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Absorption and fluorescence emission properties of an N -salicylideneamine fluorescent dye molecule
N ,N′-bis(2-hydroxy-5-methylbenzylidene)-1,2-ethanediamine (1) have been studied in three typ-
ical solvents—2-methylbutane, ethanol, dimethyl sulphoxide (DMSO), and its DNA complex in
methanol/H2O mixed solvent. The normal absorption band of 1 is observed in both aprotic and protic
solvents and has been assigned to the l → aπ transition in the enol form of 1. The long-wavelength
absorption band of 1, which is caused by the formation of a cis-keto species in the ground state,
is absent in aprotic solvents, but is observable in protic ones. Normal fluorescence emission from
the excited enol state of 1 is obtained only when the normal absorption band is excited, while the
excited-state intramolecular proton transfer (ESIPT) emissions from both cis- and trans-keto species
are recorded in all cases, being acceptable for the variation of the relative emission intensities. A
preliminary spectroscopic study of the 1–DNA complex indicates an intercalation-binding mode, the
convincing supporting evidence being the enhanced ESIPT fluorescence intensity of 1 when com-
plexed with DNA. Finally, a universal energy-state diagram is given to interpret the experimental
results.
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INTRODUCTION

Proton-transfer processes are of considerable impor-
tance for research devoted to spectroscopic studies in
the condensed phase with significant implications in the
areas of photophysics and photochemistry [1–5]. In or-
ganic bifunctional molecules containing hydrogen-atom
donor groups in close proximity to acceptor groups, an in-
tramolecular hydrogen bond (IHB) is generally formed in
the electronic ground state [6–10]. 7-Azaindole [11,12], 7-
hydroxyquinoline [13,14], and 3-hydroxyflavone [15,16]
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are a few of the typical examples. One class of the most
attractive organic molecules possessing IHBs so far is
the N -salicylideneamine molecules [1,17,18], which are
characterized by two absorption bands lying in the near-
ultraviolet and the visible, respectively, in protic solvents
while just one lying in the near-ultraviolet in aprotic
solvents. The absorption band in the near-ultraviolet is
referred to the “normal band,” while the band extended to
the visible is therefore specified as the “long-wavelength
band” [19]. The intramolecular redistribution of elec-
tronic charge due to the photon absorption in these
N -salicylideneamine molecules induces an elementary re-
organization of the molecular structure that is generally
referred to as the electronically excited-state intramolec-
ular proton transfer (ESIPT). The most striking feature of
spectroscopy in these systems is the highly-Stokes-shifted
fluorescence (6000–10 000 cm−1) of the product tautomer
[1,6]. However, despite of the numerous reports on the

13
1053-0509/05/0100-0013/0 C© 2005 Springer Science+Business Media, Inc.



14 Zhang and Tang

ESIPT emission of this class of molecules, the observation
of the normal emission, which is also known as the short-
wavelength emission, is less mentioned in the literature.
To gain a clearer understanding of the origin of these ab-
sorption bands and consequent photoluminescence mech-
anisms of this kind of IHB-containing molecules, we need
information concerning the initial state of the molecules
involved. The primary aim of the present study is to obtain
such information.

This contribution reports the absorption and photolu-
minescence spectra of an N -salicylideneamine fluorescent
dye molecule, N ,N ′-bis(2-hydroxy-5-methylbenzyl-
idene)-1,2-ethanediamine (1) in three typical solvents—
2-methylbutane, ethanol, dimethyl sulphoxide (DMSO)
and its DNA complex in methanol/H2O mixed solvent
(see Scheme 1 for the molecular structure diagram of
1). It is hoped that the dependence of the spectra on
solvent properties such as polarity and hydrogen-bonding
ability would provide information concerning the nature
of the light absorption species and the assignment of the
emission bands. Moreover, a detailed elucidation of the
spectroscopic properties of 1 in solution is expected to
be beneficial for understanding its binding interactions
with DNA, which is a unique sensitive environment for
functional molecules possessing IHBs.

Scheme 1. The molecular structure diagrams for ground state of 1.

EXPERIMENTAL

Apparatus

Elemental analyses of C, H, and N were carried out
at the Institute of Elemento-Organic Chemistry, Nankai
University. Infrared spectrum of 1 in the KBr disc was
recorded on a Shimadzu IR-408 infrared spectrometer in
the 4000–600 cm–1 region. UV–Visible absorption spec-
tra of 1 in different solvents by using a quartz cell with the
path length of 1.0 cm were all recorded on a Shimadzu UV-
2101 spectrophotometer. Xenon arc lamp was used as the
excitation light source in the measurements of emission
spectra. All the emission spectra were measured on Ac-
ton Research SpectroPro-300i spectrometer with spectral
CCD operating at –15◦C.

Reagents

All the chemicals used in this work were of analytical
reagent and used without further purification, unless oth-
erwise stated. Double distilled water was used for solution
preparation. Commercially prepared herring sperm DNA
was obtained from Sigma Chemical Company and was
stored at 4◦C. To prepare stock solution, it was directly
dissolved in water at a DNA concentration of 1 mmol/L
in nucleotide phosphate, the concentration of which had
been determined by absorption spectroscopy according
to the literature methods [20]. Interactions of DNA with
water-insoluble organic molecules were routinely studied
in mixed solvent system. In this study, buffered aqueous
solution of DNA was mixed with a methanol solution of
1 (Vmethanol/VH2O = 70%), the final concentrations being
100 and 5 µM for DNA and 1, respectively. The final
buffer solution of pH 7.1 contained 50 mmol/L NaCl and
5 mmol/L Tris.

Sample Preparations

For the synthesis of 1: 2-hydroxy-5-methylbenza-
ldehyde (1.36 g, 10 mmol) was dissolved in ethanol
(5 mL) in a small flask. Ethylenediamine (0.30 g, 5 mmol)
was added dropwise. Yellow powder precipitates as stir-
ring. They were filtered off, recrystallized from ethanol
and dried in air. Yield: 1.19 g (80%). IR spectrum (cm–1):
1636, 1584 (νC=N). Anal. Calc. For C18H20N2O2: C,
72.95; H, 6.80; N, 9.45; Found C, 72.41; H, 6.88; N, 9.37.

RESULTS AND DISCUSSION

Spectroscopic Studies of 1 in Solution

The absorption and photoluminescence spectra of 1
have been recorded in three solvents—2-methylbutane,
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Fig. 1. The normalized absorption and photoluminescence spectra of 1
in 2-methylbutane, λex = 330 nm.

ethanol, and DMSO in the order of increasing polarity.
The latter two solvent molecules contain oxygen atoms,
which are proton acceptor and are apt to the formation of
intermolecular hydrogen bonds with the hydroxyl groups
of 1. There are also proton donors in ethanol, which are
prone to the formation of intermolecular hydrogen bonds
with the nitrogen atoms of 1. The different physical prop-
erties of the solvents should influence the spectroscopy of
1 in the solution. The normalized absorption and emission
spectra of 1 in 2-methylbutane (1.0 × 10–5 M) is presented
in Fig. 1. It is generally agreed that the absorption peaks
of 1 below 300 nm, no matter in what solvents, are due
to the π → π* absorption of the benzene ring, which
is also confirmed by the independence of these peaks on
different solvents. Despite of these bands, the absorption
spectrum in this figure consists of a broad band with max-
imum at 330 nm (30 303 cm–1, εmax = 7850 M–1 cm–1),
which drops to zero in the vicinity of 380 nm. Essentially
the same absorption feature of 1 in other aprotic solvents,
such as methylcyclohexane and toluene, is also observed.
Excited by 330 nm UV light, the emission spectrum of 1
is characterized by a strong broad band with maximum at
576 nm (17 361 cm–1) and a weak band at about 424 nm
(23 585 cm–1). In addition, a very weak shoulder at about
510 nm can be detected on the fluorescence band. The
presence of three emission bands, being acceptable for the
variation of their relative emission intensities, has been
unambiguously confirmed when recording the photolu-
minescence spectra of 1 in protic solvents using the same
excitation wavelength as given below.

Figure 2 shows the normalized absorption and pho-
toluminescence spectra of 1 in ethanol (1.0 × 10–4 M).
Besides the π → π* absorption bands, two bands that
respectively locate at 329 nm (30 395 cm–1, εmax =

Fig. 2. The normalized absorption and photoluminescence spectra of 1
in ethanol: (a) λex = 330 nm; (b) λex = 415 nm.

6080 M–1 cm–1) and 414 nm (24 155 cm–1, εmax =
567 M–1 cm–1) are identified in the absorption spectrum
and can be specified as the normal and long-wavelength
bands. Excited by 330 nm UV light, three emission bands,
although varied comparing to those shown Fig. 1, are ob-
served and displayed in Fig. 2a. This emission spectrum
is characterized by a dominant peak centering at 505 nm
and with two shoulder bands on both sides. Using 415 nm
light excitation (see Fig. 2b), the emission spectrum of 1 is
dominated by a strong emission with maximum at 499 nm
(20 040 cm–1) and a shoulder centered at about 578 nm
(17 301 cm–1).

The normalized absorption and photoluminescence
spectra of 1 in DMSO (1.0 × 10–4 M) are presented in
Fig. 3. The absorption below ca. 250 nm exhibits a cutoff
drop, which is related to the solvent DMSO. The nor-
mal and long-wavelength bands are located at 328 nm
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Fig. 3. The normalized absorption and photoluminescence spectra of 1
in DMSO: (a) λex = 330 nm; (b) λex = 415 nm.

(30 488 cm–1, εmax = 7810 M–1 cm–1) and 413 nm
(24 213 cm–1, εmax = 392 M–1 cm–1), respectively, which
are consistent with those observed in ethanol; however,
εmax of the former band is larger than that in ethanol but
close to that in 2-methylbutane, and εmax of the latter band
is less than that in ethanol. Excited by 330 nm UV light
(see Fig. 3a), the emission spectrum of 1 in DMSO is
comparable with that of 1 in ethanol, despite that the short-
wavelength emission band apparently becomes stronger.
This phenomenon should be connected with the proba-
ble reabsorption of the long-wavelength band. Since εmax

of this band in DMSO is markedly smaller than that in
ethanol, the emission profile of 1 in DMSO should be
less affected by the reabsorption. As shown in Fig. 3b,
the emission spectrum in DMSO excited by 415 nm light
shows a strong emission band with maximum at 498 nm
(20 080 cm–1) and a shoulder at ca. 577 nm (17 331 cm–1),
which is nearly identical with that recorded in ethanol.

As a whole, the above spectroscopic measurements
can be best summarized as follows: (i) in absorption spec-
tra, the normal absorption band is present in different
solvents, but the long-wavelength band is only observed
in protic solvents; (ii) in photoluminescence spectra, the
emission bands are dependent on the excitation wave-
length, viz. the respective excitation of the normal and
long-wavelength bands.

It is easy to understand that the question of the
structures of 1 in solution is of interest in itself. N -
salicylideneamine molecule can in principle adopt a vari-
ety of conformations in solution. These conformations are
related to the configuration of IHB in the electronic ground
state, and a further complexity may be also relevant with
the possible ionization. Our interest in the spectroscopic
studies of 1 in solution focuses on the assignment of the
normal and long-wavelength absorption bands, and the
interpretation of the consequent fluorescence mechanism.
It can be easily concluded from the known crystal struc-
tures and spectroscopic arguments that only enol-form 1
exists in 2-methylbutane as well as other protic solvents
(see Scheme 1 for its molecular structure diagram); in this
case the long-wavelength band is absent, that is, only the
normal band is observed besides the π → π* absorption
bands. In the order of increasing polarity of the solvent
molecules, a noticeable blue shift of the normal bands has
been observed from 30 303 cm−1 (2-methylbutane), via
30 395 cm−1 (ethanol), to 30 488 cm−1 (DMSO). Ac-
cording to Kasha’s rules [21], this blue shift band arises
from l → aπ transition of enol-form 1. Being further ev-
idence, we have also recorded the absorption spectrum
of 1 in toluene, which has the absorption maximum at
30 211 cm−1. Hence, the S1 state of 1 should be the (l,
aπ ) state and the normal absorption can be best assigned
to the l → aπ transition of 1, which corresponds to the
excitation of a lone-pair electron from the 2pz orbital of
the oxygen atom, to an antibonding π (aπ ) molecular or-
bital of the benzene ring (including the CN double band).
It is noteworthy that both the lone-pair orbital of the oxy-
gen atom and aπ molecular orbital of the benzene ring
are antisymmetric to the molecular plane defined by the
phenyl ring, which makes the l → aπ transition spatially
allowed and the transition probability comparable to that
of π →π* transition.

It is apparent that the appearance of the long-
wavelength absorption band is associated with the solvent
properties. Its appearance in protic solvents is believed
to result from the formation of the ground-state tautomer
of 1. According to the previous related studies, this tau-
tomer should be best assigned to a cis-keto species (see
Scheme 1 for its molecular structure diagram) [19,22]. In
addition, the keto–enol equilibria have been determined by
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proton magnetic resonance spectroscopy, which is a con-
vincing evidence supporting the presence of the cis-keto
tautomer [23]. It is also noteworthy that the phenomenon
of the ground-state heterogeneity has been observed in
some other IHB-containing molecules [24]. Obviously,
the formation of the cis-keto tautomer is correlated with
the solvent properties, which is also well reflected by the
variation of the corresponding εmax values of the normal
and long-wavelength bands of 1 in different solvents.

Excited by 330 nm UV light, the normal emission
of 1 is observed in both aprotic and protic solvents locat-
ing around 410 nm, and also two above-mentioned longer
wavelength emission bands can be identified obviously,
which are ascribed to the emission from the keto-form 1 af-
ter ESIPT tautomerization process. It should be mentioned
that the profiles of the emission spectra could be altered
due to different excited state processes and the reabsorp-
tion by the long-wavelength absorption bands appeared in
the solvents. It is a convincing evidence for ESIPT that
the relative intensity of the normal emission in aprotic
solvent is much lower than that in protic solvent even
though the reabsorption exists in the latter (see Figs. 1–3).
Similar long-wavelength emission bands, despite of the
variation of the peak intensities, are also observed when
excited by 415 nm light. The emission band at around
500 nm is due to the emission of the cis-keto species of 1.
The other component, which is responsible for the even
longer emission at ca. 577 nm, is considered to be an ad-
ditional quinoid isomer of 1 but not the same species as
the cis-keto species. By performing photochemical kinetic
studies of similar salicylideneaniline molecules, Barbara
et al. proposed that the common precursor to the both keto
species is a vibrationally excited keto state [25]. Our data
are consistent with this proposal and we tentatively assign
a trans-keto species as the additional quinoid isomer of 1
(see Scheme 1 for its molecular structure diagram), which
is also coincident with recent literatures [26,27].

Spectroscopic Studies of 1–DNA Complex

In this contribution, we aim at presenting a prelim-
inary spectroscopic study of the binding interactions be-
tween 1 and DNA. We hope that the studies on spectro-
scopic properties of 1 in solution could help us to better
understand the formation of 1–DNA complex and its spec-
tral signatures. Figure 4a shows the absorption spectra of
pure 1 in methanol (5 µM) and 1 (5 µM)–DNA (100 µM)
complex in methanol/water mixed solvent system. The ab-
sorption spectrum of 1–DNA complex displays a strong
band at ca. 260 nm (see the inset of Fig. 4a for the en-
tire spectrum), which exactly corresponds to that of pure
DNA. The normal absorption band has been recorded in

Fig. 4. (a) The absorption spectra of pure 1 (dashed line) in methanol and
1–DNA complex (solid line) in methanol/water mixed solvent. Inset. The
entire absorption spectrum of 1–DNA complex. (b) The photolumines-
cence spectra of pure 1 (dashed line) in methanol and 1–DNA complex
(solid line) in methanol/water mixed solvent, λex = 415 nm.

both pure 1 and its DNA complex and should be con-
tributed by 1 only, since pure DNA aqueous solution at
this concentration does not exhibit any noticeable absorp-
tion above 320 nm. A close examination of Fig. 4a reveals
a faint decrease of the peak intensity of 1 (hypochromic
effect) in the presence of DNA, which is suggested to be
due to the interaction between the electronic states of the
intercalated chromophore and DNA bases [28]. It is evi-
dent that a strong long-wavelength absorption band dom-
inated at 395 nm appears when 1 binds to DNA, which
may be in tandem with the formation of a certain species
of 1, and further studies are needed to elucidate its nature.
Excited by 415 nm light, the corresponding photolumines-
cence spectra of pure 1 and its DNA complex are shown
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in Fig. 4b. In addition to a marked change of the dominant
peak position, the emission intensity of 1 complexed with
DNA increases by a factor of ca. 2 comparing with that of
pure 1. The differences of absorption and photolumines-
cence spectra between pure 1 and 1–DNA complex should
be connected with the binding model of 1 to DNA.

In general, compounds and metal ion complexes of
small molecules can bind nucleic acids in electrostatic,
groove, and intercalation ways [29,30]. It is well known
that the structure planarity and non-negative charge are
two vital factors required for an efficient intercalative
probe [31]. It is our contention here that the binding mode
of 1 to DNA is intercalation mainly. The most convincing
evidence is showcased by the results of the photolumines-
cence spectral measurements. As mentioned above, the
remarkable increase of the emission intensity of 1 com-
plexed with DNA is well in accordance with the fact that
intercalation of IHB-containing molecule between adja-
cent base-pairs should enhance ESIPT as a result of lower
polarity of intercalation pocket and enforced planarity of
the molecule. However, the possible groove-binding mode
may not be ruled out. Since the present contribution places
emphasis on a preliminary spectroscopic study, further ex-
periments are needed to confirm the exact binding mode.
It should be noted that the dominant emission of 1 com-
plexed with DNA falls into the even longer wavelength
region, and therefore the emission should be ascribed to
the trans-keto species. The variation of the emission spec-
trum of 1–DNA complex comparing to that of pure 1
should be in tandem with the appearance of the strong
long-wavelength absorption band of 1 when complexed
with DNA.

All these above observations lead to the following
energy-state diagram as shown in Fig. 5, in which ra-
diationless processes are represented as dashed arrows.
The S1 state denotes the (l, aπ ) state of 1 in enol form,
which lies energetically higher than the lowest excited

Fig. 5. Proposed energy-state diagram of 1.

states of 1 in keto forms. Photon absorption of the enol
and cis-keto (in protic solvents only) species are illus-
trated in this figure, which corresponds to the normal and
long-wavelength absorption. The Franck-Condon verti-
cally excited enol state 1 undergoes an ESIPT tautomer-
ization process producing excited quinoid species, which
contains a substantial amount of excess vibrational energy.
This quinoid compound is rapidly converted to relaxed cis-
keto species by vibrational relaxation, and is also reactive
toward the formation of trans-keto species. Excitation of
cis-keto 1 is followed by essentially the same vibrational
energy relaxation processes, and the subsequent emission
bands of the corresponding cis- and trans-keto species are
observed. It should be noted here that the related cis-keto
molecule, however, does not produce trans-keto molecule.
This model is also well consistent with the previous flu-
orescence kinetic studies of similar salicylideneaniline
molecules [25]. Apparently, it is easy to explain the ab-
sorption and photoluminescence spectra of 1 complexed
with DNA by this energy-state model as well.

CONCLUSION

In summary, we report in this contribution the
absorption and photoluminescence studies of an
N -salicylideneamine fluorescent dye molecule, N ,N′-
bis(2-hydroxy-5-methylbenzylidene)-1,2-ethanediamine,
in three typical solvents and its DNA complex in mixed
solvent. Our present work shows that the ground-state het-
erogeneity of 1 is associated with the solvent properties,
which results in different absorption and emission spectra
of 1. The normal absorption band has been assigned to
the l → aπ transition and the long-wavelength band,
which appears in protic solvents only, is indicative of the
formation of the keto species of 1 in the ground state.
Emissions from the excited enol, cis- and trans-keto
states can be observed when the normal band is excited,
while excitation of the long-wavelength band in protic
solvents results in emissions from both keto species.
A preliminary spectroscopic study of 1–DNA complex
reveals an intercalation-binding mode, the convincing
evidence supporting this hypothesis being the enhanced
ESIPT fluorescence intensity of 1 when complexed
with DNA. Further studies of the interactions between
the fluorescent probe molecules and nucleic acids are
underway in our laboratory.
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