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b Faculty of Chemical Technology and Engineering, University of Technology and Life Sciences, ul. Seminaryjna 3, 85-326 Bydgoszcz, Poland

Received 20 August 2007; received in revised form 9 November 2007; accepted 11 November 2007
Available online 19 November 2007

bstract

Fluorescence excitation, fluorescence and phosphorescence spectra of ethyl 5-(4-aminophenyl)-3-amino-2,4-dicyanobenzoate (EAADCy) were
ecorded in tetrahydrofuran (THF) at room (293 K) and low-temperature (77 K). In our previous publication [M. Józefowicz, M. Aleksiejew,
.R. Heldt, A. Bajorek, J. Pączkowski, J. Heldt, Chem. Phys. 338 (2007) 53], it was shown that at room temperature, the fluorescence spectrum
f EAADCy in THF consists of two bands. The short-wavelength emission corresponds to the molecular conformation in which the donor and
cceptor moieties are orthogonal to each other, on the other hand, the long-wavelength emission is assumed to originate from a singlet excited
tate of molecule in which two moieties are coplanar. In present communication, the fluorescence and phosphorescence behavior of the EAADCy
as been studied as a function of the excitation wavelength. The luminescence spectra of the molecule under study in THF glass at 77 K show

onsiderable dependence on the excitation wavelengths. Such dependence of the wavelength of maximum intensity of luminescence (fluorescence
nd phosphorescence) spectrum and the full width at half maximum of phosphorescence spectrum (�ν̃ph

1/2) on the excitation wavelength is a
haracteristic demonstration of the red-edge effect. These results along our previous studies [M. Józefowicz, M. Aleksiejew, J.R. Heldt, A. Bajorek,
. Pączkowski, J. Heldt, Chem. Phys. 338 (2007) 53] indicate that EAADCy forms a typically spectrally inhomogeneous system.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Molecules with polarity-sensitive spectroscopic properties
re very useful in photochemical and photobiological stud-
es for the understanding of microscopic solvent environments
1–5]. Such fluorophores are obviously most useful as optical
robes when small perturbations cause large changes in spec-
roscopic properties. Ethyl 5-(4-aminophenyl)-3-amino-2,4-
icyanobenzoate (EAADCy, see Scheme 1), organic molecule
ontaining separate electron donor and electron acceptor groups,
s very sensitive to the microenvironment (absorption, excita-
ion and fluorescence spectra, and fluorescence decay times of
AADCy strongly depend on the solvent polarity) [6], thus qual-
fying the use of the tested compound as molecular probe to
tudy the microenvironment in different systems. In previous
ublication [6], we reported on the spectroscopic and photo-
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hemical properties of EAADCy in various neat solvents of
ifferent polarity. The most interesting feature of this molecule
s its structure. On the basis of the experimental results and
uantum chemical calculations, it was shown that at room
emperature, EAADCy exists as an equilibrium mixture of all
ossible twisted and coplanar conformations. These conform-
rs interchange rapidly in a fluid medium whereas in a rigid
edium the probe molecules are trapped in various geometric

onfigurations. The inhomogeneous distribution of species, each
ossessing different absorption and relaxation properties should
e manifested by red-edge excitation effects and inhomogeneous
roadening of the absorption and emission spectra.

In general, for molecules in nonviscous solvent at room tem-
erature, the dipolar relaxation of the solvent molecules around
he fluorophore in the excited state is much faster than the fluo-
escence lifetime [7,8]. It is obvious from this condition that

mission maximum should be independent on the excitation
avelength. On the other hand, in rigid media, where the solvent

eorientation relaxation is inhibited and the dipolar relaxation
ime for the solvent shell around a fluorophore is comparable

mailto:fizmj@univ.gda.pl
dx.doi.org/10.1016/j.jphotochem.2007.11.010
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cheme 1. Chemical structure of ethyl 5-(4-aminophenyl)-3-amino-2,4-
icyanobenzoate (EAADCy).

o or longer than its fluorescence lifetime, the probe molecule
an exhibit red-edge effect [9–15]. In this case, the fluorescence
pectra can depend on the excitation wavelength, fluorescence
xcitation spectra can depend on the detection wavelength of
he fluorescence band, and the excited-state energy transfer, if
resent, fails at the red-edge excitation [9]. The origin of the red-
dge excitation shift lies in the change solute-solvent interaction
n the ground and excited states (change in the dipole moment
pon excitation) and presence of various conformers, having dif-
erent geometries and absorbing at different wavelengths. Since
he dipole moment of the fluorophore changes upon excitation,
he solvent dipoles have to reorient around this new excited state
ipole moment of the fluorophore so as to attain an energetically
avorable orientation. The reorientation of the solvent dipoles
trongly depends on the restriction offered by the surrounding
atrix to their mobility. In rigid and viscous media, excitation at

he long-wavelength slope of the absorption spectrum (red edge)
electively excites those fluorophores (conformers) which inter-
ct more strongly with the solvent molecules in the excited state.

In the present paper, attention is focused on spectral
nhomogeneity of emitting EAADCy molecules. The steady-
tate fluorescence excitation, fluorescence and phosphorescence
pectra of molecules under study in THF glass at 77 K show con-
iderable dependence on the excitation/emission wavelengths.
e present results of systematic studies concerning the effect

f the red-edge excitation on fluorescence, excitation and phos-
horescence spectra of EAADCy at 77 K.

. Theoretical background of inhomogeneous
roadening

Before discussing the origin of the observed excitation
avelength dependence on the low-temperature excitation,
uorescence and phosphorescence spectra, the concept of inho-
ogeneous broadening of electronic spectra of polar molecules

n motionally restricted media, such as very viscous and rigid
olutions, should be recalled. It is well known [9–15] that for a
olar fluorophore, there exists a statistical distribution of solva-
ion states based on their dipolar interactions with the solvent

olecules in both the ground and excited states. When the
nteraction is strong, and many configurations are possible, the
pectra may become broad and completely blurred. The large
idth of the absorption and emission bands of polar fluorophore
s largely due to existence of an almost continuous manifold of
ibrational sublevels and presence of various conformers in each
lectronic state. Each sub-state can possess a sharp maximum,
ut when added their contributions give a broad-band emission

t
d
s
y
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pectrum of a Gaussian shape. It has been shown that the solvate
ub-state distribution function at thermal equilibrium is Boltz-
an’s [14]. These conformational broadening factors cause
uorescence band broadening at its short-wavelength slope.

Phenomenological description of inhomogeneous broaden-
ng of electronic spectra of organic molecules in solutions has
een given by Nemkovich et al. [14]. They have shown that
n each elementary cell (solvation shell) of the dipolar solute

olecule the near surrounding is polarised due to the dipole
oment, μg, of the solute, thus giving rise to a reaction field, R,

n the cell:

= fμg, (1)

here f is a factor of reaction field.
Inhomogeneous broadening occurs because a set of cell has

ifferent solvation shells and different reaction field R. The elec-
ronic transition frequency, ν̃i, of the solute as a function of the
eaction field can be written as [14]:

˜ i = ν̃0i − �μiR

hc
, (2)

here �μi =μei −μgi, and μgi, μei are the dipole moments
f a fluorophore in the ground and excited states, respectively.
0i is the 0–0 transition frequency of a free molecule of “i-th”
onformer.

As it was mentioned earlier, the range of the inhomogeneous
roadening, which dictates photoselection of the energetically
ifferent species, depends on the values of dipole moments of
he dye molecule in the ground and excited states, and on the
ielectric properties and structure of a solvent. For its estima-
ion one can use an expression obtained in the Onsager sphere
pproximation [9,14]:

ν̃inh = A�μa−3/2(kT )1/2, (3)

here

=
(

2

h

) [
ε− 1

2ε+ 1

]1/2

. (4)

is the dielectric constant of the medium, and a is the Onsager
phere radius.

. Experimental details

The dye under the study was prepared using methodology
escribed by Milart and Sepioł [16]. The main substrate for
ts synthesis (see structure below) fluoresces very weakly. Other
ubstrates are: H3C–CO–C(O)OC2H5 and CH2(CN)2 do absorb
ell below 300 nm.

The obtained product of condensation was purified by crys-

allization and by column chromatography. Its 1H NMR spectra
oes not show traces of impurities. The crude product of synthe-
is was crystallized from a mixture of nitromethane:etanol (3:2)
ielding yellow amorphous solid, which was additionally puri-
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ed by column chromatography using silica gel, 70–230 mesh,
s the stationary phase, with chloroform/ethanol (9:1) as eluent.

Yield: 55%, 1H NMR ((CD)2SO); δ 1.290–1.360 (t, 3H,
CH3), δ 4.303–4.409 (q, 2H, –C(O)O–CH2–), δ 5. 697 (s, 2H,
NH2), δ 6.648 (s, 2H, –NH2), δ 6.690–6.723 (d, J = 8.6 Hz,
H, aromatic), δ 7.165 (s, 1H, aromatic), δ 7.302–7.344 (d,
= 8.4 Hz, 2H, aromatic).

The solvent used in the present study (tetrahydrofuran, THF)
as the spectroscopic grade and was used without any additional
urification. Absorption, excitation and luminescence spectra at
oom temperature and 77 K were recorded using, respectively,
Shimadzu UV-2401 PC spectrophotometer and a Shimadzu
F-5301spectrofluorometer with 5.0 nm band-widths in both
xcitation and emission. For the measurements at room tem-
erature (293 K) rectangular Suprasil 2 and 10 mm cells were
sed, whereas for these at 77 K suprasil tubes (3 mm in diame-
er) inserted into liquid nitrogen comprised in the finger of the
uartz dewar were applied.

. Results and discussion

Fig. 1 shows the long-wavelength absorption band and fluo-
escence excitation spectra (detecting at 505 nm) of EAADCy
issolved in THF, measured at 77 and 293 K. EAADCy
hows structureless, broad, room-temperature long-wavelength
bsorption spectrum whose λmax is situated at 404 nm and con-
ists of at least two overlapping components. The excitation
nd absorption spectra are not superimposable. The differences
etween the absorption and excitation spectra of molecule under
tudy show the existence of excited molecules in different spa-
ial conformations. The long-wavelength excitation bands of
AADCy, obtained at 293 and 77 K, are composed of at least

wo bands, centered at about 370 and 430 nm. At room tempera-
ure the short-wavelength absorption maximum (λ∼= 370 nm) is

ore intense than that at λ∼= 430 nm. At 77 K the two intensity
axima show the reverse behavior. It has been shown in our pre-
ious paper [6] that conformers with donor and acceptor groups
oplanar absorb and emit at wavelengths that are longer than
hose observed for molecules where the donor-acceptor groups
re oriented orthogonally.

ig. 1. Absorption and fluorescence excitation spectra at 293 and 77 K of
AADCy in THF.
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ig. 2. The fluorescence excitation spectra of EAADCy in THF at 77 K as a
unction of λobs.

To obtain more information about the spectra of the two
istinguishable species, we determined the fluorescence exci-
ation spectra in THF glass at 77 K, under conditions where

ajority of molecular motions should be frozen. Fluorescence
xcitation spectra were carried out by detection at different
avelength of the emission spectrum (Fig. 2). We found that the
uorescence excitation spectra depend on the detecting wave-

ength of the emission spectrum. The low temperature excitation
pectrum monitored at 475 nm (this wavelength correspond to
he room temperature short-wavelength emission band) shows
tructureless broad spectrum whose λexc

max1 is located at 398 nm
nd λexc

max2
∼= 450 nm. Both bands show successive red shift

hen monitoring wavelength was shifted to longer wavelength.
pon increasing the observation wavelength, the intensity of

hort-wavelength band of the excitation spectrum at 370 nm
ecreases. This behavior is accompanied by an increase of the
ong-wavelength excitation band at 430 nm intensity. On the
ackground of this effect there are the signatures of existence
f molecules of different geometries (planar and perpendicular
onformers).

The steady-state emission properties of EAADCy are also
trongly solvent dependent (Fig. 3B). The low temperature
77 K) luminescence (fluorescence and phosphorescence) spec-
ra of molecule under study were recorded in THF. Fig. 3A
hows the long-wavelength fluorescence excitation (77 K), flu-
rescence (293 K), luminescence (77 K), and phosphorescence
77 K) spectra of EAADCy. As it is shown in Fig. 3A, at room
emperature, the fluorescence spectrum of EAADCy in THF is
ouble in character. The short-wavelength emission corresponds
o the molecular conformation in which the donor and accep-
or moieties are orthogonal to each other. On the other hand,
he long-wavelength emission can be attributed to the emission
rom a singlet excited state of molecule in which two moieties are
oplanar. It is noteworthy that at 77 K the molecule under study
mits single but broad luminescence band whose λ is posi-
max
ioned at 500 nm (see Fig. 3A), which can be assigned mainly to
uorescence of the perpendicular form of EAADCy (in frozen
HF the perpendicular form of molecule under study is the domi-
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ig. 3. (A) The long-wavelength fluorescence excitation band (77 K), fluorescen
uorescence spectra of EAADCy in THF at 77 K as a function of λexc.

ant species). These interesting spectroscopic features are in fair
greement with semiempirical computational predictions. The
lectronic energy value of the S0 state obtained for different dihe-
ral angle between two fragments of the investigated molecule
donor-D and acceptor-A) show that the most probable structure
or the molecule under study is for 90◦ (perpendicular geometric
tructure of the D/A) [6]. At low temperature the luminescence
adiation, besides the fluorescence, possesses a phosphorescence
omponent with an intensity two order of magnitude smaller than
hat of the fluorescence (see Fig. 3A).

In general, fluorescence emission of molecules is governed by
asha’s rule which states that fluorescence normally occurs from

he lowest vibrational level of the first excited electronic state.
t is obvious from this rule that fluorescence should be indepen-
ent on the excitation wavelength. It was shown in our previous
aper [6] that, at room temperature, EAADCy exhibits signif-
cant fluorescence intensity distribution dependent on the λexc.
his behavior indicate that molecule under study forms a typi-
ally spectrally inhomogeneous system (different conformers).

The luminescence spectra of EAADCy in THF glass at 77 K

how considerable dependence on the excitation wavelengths
Fig. 3B and Table 1). The shift in luminescence maximum
s a function of excitation wavelength is shown in Fig. 4. The
osition of emission maximum of EAADCy does not substan-

able 1
ependence of the maximum of the fluorescence, phosphorescence and full
idth at half maximum of phosphorescence spectrum (�ν̃ph

1/2) of EAADCy in
HF (77 K)

exc(nm) λmax
fl (nm) λmax

ph (nm) �ν̃
ph
1/2 (cm−1)

60 511 564 1550
55 510 560 1580
45 508 558 1640
40 504 553 1680
30 501 550 1845
20 499 549 1950
10 500 551 1990
00 501 548 1970
80 499 548 1950
60 499 547 2000
40 497 545 2020
20 499 547 1950
00 498 548 2000

n
m
i
o

F
m
f

93 and 77 K and phosphorescence spectra of EAADCy in THF. (B) Normalized

ially change when the excitation wavelength is changed from
40 to 415 nm. On the other hand, as the excitation wavelength
s gradually shifted toward longer wavelengths, the emission

axima showed a concomitant red shift. As the excitation wave-
ength is changed from 340 to 455 nm, the emission maxima are
hifted from 497 to 511 nm. Such dependence of the wavelength
f maximum intensity of emission spectrum on the excitation
avelength is a characteristic demonstration of the red-edge

ffect.
In addition to the edge excitation red shift observed for a

ow-temperature emission, a similar shift is observed also in
hosphorescence (Table 1). The excitation dependence of the
hosphorescence of EAADCy in THF at 77 K is visualized
n Fig. 5. The phosphorescence spectrum (broad and lacking
tructure) undergoes a significant red shift when increasing the
xcitation wavelength. Phosphorescence measurements carried
ut with excitation at 380 or 460 nm produced phosphorescence
pectra shifted by 17 nm from λmax of 448–465 nm (Fig. 6A
nd Table 1). It is noteworthy, the λ-onsets of the phosphores-
ence spectra obtained for different excitation wavelengths are

ot equal (Fig. 5). It is important to note that the full width at half
aximum of phosphorescence spectrum (�ν̃ph

1/2) of EAADCy
n glass THF strongly depend on the excitation wavelength. In
rder to make this behavior more evident the dependence of

ig. 4. The excitation wavelength dependence on the fluorescence intensity
aximum position of EAADCy in THF (77 K). Excitation spectrum is given

or comparison.
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ig. 5. The excitation wavelength dependence of the phosphorescence spectra
f EAADCy in THF (77 K).

ν̃
ph
1/2 versus the excitation wavelength is shown in Fig. 6B.

he�ν̃ph
1/2 decreases with increasing excitation wavelength from

000 ± 50 cm−1 for excitation in the range of 275–420 nm to
600 ± 50 cm−1 for excitation at 560 nm (Table 1).

For EAADCy, a distribution of rotational angles between

onor and acceptor moieties is always present, and freezing
he solvent may fix this distribution. Naturally, the different
otamers possess different energies (singlet and triplet states),
nd phosphorescence excitation dependence may be explained

ig. 6. The excitation wavelength dependence of the phosphorescence intensity
aximum (A) and full width at half maximum of phosphorescence spectrum
�ν̃

ph
1/2) (B) of EAADCy in THF (77 K). Excitation spectrum is given for com-

arison.
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y different rotamers that are present. The absorption and
xcitation spectrum of EAADCy in THF at 293 and 77 K is
roadened by the overlapping of various absorption spectra due
o the existence of various conformers. When the excitation is
arried out at the maximum of the absorption band, the various
onformers are excited (mainly perpendicular or nearly per-
endicular conformers). As the excitation wavelength is shifted
o the red, the rotamer with different angles (90◦ >ψ > 0◦)
etween their interatomic planes is selectively excited. The
nergy of T1 state of the conformer excited at the red edge of
he absorption spectrum is lower than that of the conformer
xcited at the maximum of the absorption band, so that the
hosphorescence spectrum shifts to the red.

As it was mentioned earlier, the width of inhomogeneous
roadening function (�ν̃inh) depends on the solvent polarity,
nd most importantly, on the change of the fluorophore dipole
oment on excitation. In our previous publication [6], the

round (μg) and excited (μe) state dipole moments of planar
nd perpendicular form of molecule under study were estimated
rom solvatochromic shifts of absorption and fluorescence spec-
ra as a function of the dielectric constant (ε) and refractive index
n). It is important to note here, that the planar form of EAADCy
ossesses greater dipole moment in the excited state than in the
round state, while perpendicular form of EAADCy possesses
ower dipole moment value in the excited state in comparison
o its value in the ground state. The following changes of dipole

oment were obtained:�μperpen = −1.82 D,�μplanar = 13.5 D.
he Onsager cavity radius of EAADCy was calculated (using
ptimized geometry) to be 8.5 Å. Using Eq. (3), for EAADCy
issolved in THF the estimated value of�ν̃inh at room tempera-
ure is about 900, ∼100 cm−1 and it decreases to 350, ∼50 cm−1

t 77 K for planar and perpendicular form, respectively.

. Conclusions

In order to understand why EAADCy exhibits significant
ed-edge effect, it is important to take into consideration the
ossibility of photoselection of the different conformers of
AADCy molecule during excitation. As the excitation wave-

ength is changed, a slightly different species are excited and an
mission characteristic for these particular species is observed.
n excitation with shorter wavelengths different conformers

possess different rotation angles between donor and acceptor
oieties) of EAADCy are excited and the longer wavelengths

f excitation mainly molecules with coplanar conformations are
xcited. It was shown that the S0–S1 transition energy of the
lanar form is smaller than transition energy of the perpendicu-
ar form, so that the rotamer selected at the red-edge excitation
s mainly assigned as the planar form. Similarly to fluorescence
pectra, inhomogeneous broadening causes the long-wavelength
hifts of phosphorescence spectra at the red-edge excitation in
HF glass.
cknowledgements
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