene-perylene
triads for photovoltaic aapplications. Eur J Org Chem 3715-3723
Métivier R, Kulzer F, Weil T, Miillen K, Basche T (2004) Energy
transfer rates and pathways of single donor chromophores in a
multichromophoric dendrimer built around a central acceptor core.
J Am Chem Soc 126(44):14364-14365

@ Springer



222

J Fluoresc (2011) 21:213-222

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Samori P, Fechtenkotter A, Reuther E, Watson MD, Severin N,
Miillen K, Rabe JP (2006) Self-assembly of perylene monoimide
substituted hexa-peri-hexabenzocoronenes: dyads and triads at
surfaces. Adv Mater 18:1317-1321

Fron E, Bell TDM, Van Vooren A, Schweitzer G, Cornil J, Beljonne
D, Toele P, Jacob J, Miillen K, Hofkens J, Van der Auweraer M, De
Schryver FC (2007) CT-CT annihilation in rigid perylene end-capped
pentaphenylenes. ] Am Chem Soc 129(3):610-619

Huang L, Catalano VJ, Tam-Chang S-W (2007) Anisotropic
fluorescent materials via self-organization of perylenedicarbox-
imide. Chem Commun 20162018

Huang L, Tam-Chang S-W, Seo W, Rove K (2007) Micro-
fabrication of anisotropic organic materials via self-organiztion of
an ionic perylenemonoimide. Adv Mater 19:4149-4152

Sauer M (2003) Single-molecule-sensitive fluorescent sensors
based on photoinduce intramolecular charge transfer. Angew
Chem Int Ed 42:1790-1793

Lewis FD, Letsinger RL, Wasielewski MR (2001) Dynamics of
photoinduced charge transfer and hole transport in synthetic DNA
hairpins. Acc Chem Res 34(2):159-170

Valeur B, Leray I (2000) Design principles of fluorescent molecular
sensors for cation recognition. Coord Chem Rev 205:3—40

de Silva AP, Fox DB, Moody TS, Weir SM (2001) The
development of molecular fluorescent switches. Trends Biotech
19(1):29-34

Piotrowiak P (1999) Photoinduced electron transfer in molecular
systems: recent development. Chem Soc Rev 28:143

Dafty LM, de Silva P, Gunaratne HQN, Huber C, Lynch PLM,
Werner T, Wolfbeis OS (1998) Arenedicarboximide building
blocks for fluorescence photoinduced electron transfer pH sensors
applicable with different media and communication wavelengths.
Chem Eur J 4(9):1810-1815

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Rettig W, Lapouyade R (1994) In: Lakowicz JR (ed) Topics in
fluorescence spectroscopy. Plenum Press, New York, pp 109-149
Bell TW, Hext NM (2004) Supermolecular optical chemosensors
for organic analytes. Chem Soc Rev 33(9):589-598

Lakowicz JR (2006) Principle of fluorescence spectroscopy, 3rd
edn. Springer Science, Singapore, pp 205-235, and references
cited therein

Lakowicz JR (2006) Principle of fluorescence spectroscopy, 3rd
edn. Springer Science, Singapore, pp 623-675, and references
cited therein

Martin MM (1975) Hydrogen bond effects on radiationless
electronic transitions in xanthene dye. Chem Phys Lett 35
(1):105-111

Czikklely V, Forsterling HD, Kuhn H (1970) Extended dipole
model for aggregates of dye molecules. Chem Phys Lett 6(3):207—
210

West W, Pearce S (1965) The dimeric state of cyanine dyes. J
Phys Chem 69(16):1894-1903

Nastishin YA, Liu H, Shiyanovskii SV, Lavrentovich OD, Kostko
AF, Anisimov MA (2004) Pretransitional fluctuations in the
isotropic phase of a lyotropic chromonic liquid crystal. Phys
Rev E 70:051706/1-051706/9

Lydon J (1998) In: Demus D, Goodby J, Gray GW, Spiess H-W,
Vill V (eds) Handbook of liquid crystals, vol. 2B. Wiley-VCH,
Weinheim, pp 981-1007

Horowitz VR, Janowitz LA, Modic AL, Heiney PA, Collings PJ
(2005) Aggregation behavior and chromonic liquid crystal
properties of an anionic monoazo dye. Phys Rev E 72:041710/
1-041710/10

Williams ATR, Winfield SA, Miller JN (1983) Relative fluores-
cence quantum yields using a computer-controlled luminescence
spectrometer. Analyst 108:1067-1071



	N-(2-(N’,N’-Diethylamino)ethyl)perylene-3,4-dicarboximide...
	Abstract
	Introduction
	Results and discussion
	Effects of organic acids and bases on the UV-vis absorption and fluorescence properties of 1 and 2 in organic solvents
	Effects of solvent polarity and temperature on UV-vis absorption and fluorescence properties of 2 and 3 in MeOH and aqueous solution

	Conclusions
	Experimental
	Section18



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


