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The fundamental photophysical properties of three symmetrically substituted 3,9-perylene analogues
were examined in a diverse range of solvents. All three compounds exhibited solvent-dependent fluo-
rescence quantum yield, which was lower than that of perylene or its diimides. Whilst the absence of
a large excited state dipole moment suggests that there is no preferential charge accumulation in one side
of the molecules, the data suggest that intramolecular electron transfer occurs and that such an event
causes additional photochemicalmechanisms in chlorinated compoundswhere the fluorescence quantum
yield is lower than in all other solvents and the values of the fluorescence decay change significantly.
The dyes could be an interesting new class of fluorescence tags for labeling biomolecules and as dyes for
organic photovoltaic materials.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Perylene and its analogues [1] are an interesting class of
polyaromatic hydrocarbons (PAH) that are investigated for diverse
applications including organic solar cells [2], fluorescence labeling
[3], molecular sensors [4], and molecular electronics [5]. Perylene
diimides have been the most studied perylene derivatives [6,7]
because of the electron accepting properties of the p-system,
which results from the electron-withdrawing carbonyl substituents
[8]. The pep* transition in perylene and its substituted analogues
has been used as a model for many photophysical studies [9,10],
and this work is expanding as new perylene compounds are
developed to optimize desirable photophysical properties. Perylene
analogues with electron donating groups may provide favorable
properties for photoactive dyes [11], but few have appeared in the
literature with overall donating substituent effects [12,13].

Recently reported 3,9-dialkyloxy-substituted perylenes [14]
provide new examples of unprecented electronic properties
(Scheme 1, products 1 and 2)[14]. Such products are attractive since
alkyloxy appendages are expected to stabilize perylene radical
cation intermediates resulting in facile charge separation. The
: þ1 210 458 5191.
rancaleon).

All rights reserved.
previous report addressed their synthesis and the chemical struc-
tures but did not examine their photophysics [14]. Here we inves-
tigate some of the fundamental photophysical properties of these
two perylenes, 3,9-dimethoxyperylene (1) and 3,9-bis(1-octyloxy)
perylene (2), and a new, less electron donating analogue 3,9-bis(1-
octanoyloxy)perylene (3), whichwas prepared for these studies. The
absorption and emission spectra aswell as thefluorescence lifetimes
of these three compounds are characterized in various solvents.
Parameters such as the molar extinction coefficients (3) and the
fluorescence quantum efficiencies (Ff) as a function of solvent are
also calculated and comparedwith those reported (or measured) for
the unsubstituted perylene.

2. Experimental

2.1. Chemicals

Perylenes 1 and 2 were synthesized as reported previously [14]
by tandem Friedel-Crafts annulation of the corresponding tetra-
hydronaphthol components 5b and 5c, respectively followed by
catalytic oxidation (Scheme 1). Novel diester 4d (R ¼ C(O)-n-C7H15)
was made available upon esterification of octahydroperylene-4,10-
diol intermediate 4a (from 5a) [14] using n-octanoyl chloride
and was converted to 3 upon chloranil oxidation (Scheme 1). The
synthesis and characterization of 3 are described below.
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Scheme 1. The general synthetic approach to 3,9-disubstituted perylenes 1e3.
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2.2. Solvents

Carbon tetrachloride (CCl4), toluene, pyridine, chloroform
(CHCl3), tetrahydrofuran (THF), and dichloromethane (CH2Cl2)were
purchased as spectrophotometric grade solvents from Aldrich and
used without additional purification. Pyridine and THF were dried
using the methods described in Supplemental Information.

2.3. Preparation of 1,2,3,6b,7,8,9,12b-octahydroperylene-4,10-diyl
dioctanoate (4d, R ¼ C(O)(CH2)6CH3)

To a flask containing 1,2,3,6b,7,8,9,12b-octahydroperylene-4,10-
diol (4a, R¼H; 400mg,1.37mmol) partially dissolved in THF (5mL)
under N2 was added excess pyridine (1.0 mL, 12.4 mmol) and
octanoyl chloride (0.6 mL, 3.5 mmol) and the deep green reaction
mixture was stirred for three days at room temperature. The
remaining solid materials of the mixture were filtered out and the
filtrate was diluted with CH2Cl2 (20 mL). The excess pyridine was
removed bywashing the organic layerwithwater (20mL) and dilute
HCl (2� 22mL). The organic layerwas dried over anhydrousMgSO4,
filtered, and the filtrate was mixed with ethyl acetate (30 mL).
The solvent was removed to reduce the volume to approximately
one fourth by rotary evaporation. A small sample was removed and
allowed to dry in a cuvette to provide crystals used to seed the rest of
themixture. The crystal suspensionwas stirred at room temperature
for 1.5 h and at 0 �C for 4 h, then filtered andwashed with cold ethyl
acetate to obtain product 4d (R¼ C(O)(CH2)6CH3) as awhite powder
(209 mg, 28%), mp: 140.5e142 �C; 1H NMR (300 MHz, CDCl3): d 7.28
(d, 2H, J ¼ 9.0 Hz), 6.94 (d, 2H, J ¼ 9.0 Hz), 3.79e3.74 (m, 2H),
2.81e2.75 (m, 2H), 2.59 (t, 4H, J¼ 8.0 Hz), 2.55 (octet, 2H, J¼ 4.6 Hz),
2.51e2.43 (m, 2H), 2.11e2.01 (m, 2H), 1.79 (quintet, 4H, J ¼ 7.5 Hz),
1.74e1.65 (m, 2H), 1.59e1.48 (m, 2H), 1.48e1.26 (m,16H), 0.92e0.88
(m, 6H); 13C NMR (75 MHz, CDCl3): d 14.2, 20.7, 21.9, 22.7, 25.2, 29.0,
29.2, 29.7, 31.8, 34.4, 36.0,119.5,125.0,130.1,132.6,136.7,145.8,172.3;
MS (m/z): 544.1, 418.1, 292.2; IR (cm�1): 2953, 2923, 2857,1750,1482,
1209, 1138, 1118; Exact mass: calc’d for C36H48O4 (Mþ), 544.3553.
Found, 544.3507.

2.4. Preparation of perylene-3,9-diyl dioctanoate (3)

A mixture of 153 mg (0.28 mmol) of 4d (R ¼ C(O)(CH2)6CH3) and
7 mL of toluene was stirred until dissolved in a round-bottom
flask placed in an ambient temperature water bath. To this clear
solution, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 258mg,
1.14 mmol) was added and the resultant dark red mixture was
allowed to stand for two days after being stirred for one day (note:
chloranil, 2,3,5,6-tetrachloro-1,4-benzoquinone, can also be used in
place of DDQ in oxidation step and is seemingly the better oxidizing
agent for the other octahydroperylene derivatives). A yellow colored
precipitate was formed during standing and was collected by filtra-
tion. The solid was sequentially crystallized from THF/CH3CN while
monitoring the purity by FT-IR (the CN stretch of reduced DDQ no
longer appeared in the IR spectrum of the product after two crys-
tallizations). Compound 3 was obtained as a yellow powder (81 mg,
54%), mp: 150e151 �C; 1H NMR (300 MHz, CDCl3): d 8.12e8.06,
(m, 4H), 7.68 (dd, 2H, J¼ 8.4, 0.5 Hz), 7.48 (dd, 2H, J¼ 8.4, 7.5 Hz), 7.42
(d, 2H, J¼ 8.1 Hz), 2.74 (t, 4H, J¼ 7.5 Hz),1.93e1.82 (m, 4H),1.56e1.24
(m,16H), 0.96e0.88 (m, 6H); 13C NMR (125MHz, CDCl3): d 14.6, 23.2,
25.6, 29.5, 29.8, 32.3, 35.0,119.6,120.8,121.4,121.5,127.6,128.3,129.3,
129.8, 131.5, 147.0, 172.8; MS (m/z): 536.1, 410.0, 284.2; IR (cm�1):
2933, 2857,1755,1598,1502,1133,1108, 799, 764; Calc’d for C36H40O4
(Mþ), 536.2927. Found, 536.2959.

2.5. Sample preparation

All samples were prepared under dim light conditions by dis-
solving the solid perylene analogues into a known volume of each
solvent of interest (CCl4, CHCl3, CH2Cl2, pyridine, benzene, THF,
toluene, and tert-butylbenzene). For example, perylene 3,9-dio-
ctanoate 3 (4.1 mg, 7.64 � 10�6 mol) was weighed into a 20 mL
scintillation vial on an analytical microbalance. Toluene (8.878 g,
d ¼ 0.8669 g/mL) was added to give a 7.5 � 10�4 M solution of 3. A
small volume of this initial solution (0.136 mL) was diluted in
toluene (8.720 g) in a second 20mL vial to give a final stock solution
concentration of 1.0� 10�5 M. The initial solution of dimethyl ether
1 was much more diluted than that of 2 and 3 due to the relative
insolubility of 1. Thus, 237.01 g of toluene was required to dissolve
2.4 mg of 1 (7.68 � 10�6 mol), giving an initial solution concen-
tration of 2.8 � 10�5 M, which was further diluted to obtain the
final stock solution with the 1.0 � 10�5 M concentration. For fluo-
rescence experiments, the concentrations of the samples were
adjusted so that the optical density of the excitation wavelength
was less than 0.15 to ensure a uniform light distribution within the
1 cm optical pathlength of the quartz cells and to prevent non-
linear effects arising from changes in the geometry of the detection.

2.6. Absorption and calculation of the molar extinction coefficient (3)

Absorption spectra were recorded in the 350e600 nm spectral
range using an Evolution 300 UVeVis dual beam spectrophotom-
eter (Thermo-Scientific, Waltham, MA). Aromatic solvents (toluene
and pyridine) gave interfering absorption signals in the UV region
of the spectrum, and accordingly, the range of wavelengths scanned
was reduced (380e600 nm). In addition, baseline absorbance
spectra for all solvents were recorded and subtracted from the
corresponding spectra of the perylene analogue solutions to obtain
corrected absorption spectra. Molar extinction coefficients, 3, were
obtained by progressively diluting a stock solution (10 mM) of each
perylene analogue using the linear approximation of the Beer-
eLambert law:

A ¼ 3cl (1)
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where A is the optical density of the solution, c is the concentration
of the perylene analogue, and l is the optical pathlength (1.0 cm in
our case). The absorption spectra were recorded after each dilution
using 3.5 ml quartz cells (NSG Precision Cells, Farmingdale, NY).

2.7. Fluorescence spectroscopy

Fluorescence spectra of 1, 2, and 3 in the various solvents were
recorded using an AB2 double-monochromator fluorimeter
(Thermo-Scientific, Waltham, MA). Samples were excited at wave-
lengths corresponding to the absorption peaks of the respective
perylene analogues. For each excitation wavelength, fluorescence
spectra were recorded from lex þ5e600 nm, in order to avoid the
contribution of stray-light from the light source.

2.8. Fluorescence decay

Fluorescence decay of various perylene analogues in the
different solvents were recorded using a time-correlated single
photon counting (TCSPC) [15] instrument (5000U, Horiba JobinY-
von, Edison, NJ). The light source was a pulsed LED at 457 nm
(NanoLED-457, Horiba JobinYvon, Edison NJ) with pulsewidth of
1 ns and repetition rate at 1 MHz. Decays were recorded at the
emission maxima of the perylene analogues (lmax

em � 4 nm).

3. Data analysis

3.1. Transition dipole moment

An estimate of the magnitude of the dipole at the excited state,
which indicates charge separation, was studied using the Lip-
perteMataga method [16,17] which predicts a linear relationship
between the Stoke shift and the function:

Df ¼ d� 1
2dþ 1

� n2 � 1
2n2 þ 1

(2)

where d is the dielectric constant of the solvent and n its index
of refraction. The slope of the linear relation is proportional to the
square of the change of dipole moment between the ground and
the excited state of the chromophore, Dm.

3.2. Fluorescence decay

Analysis of fluorescence decay data was performed using
the software DAS6.2 (JobinYvon, Edison, NJ). The analysis is
carried out by assuming that the experimental decay profile is
the convolution between the instrumental response function
and the true fluorescence assumed to be a sum of exponentials
according to

IðtÞ ¼
X

i

aie
� t

si (3)

with ai being the relative amplitude of the component with
lifetime si. These parameters are retrieved by an algorithm that
uses a Marquardt algorithm to fit the experimental decay with
the convolution between I(t) and the experimentally recorded
instrument response function (often referred to as the profile of the
pulsed source). The fitting algorithm varies the values of ai and si
and the quality of the fitting is judged by the value of the reduced
c2, the visual inspection and the autocorrelation of the residuals.
The lifetime data includes only fittings that yielded a value of
1 < c2 < 1.40, and a DurbineWatson factor in the 1.8e2.0 range
[18].
3.3. Calculation of fluorescence quantum yield (Ff)

Fluorescence quantum yields were calculated using two
different methods.

(1) The StricklereBergmethod [19] calculatesFf as the ratio between
the fluorescence lifetime, sf, determined experimentally with
TCSPC experiments (equation (3)), and the radiative lifetime, sR
(derived from the absorption and emission spectra [19]):

Ff ¼ sf
sR

(4)
(2) The direct method estimates Ff by comparison with the
emission of a reference of known fluorescence quantum yield
[15] (in this case unsubstituted perylene [20]):

Ff ¼ FR
If n2f

2 (5)

IR nR

where FR is the fluorescence quantumyield of the reference, I is the
fluorescence intensity calculated as the area of the fluorescence
spectrum after correction for the instrumental response and
normalization for the optical density at the excitation wavelength
[15], and n is the refractive index of the solvent.

The use of both methods enabled us to estimate interactions
with solvents and changes in the excited state geometry, since in
both these cases the StricklereBerg method would fail to predict
the correct quantum efficiency [15] and would yield a value of Ff

different from that calculated by the direct method.
4. Results and discussion

4.1. Absorption spectroscopy

The UVeVis spectra of 1, 2, and 3 in different solvents showed
the typical vibronic structure of perylenes [21] (Fig. 1 and
Supplemental Information). Analysis of the spectra indicated
a separation of the vibrational levels of 0.17� 0.01 eV common to all
the analogues in all solvents. This energy separation is in agreement
with the perylene ring modes and indicates negligible effects of the
substituents [12,22]. The analysis of the ratio between the three
major vibronic peaks reveals that the 0 ) 0, 1 ) 0, and 2 ) 0
transitions are not affected by solvents or concentrations (in the
range of dilution of our experiments). The ratio of the intensity for
the 0 ) 0/1 ) 0 transition remains at 1.27 � 0.02 and that for the
0 ) 0/2 ) 0 transition remains at 2.8 � 0.2 (this smaller peak is
more affected by noise). This is an indication of negligible effects of
the solvents as expected from the Onsager’s reaction field function
which is dominated by fast electronic polarization. Consequently,
the spectra do not reveal a correlation between the position of the
peaks and the polarity of the solvent (d, or n of the solvent) [13].
However, two noticeable interactions among compounds and
solvents were observed: (i) in all solvents, the absorption spectrum
of 3 is significantly blue-shifted (11e16 nm; Table 1) with respect to
both 1 and 2, and (ii) the spectra of all compounds in pyridine are
red-shifted (w3e5 nm) compared to those in all other non-polar
solvents.

The molar extinction coefficients, 3, for various perylene
analogues in different solvents were established (Fig. 2). The values
of 3 at the longest absorption maxima are summarized in Table 1.
Once again there is no clear correlation between the values of the
extinction coefficients and the polarity of the solvent, however it is
worth noting that: (i) 3 is significantly smaller for 1 than that for 2



-0.1

0

0.1

0.2

0.3

0.4

380 400 420 440 460 480 500

Wavelength (nm)

O
p
t
i
c
a
l
 
D
e
n
s
i
t
y
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and 3 in all solvents tested, (ii) the smallest value of 3 among all the
compounds is that of 1 in chloroform and it is much smaller than
the smallest 3 of either 2 or 3 in any solvent (at least 1.6 times
smaller; Table 1), (iii) 3CCl4 is smallest for 2 while 3CHCl3 is the
smallest for the other two compounds, and (iv) among chlorinated
solvents, 3CH2Cl2 shows the largest value for all three compounds.

4.2. Fluorescence spectroscopy

Emission spectra of 1, 2, and 3 recorded at different excitation
wavelengths showed several important features. As was the case
for the absorption, spectra of 3 are substantially blue-shifted
compared to those of the other two analogues. The emission
spectra of all three compounds are not affected by the excitation
wavelength and maintain the same vibronic structure as repre-
sentatively shown by the absorption and emission spectra of 2 in
Fig. 3A and B. The position of the emission maxima do not strictly
correlate with the dielectric properties of the solvent, which is
typical for weak interactions between solvents and chromophores,
however the fluorescence of 1 and 2 in pyridine is red-shifted
(w3e4 nm) with respect to the other solvents, which is consistent
with the red-shift shown in the absorption spectra under similar
conditions (Supplemental Information).
Table 1
Values of the molar extinction coefficients (3) of the perylene analogues in select solven

Solvent 3 (M�1 cm�1)a,b

1 2

Carbon Tetrachloride 2.62 � 104 (460) 3.15 �
Toluene 2.68 � 104 (459) 3.70 �
Chloroform 1.98 � 104 (459) 3.41 �
Dichloromethane 2.98 � 104 (459) 3.92 �
THF 3.08 � 104 (458) 3.76 �
Pyridine 3.69 � 104 (463) 3.91 �
a The given 3 values are for those of the largest absorption maximum in M�1 cm�1.
b Values in brackets are the corresponding wavelength of the maximum in nm.
c Values are in Debye (From CRC Handbook of Chemistry and Physics: 86th Edition; D
The Stokes shifts calculated from absorption and emission
spectra are summarized in Table 2. They show a weak correlation
with the dielectric properties of the solvents. On average 1
exhibited the smaller Stokes shift across the various solvents
(368 � 40 cm�1 for 1 vs. 397 � 60 cm�1 for 2) while 3 showed the
largest Stokes shift in every solvent (456 � 29 cm�1). An attempt at
the LipperteMataga plots (data not shown) yielded scattered plots
confirming a very small value of Dm for all three perylenes 1e3. At
the same time the values of the Stokes shift (e.g., in pyridine)
suggest specific interactions between some of the solvents and the
perylene analogues.
4.3. Fluorescence decay

Fluorescence decay experiments of 1e3 show that in all solvents
(except CCl4), the decay of emission is monoexponential and does
not depend on the emission wavelength (as represented by the
fluorescence decay of 1 in Fig. 4A). The measured fluorescence
lifetimes of 1e3 are shorter than the ones obtained for the unsub-
stituted perylene in the same solvents (Table 3). There is no clear
correlation between the fluorescence decay and the dielectric
properties of the solvents (Table 3). Nevertheless, there is a correla-
tion between the order of chlorination of the solvent and the
fluorescence lifetime of all the chromophores (Fig. 4B). Accordingly,
chlorinated solvents are the only ones that require a second
component to significantly increase the quality of decay fitting. This
second component is typically at the resolution limit of our instru-
mentation (<300 ps) and is very small (<5%) in CHCl2 and CHCl3.
However the relative contribution of this picosecond component
increases with increasing number of chlorine atoms in the solvent
molecule and becomes prevalent (>90%) in CCl4 (i.e., red curve in
Fig. 4B). The remaining nanosecond component of 3 (tail end of red
curve in Fig. 4B) is slightly longer-lived than those of 1 and 2 (except
in pyridine; Table 3).
4.4. Fluorescence quantum yield (Ff)

The values of fluorescence quantum yields, Ff, were estimated
by two different methods using equation (4) [15,19] and equation
(5) [15]. In most solvents 1, 2, and 3 yield a smaller quantum yield
than that of unsubstituted perylene [20] and many other perylene
derivatives for which Ff is close to unity [23,24].

The diester 3 and the dioctyl ether 2 generally show a large Ff

(>0.75; Table 4). Compound 1 has a significantly smaller value of Ff

(Table 4). Comparison of Ff values calculated with the twomethods
reveals a consistent discrepancy where, apart from few exceptions,
the quantum yield provided by the StricklereBerg method is
smaller than the one obtained by the direct method. The discrep-
ancy is particularly evident in chlorinated solvents and in pyridine.
Another trend seen among chlorinated solvents is that the value of
ts.

Solvent dipole
momentc

3

104 (462) 3.36 � 104 (448) 0.00
104 (462) 3.56 � 104 (448) 0.37
104 (462) 3.35 � 104 (446) 1.04
104 (461) 4.03 � 104 (445) 1.60
104 (460) 3.42 � 104 (445) 1.75
104 (464) 3.45 � 104 (449) 2.20

avid R. Lide, Ed.; CRC Press: Boca Raton, FL, 2005).



Fig. 2. Linear trend of the optical density of 1 in various solvents [(C) toluene, (-)
CHCl3, (:) CH2Cl2, (A) THF, and (;) pyridine].
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Ff decreases dramatically with the increasing number of chlorine
atoms in the solvent molecule. In CCl4 the longer nanosecond
component produces a larger quantum yield from the Stricklere-
Berg method, however because such component has a very small
relative contribution it creates the large discrepancy (Table 4)
since the direct method accounts for the missing fluorescence due
to quenching (see below) which is not considered by the
StricklereBerg method.

Taken altogether, absorption and emission spectra of 1e3 (Figs. 1
and 2) are consistent with those of the other perylenes in solution
[9,22,25,26], which are dominated by the 0 ) 0, 1 ) 0, and 2 ) 0
vibronic levels of the p / p* transitions. The linearity of the optical
density (Fig. 2 and Supplemental Information) in the range of the
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Fig. 3. (A) Emission spectra of 2 in toluene at excitation wavelengths corresponding to the
lex ¼ 462 nm (red)]. (B) Emission spectra of 2 (excited at the lower absorption peak) in va
(green)]. (For interpretation of the references to colour in this figure legend, the reader is r
investigated concentrations confirms that all perylene analogues are
monomeric, and enabled us to retrieve the corresponding value of 3.
The values obtained are comparable to those obtained for the
unsubstituted perylene and other perylene derivatives [13,24] with
the exception of compound 1. The smaller value of 3 for the dime-
thoxy-analogue 1 is consistent with the results observed in other
dimethoxy-substituted polycyclic aromatic hydrocarbons (PAH) [27],
however a mechanistic explanation for this effect would require
either computational characterization of HOMOeLUMO electronic
configurations or Density Functional Theory calculations [28,29].

Inspection of the data reveals that, compared to 1 and 2, the
spectra of compound 3 are significantly shifted to higher energies
(closer to the values for unsubstituted perylene [15,20]). This
effect could be due to the weakly electron-withdrawing nature
of the acyloxy substituents of 3 or to the n/ p* contribution to the
spectrum due to the carbonyl group [30]. The substituents in 1 and
2, in fact, provide electron donating properties that contribute to
the energy stabilization of the p* orbital [31,32]. From the spectra,
such energy stabilization can be estimated, on average, to be
0.085 � 0.006 eV with respect to 3.

The scattered LipperteMataga plots are an indication of an
extremely small value of Dm (<2 Debye [13]) for all three perylenes
1e3. The photophysical properties suggest that the small value ofDm
is due to the symmetrical nature of the compounds rather than the
presence of particular groups or lack of interactionwith the solvent.
In fact, the larger Stokes shift of 3 (with respect to 1 and 2) and the
red-shifts of all three compounds in pyridine clearly indicate solvent
interactions. Moreover, the large change in 3 for each chromophore
in different solvents indicates that the interactionwith the solvent is
strong enough to affect the cross section of the absorption (probably
by distorting the overlap between HOMO and LUMO).

The carbonyl group in 3may cause its significantly larger Stokes
shift compared to that of 2 in all solvents. The relatively high Stokes
shifts in pyridine suggest that the interaction of p-system of the
solvents may also play a role in relaxation. All three perylene
analogues show red-shifted absorption and fluorescence spectra
(Figs. 1 and 3B, and Supplemental Information) in pyridine. We
suggest that this is due to p-stacking between pyridine molecules
and the perylene nucleus. Similar p-stacking would in principle be
F
l
u
o
r
e
s
c
e
n
c
e
 
I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

0

1

2

3

4

5

6

7

8

450 500 550 600

Wavelength (nm)

B

vibronic peaks in absorption spectra [lex ¼ 411 nm (black), lex ¼ 434 nm (blue), and
rious solvents [toluene (black), THF (red), pyridine (blue), CHCl3 (yellow), and CH2Cl2
eferred to the web version of this article).



Table 2
Stokes shift for the perylene analogues in various solvents.

Solvent Stokes shift (cm�1)

1 2 3

Carbon tetrachloride 371 414 439
Toluene 327 277 439
Chloroform 418 414 492
Dichloromethane 373 415 494
THF 282 373 446
Pyridine 321 455 486
Benzene 418 414 582
tert-Butylbenzene 329 370 585

Table 3
Fluorescence lifetime and relative amplitude of nanosecond decay component of
perylene analogues in different organic solvents.

Solvent Fluorescence lifetime (ns)

1 2 3 perylene

Carbon Tetrachloride 3.65 � 0.04 3.82 � 0.05 3.89 � 0.04 4.89 � 0.04
Toluene 3.60 � 0.04 3.65 � 0.05 3.72 � 0.07 4.72 � 0.07
Chloroform 3.89 � 0.05 3.77 � 0.04 4.16 � 0.06 5.12 � 0.06
Dichloromethane 4.33 � 0.06 4.17 � 0.06 4.34 � 0.05 5.36 � 0.05
THF 3.95 � 0.05 3.88 � 0.03 4.35 � 0.04 4.92 � 0.04
Pyridine 4.02 � 0.05 4.01 � 0.05 3.88 � 0.03 5.32 � 0.03
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possible with toluene but its methyl group may prevent a more
complete overlap of the solvent and solute aromatic nuclei. This
interpretation is supported by data obtained in benzene and
tert-butylbenzene. Although absorption spectra are only slightly
red-shifted in benzene compared to that in tert-butylbenzene
(<2 nm; Fig. 5A and Supplemental Information), the fluorescence
spectra show a more substantial red-shift (>4 nm; Fig. 5B). These
results indicate that the p-stacking is stabilized at the excited state
of electron rich 1 and 2 (by the electron donation of the substitu-
ents to the p-system), which indeed, lowers the interaction
energy and shifts the emissionwavelength, but not in 3 (Fig. 5C and
Supplemental Information) where the substituents on the perylene
moiety do not donate an electron to the p-system. For compound 3
and in most solvents for 1 and 2, the spectral shifts are likely
determined by the electronic polarizability of the compounds at the
ground and excited states [9].

The rest of the results show that there is no relationship between
relaxation and solvent polarity (cf., the values in THF) however they
point to effects produced by chlorinated solvents (generally, in the
order of CH2Cl2 > CHCl3 > CCl4). These will be addressed in future
studies.

The values of Ff (Table 4) measured with the direct method,
using unsubstituted perylene as reference, show that the diester 3
has, on average, the highest efficiency (>0.8) closer to the value
reported for unsubstituted perylene [25]. Compounds 1 and 2 have
significantly lower quantum efficiencies. This is consistent with an
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Fig. 4. (A) Fluorescence decay of 1 in toluene (black), THF (red), and pyridine (blue). (B) F
references to colour in this figure legend, the reader is referred to the web version of this
enhanced intramolecular electron transfer mechanism to the
p-system in compounds 1 and 2.

The inadequacy of the StricklereBerg method reflected by the
discrepancy of the Ff values in Table 4 can occur when (1) there is
a substantial change in the geometry of the molecule at the excited
state or (2) when there is a strong interaction with the solvent.
Both cases can be made in our system. Large rearrangement of the
geometry of the molecule at the excited state may occur, however,
intramolecular electron transfer to the p-system implies an elec-
tronic rearrangement that could have effects equivalent to
geometric rearrangements. At the same time parameters in Tables 3
and 4 for the three compounds investigated show likely interactions
with the solvents. Such interaction is evident in pyridine and in the
three chlorinated solvents and this explains the large difference
between the values of Ff predicted with the StricklereBerg method
and the ones measured directly.

For all compounds the Ff in chlorinated solvents is lower than in
all other solvents and its value decreases with the increasing
content of chlorine atoms. This effect is consistent with the fluo-
rescence quenching properties of chlorine atoms. These manifest
via strong spineorbit interactions with the p* orbital in static as
well as collisional quenching as proven by the decrease in fluo-
rescence lifetime and the presence of a predominant fast decay
component (Fig. 4B, Table 3, Supplemental Information) in CCl4.
The strong interactions with chlorinated compounds also produce
photochemical reactions (not observed with the other solvents)
that are being investigated at the moment.
N
o
.
 
o
f
 
P
h
o
t
o
n
s

1

10

100

1000

10
4

0 5 10 15 20 25 30 35 40

Time (ns)

B

luorescence decay of 1 (black), 2 (blue), and 3 (red) in CCl4. (For interpretation of the
article).



Table 4
Fluorescence quantum yields (Ff) of the perylene analogues in selective solvents.

Solvent Fluorescence quantum yields (Ff)a,b

1 2 3

Carbon Tetrachloride 0.58 (0.05) 0.60 (0.08) 0.64 (0.06)
Toluene 0.76 (0.76) 0.77 (0.90) 0.79 (0.97)
Chloroform 0.76 (0.82) 0.74 (0.69) 0.81 (0.91)
Dichloromethane 0.81 (0.94) 0.78 (0.81) 0.81 (0.80)
THF 0.80 (0.88) 0.80 (0.94) 0.88 (0.97)
Pyridine 0.76 (0.90) 0.76 (0.90) 0.97 (0.93)

a Calculated according to the StricklereBerg method using equation (4).
b Values in parenthesis are calculated according to the direct method using

equation (5).
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In conclusion we have characterized several important photo-
physical parameters of a series of novel perylene compounds (1e3)
in various solvents. These values can be used to develop studies
on the potential properties of these compounds as fluorescent
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Fig. 5. (A) Visible absorption spectra of 1 in various aromatic solvents [benzene (black), tert
spectra of 1 in various aromatic solvents [benzene (black), tert-butylbenzene (red), pyrid
aromatic solvents [benzene (black), tert-butylbenzene (red), pyridine (green), and toluene (b
referred to the web version of this article).
molecules as well as organic semiconductors. These perylene
derivatives interact differently with various solvents and, in addi-
tion, intramolecular electron transfer likely occurs in compound 1
and 2. This evidence grants further investigation of the excited state
properties of these compounds and their reactivity to explore their
use as photoactive molecules and fluorescent tags.
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