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Abstract The present work reports theoretical and experi-
mental studies on the photophysical properties of two tau-
tomeric forms of 2-carbamido-1,3-indandione (CAID). By
means of UV-vis, steady-state and time-dependent fluores-
cence spectroscopy it is shown that both enol forms,
2-(hydroxylaminomethylidene)-indan-1,3-dione and 2-
carboamide-1-hydroxy-3-oxo-indan, coexist in solution.
On the base of spectroscopic studies of CAID interaction
with human serum albumin and DNA sequences, it was
shown that the compound has potential and it is suitable for use
as fluorescent molecular probe for investigation of different
biomolecules. CAID shows relatively high photostability with-
in 3 h irradiation period. Such behavior of the investigated
compound supposes possibilities for using of the CAID mole-
cule as sunscreen because of strong absorption in UVA, UVB
and UVC light spectra.
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Introduction

The syntheses of 2-carbamido-1,3-indandione (CAID) was
reported by Horton and Murdock [1] but for a long time
its structure was not elucidated. The compound exists in
the solid state as yellow–orange needles, which sinter from
180 to 220 °C [1]. On the basis of ab initio quantum-

chemical calculations and NMR, IR and UV-vis spectros-
copy Enchev et al. [2, 3] showed that two enol tautomeric
forms, 2-(hydroxyl-aminomethylidene)-indan-1,3-dione (A)
and 2-carboamide-1-hydroxy-3-oxo-indan (B), coexist in
solution (Fig. 1).

Later both enol tautomers, on amide carbonyl (A) and on
ring carbonyl (B), of N-p-methoxyphenyl-2-carbamido-1,3-
indandione were isolated and their X-ray structures deter-
mined by Rappoport et al. [4]. X-ray diffraction of the N-o,
p-dimethoxy analogue indicated a disorder ascribed to the
presence of a 6:4 mixture of A and B. B3LYP/6-31+G* cal-
culations gave good agreement with observed geometries and
the calculated energies indicated that enol A is more stable by
less than 1 kcal mol−1 than enol B [4].

In the last decade considerable scientific interest has
focused on the development of new fluorescent probes.
This is motivated by the high sensitivity and selectivity
of different fluorescent methods implicated in the investi-
gation of processes at microlevel in biological objects [5].

Generally, in cells and tissues fluorescent probes are dis-
tributed randomly and inhomogeneously. Therefore, the inten-
sity of the observed fluorescence signal is dependent not only
on the local concentration of the sensors but also on illumina-
tion intensity, surroundings, optical path length, bleaching and
other processes. In order to minimize the effects of these fac-
tors, fluorescent sensors that exhibit a significant spectral shift
upon reaction or binding to the investigated object are pre-
ferred for use. It is well known that analyzing concentrations
of biological macromolecules with the help of fluorescent
sensors, more precise results are obtained if the ratio between
two emission intensities at different wavelengths can be used
to evaluate the investigated concentration [6]. In this respect,
of particular interest are fluorescent probes exhibiting two or
more well separated emission bands in organic solvents. The
main advantage consists in that they are able to provide a
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reliable ratiometric signal in different bands, which bands are
independent of the probe concentration and other factors [7].
In application of fluorescent methods for analysis when the
ratiometric signal comes from a single dye, the different
sources of error and misinterpretation are minimal. In addi-
tion, one main requirement for fluorescent probes is the
absence of photobleaching. Such characteristics of fluores-
cence signals are often manifested by compounds with in-
herent tautomerism [8].

Excited-state intramolecular proton transfer (ESIPT) is
very effective for the design of probes with a dual band of
fluorescent signal. ESIPT results in the formation of two tau-
tomeric forms in the excited state of the probe [9] which have
well separated emission maxima. Therefore tautomers show-
ing ESIPT as a well-known photo induced mechanism to
obtaining dual fluorescent probes are real candidates for such
applications. ESIPT and other dual fluorescent molecules can
be used as sensitive probes of their local environment [10],
including in applications such as in situ pH sensors [11] and
are proposed for the study of the interaction of ligands and
drugs of different nature with serum albumins [12]. Human
serum albumin (HSA) is one of the major plasma proteins in
the blood that contribute significantly in physiological func-
tions and play a major role in the efficiency of drug delivery
processes. For this reason, the investigation of the binding
properties of CAID as a sensitive fluorescent probe to HSA
is of interest.

On the other hand, for significant increasing of the sensi-
tivity of fluorescence methods, probes should possess the po-
tential to bind to characteristic parts of the target object. Such
molecules should be able to behave as hydrogen-bond donors.
This is necessary for provoking the formation of a stable com-
plex in solution. Hydrogen bonds are directional, a feature
which allows the design of receptors capable of differentiating
between anions with different geometries and hydrogen-
bonding requirements. Neutral receptors that contain N-H
fragments can act as hydrogen-bond donors for anions, such
as acetate and carboxylate anions, which are a product in
many biochemical reactions [13]. A large interest exists in
the development of artificial neutral receptors and fluorescent
probes for anions due to their medicinal and environmental
potential applications [7, 13]. DNA are other biological ob-
jects for which scientists need very sensitive fluorescent
probes. Very weak intrinsic emission has been observed from

unlabeled DNA and this emission is too weak and too far in
the UV which makes it unusable for practical applications.
Fortunately, there are numerous probes that spontaneously
bind to DNA and display enhanced emission [14]. The most
widely used fluorescent probes for DNA investigations such
as ethidium bromide and 4′,6-diamidino-2-phenylindole have
an amino group in their structure and bind spontaneously to
the DNA via hydrogen bonds or proton transfer [5] and
therefore CAID will be with potential capabilities to bind
to the nucleobases of DNA and RNA. Interactions of small
molecules with DNA have been studied for several decades
because of hope for better understanding of design princi-
ples for the targeting of specific DNA sequences in order to
control gene expression. We note that, the native bases of
DNA are not useful as fluorescent probes, and thus the use
of extrinsic DNA probes is necessary. For this reason the
potential possibilities of use of CAID in investigations of
DNA or in DNA sequencing is interesting.

In the last years scientists working in the sphere of human
health try to inform the community of the different risks for
people exposed to sun radiation. Sun radiation includes x-ray,
ultraviolet, visible and infrared light, and radiowaves. UV
light, which is the main part of sun radiation dangerous for
people, can be subdivided into three bands according to wave-
length: UVA (320–400 nm), UVB (290–320 nm) and UVC
(200–290 nm). The total flux of UVA at the earth’s surface
vastly exceeds that of UVB, with all the UVC being complet-
ed absorbed by stratospheric ozone [15]. Depending on the
latitude, the time of the day and the season of the year, the
terrestrial spectrum of solar UV radiation consists of 1–5 % of
UVB radiation and 95–99% ofUVA radiation. UVB radiation
is fully absorbed by the stratum corneum and the top layers of
the epidermis, whereas up to 50 % of incident UVA radiation
penetrates Caucasian skin deep into the dermis [16].

Both UVB and UVA radiation may affect the biomolecules
of the skin. UVB radiation is erythematogenic, carcinogenic,
induces photoaging and mutagenic damage to nucleic acids.
UVB is directly absorbed by DNA, giving rise to dimeric
photoproducts between adjacent pyrimidine bases [17].
Furthermore, UVB photoisomerizes trans- to cis-urocanic
acid (a prominent candidate chromophore for mediating
photoimmunosuppression) [18] and generates reactive oxygen
species (ROS) [19], suggesting that UVB also employs an
indirect mechanism for its detrimental effects. UVA is also
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mildly erythematogenic, but promotes ROS accumulation.
ROS induce direct cell damage, carcinogenesis and contribute
to photoaging.

Sunscreens (UV filters) are designed to protect the skin
from the harmful effects of solar radiation, particularly the
UV band [15]. Visible light can also harm the skin if there is
a previous skin condition, e.g. chronic actinic dermatosis, or
erythropoietic porphiria. Current UV filters do not protect
against visible light [20].

Sunscreens have traditionally been divided into organic
(chemical) absorbers and inorganic (physical) blockers on
the basis of their mechanism of action. The organic com-
pounds absorb high-intensity UV rays with excitation to a
higher energy state. Excess energy is dissipated by emission
of higher wavelengths or relaxation by photochemical pro-
cesses such as isomerization and tautomerisation.

In the present work we report theoretical end experimental
studies of the photophysical properties of the tautomeric forms
of 2-(hydroxylaminomethylidene)-indan-1,3-dione as a po-
tential fluorescent probe and UV-protector.

Calculations and Experimental

Quantum-Chemical Calculations

The ground state geometries and normal mode vibrational
frequencies of the equilibrium tautomeric forms and of
the transition state (TS) were computed both in the gas
phase and in solution at Möller-Plesset (MP2) level using
different basis sets. For the optimized TS one single imag-
inary frequency was found in the diagonalized mass-
weighted Hessian matrix, and the corresponding vibrational
mode was confirmed to determine the reaction coordinate
of the migration of a hydrogen atom from the hydroxyl
oxygen to the carbonyl oxygen. Starting from the transition
state, the reaction path was generated as the steepest descent
path in mass-scaled coordinates (intrinsic reaction coordinate,
IRC) using the Gonzalez-Schlegel algorithm [21], employing a
step size of 0.05 Bohr (1 Bohr corresponds to 0.53 Å). On both
branches of the reaction coordinate 40 steps were performed.
The values of Gibbs free energies (ΔG) and activation barriers
(ΔG#) were calculated for a temperature of 298.15 K.

Solvent effect was accounted for by using the self-
consisted reaction field (SCRF) method with the conductor
polarizable continuum model (C-PCM) formalism [22] at
MP2 level. In this model, the molecule is embedded in a
cavity surrounded by an infinite dielectric which approxi-
mates the solvent as a structureless polarizable continuum
characterized by its macroscopic dielectric permittivity, ε.
The tautomeric forms and the TS were optimized again at
C-PCM/MP2/6-31+G(d) and C-PCM/MP2/6-311+G(d)
levels of theory.

As it is known that the DFT methods are used as a reliable
tool for the theoretical treatment of electronic structure and
spectroscopic properties of various types of compounds, the
stationary points on the potential energy surfaces of the
ground state S0 and the first (ππ*) singlet excited electronic
state S1 of both tautomers (Fig. 1) were optimized using DFT
for S0 and Time Dependent DFT (TD-DFT) [23, 24] for S1.
B3LYP functional [25, 26] and 6-31+G(d) basis set [27, 28]
was chosen. Vibration frequency calculations were performed
numerically for the S0 and S1 states to obtain vibrational zero
point and thermal energies and to validate that the found struc-
tures corresponded to the energy minima. Bulk solvent effects
on the ground and the excited states ware taken into account
by means of the C-PCM formalism22. The vertical excitation
energies, wavelengths and associated oscillator strengths were
calculated using TDDFTat the B3LYP/6-31+G(d) level at the
optimized ground state geometries.

The GAMESS program [29, 30] was used to perform the
ab initio, DFT and TDDFT calculations.

Experimental Studies

Steady–State Spectral Measurements

The absorption and emission measurements were performed
on a UV-Vis Jasco spectrophotometer Model VA570, fiber
optics specifically elaborated spectrophotometer on the basis
of Ocean Optics QE 65000 spectrophotometer with Spectra
Suite Software (Scheme 1) and on Horiba Jobin Yovon
Fluoreolog 3 fluorimeter, respectively.

The experimental set-up on the basis of spectrophotometer
QE 65000 is shown in Scheme 1. The excitation sources for
fluorescence measurements were used continuum waves
(CW) Diode lasers with different wavelengths. For absor-
bance measurements Xe arc lamp light source and delivery
components (light guide, lenses (L), several optic filters (F)
and polarizers) to obtain light intensity in linear range of QE
65000 were used. Several optical fibers (LG) to deliver the
excitation and registered signals in spectral range 275–800 nm
were used. For fluorescence measurements the excitation
power applied at the excitation wavelengths was constant of
about 50 mWand the fluence rate applied in cuvette (QQ) was
approximately l00 mW.cm−2. Fluorescence signals were ob-
tained by collection fibers adjusted at a 90° position towards
the excitation beam. The absorbance and fluorescence spectra
were recorded using a fiber-optic micro-spectrometer QE
65000 (BOcean Optics^, Inc., Dunedin, FL, USA).The spec-
tral resolution of the micro-spectrometer was approximately
1 nm. The spectra were recorded using the micro-spectrometer
specialized software Spectra Suite (BOcean Optics^, Inc.,
Dunedin, USA). The data were analyzed and graphically rep-
resented by means of computer programme Origin 8.0
(Microcal Software, Inc., Northampton, MA. USA).
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All the collected spectra were with appropriate background
correction. Only freshly prepared solutions were used for spec-
troscopic study and all experiments were carried out at room
temperature (300 K). Fluorescence quantum yields (Φs) were
determined using the following equation, where fluorescein
(ΦR = 0.91 in ethanol [31]) is used as the secondary standard.

ΦS ¼ ΦR
AS

AR

ODR

ODS

n2S
n2R

ð1Þ

and ΦS and ΦR are the quantum yields, AS and AR are the
integrated fluorescence areas, ODS and ODR are the absor-
bance values for excitation wavelength and nS and nR are the
refractive indices of the sample (S) and reference (R) mole-
cules, respectively.

Time-Resolved Fluorescence Study

Fluorescence lifetimes were obtained by Time Correlated
Single-Photon Counting (TCSPC) on Fluorolog-3 spectrom-
eter (Horiba Jobin Yovon) using picosecond light pulses gen-
erated from a pico-LED source at 365 nm. The decays were
deconvoluted using DAS-6 decay analysis software and the
acceptability of the fits was judged by χ2 criteria and visual
inspection of the residuals of the fitted functions to the data.
Time-resolved fluorescence decay (I(t)) was described by the
following expression:

I tð Þ ¼
X

i
αiτ i ð2Þ

and the mean (average) fluorescence lifetimes were calculated
using the following equation [5]:

τ i0h i ¼
X

i
αiτ2iX
i
αiτ i

ð3Þ

in which αi is the pre-exponential factor corresponding to the
i-th decay time constant, τi.

Photostability Study

The stock solution in a concentration of 10−3 M
2-(hydroxyamino-methylidene)-indan-1,3-dione in ethanol
was prepared. The samples for measurements were diluted
in order to obtain the appropriate absorbance at the highest
maximum wavelength (275 nm) to the final concentration of
5 × 10−6 M. The samples were irradiated by an UV medium
pressure mercury lamp (400 W) available as commercial
product for medical purposes (Sun, Bulgaria). The typical
spectrum for light transmission of the lamp is between
250 and 450 nm. Cut off filters (VEB, Jena Glasswerk
Schott & General, Jena, Germany) to remove the IR irradiation
were applied. The irradiance was controlled with a radiometer
(Fotron, Bulgaria) to ensure the values of 0.14 mW.cm−2 (280–
350 nm) and 0.41 mW cm−2 (330–375 nm) at a distance of
35 cm. The absorption spectra were recorded for different time
intervals starting from 30 min to 3 h.

Biological and Chemical Materials

Spectroscopic grade solvents (Merck and Aldrich) were used
for fluorescence an UV/Vis spectroscopy measurements.
Fluorescein and Rhodamin dyes were purchased from
Aldrich. HSA was purchased from Sigma. 12-mer dou-
ble stranded DNA (dsDNA) sequences, purchased from
Metabion, Germany were used in the experiments.

The solution of HSAwere freshly prepared in 0.01M phos-
phate buffered saline pH 7.2 at a concentration 0.25 mM and
stored in refrigerator. A stock solution of CAID in ethanol
(10 mM) was prepared and stored in dark and diluted prior
the measurements. The dye-solution in microliter volume was
used to obtain the desired molar ratio of the protein/CAID
complexes. The final ethanol concentration in the experimen-
tal volume did not exceed 0.5 %. The preparation of the com-
plex was carried out in thermostated (37 °C) quartz cell at
constant stirring. Similar procedure also was used in prepara-
tion of DNA/CAID complexes.

Scheme 1 Experimental setup
of fiber optics elaborated
spectrophotometer on the basis
of Ocean Optics QE 65000
spectrophotometer
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Results and Discussion

The molecular structures of the two tautomeric forms, consid-
ered for CAID, A and B, are given in Fig. 1. According to the
MP2 calculations with different double and triple Pople and
Dunning basis sets including polarization and diffuse func-
tions (Table 1), enol tautomer A is more stable in the gas
phase. As a whole the calculations with Pople basis sets pre-
dict smaller energy differences between tautomers A and B
than Dunning ones. The energy differences between the two
tautomers calculated with 6-31++G(d,p) and 6-31+G(d) basis
sets or 6-311++G(d,p) and 6-311+G(d) basis sets are similar.

C-PCM optimization of both tautomers and TS is per-
formed again at MP2/6-31+G(d) andMP2/6-311+G(d) levels.
In different solvents (CCl4, CHCl3, ethanol, water) the tauto-
meric form A is also found to be preferred. The polarity of the
solvent does not change the tautomeric equilibrium (Table 1).
The activation barrier is too low and the intramolecular proton

transfer reaction is very fast. That is why both tautomeric
forms coexist in solution.

The enols A and B which are stable structures in S0 can be
promoted to the singlet excited state through irradiation with
light. Figure 2 and Table 2 show the wavelengths for the
theoretically predicted maxima of absorption for A and B
assuming the Franck–Condon principle (no geometry relaxa-
tion in the excited state). The calculated absorption wave-
length of the S0→ S1 transition is calculated to appear at
373 nm and 417 nm in ethanol for tautomers A and B, respec-
tively (Table 2). The oscillator strengths for these transitions
(0.009 and 0.018 for A and B, Table 2) are not high, as
expected for a π-π* transitions. Within our theoretical
procedure we have found no evidence of the presence of
any low-lying excited state other than the (π,π*) state,
labeled S1 for both tautomers. The S1 (π,π*) state has a
HOMO–LUMO character (Table 3). The excitation of the
enol structures is not localized in a particular region of the
molecule as HOMO and LUMO are fully delocalized
along both rings. Thus, our theoretical results disregard
the role of (n,π*) excited states in the photophysical and
photochemical processes of CAID.

Analysis of the vertical excitations to higher excited states,
presented in Table 2, reveals that the next allowed transition
for tautomer A is S0→ S4 which has an oscillator strength one
order of magnitude higher the transition from S0 to S1. The
absorption wavelength of this transition is calculated to appear
at 249 nm, The oscillator strength for the S0→ S5 transition is
quite high (0.843). The next allowed transition for tautomer B
after S0→ S1 is the S0 → S3 one. The absorption wavelength
of this transition is calculated to appear at 308 nm and the
oscillator strength is 0.038.

For comparison with the theoretical prediction for the ab-
sorption spectra of the A and B tautomers, the UV-vis spectrum
of CAIDwas recorded in ethanol. The obtained spectrum in the
range 200–600 nm, presented on Fig. 3, shows several absorp-
tion bands in the UV region. A strong absorption band appears
at 275 nm. Low intensity absorption bands can be seen at
220 nm, 302 nm and 312 nm. The most intensive band at
275 nm is accompanied by a shoulder at 250 nm. The longest
wavelength peak is represented by a well-defined broad maxi-
mum at 375 nm. Experimentally obtained absorption spectra
and theoretically predicted transitions are in good agreement.

After photoexcitation to the S1 state, the Franck–Condon
excited state is relaxed to the minimum of the first excited state
S1 of each of the enol forms A and B. After that the molecule
may emit a photon and descent to the enol ground state S0. The
energy diagram of tautomerisation of CAID and the absorption-
emission processes related to the S1 energy level in accordance
with the theoretical investigations are shown on Fig. 4.

Data that can be extracted from the quantum chemical cal-
culations are the positions of the fluorescence bands. They
should correspond to the transitions from the minima of

Table 1 MP2 calculated Gibbs free energy differences and energy
barriers (kcal mol−1) for the two tautomers shown on Fig. 1, using
different basis sets. Tautomer A is more stable. Imaginary frequencies
are in cm−1

Computatuional level ΔG298 ν#

MP2/6-31G**a 0.18 1.44 1161.58i

MP2/6-311G** 0.18 0.42 1119.01i

MP2/6-31++G** 0.70 1.46 1139.87i

MP2/6-311++G** 0.27 1.16 1123.12i

MP2/6-31+G* 0.57 2.41 1291.11i

MP2/6-311+G* 0.21 3.83 1512.38i

MP2/cc-pVDZ 0.86 1.04 1074.42i

MP2/cc-pVTZ 0.78 0.86 1057.91i

MP2/aug-cc-pVDZ 0.78 1.42 1164.49i

MP2/aug-cc-pVTZ 0.84 0.90 1090.08i

MP2/6-31+G*

gas phase 0.57 2.41 1291.11i

CCl4 0.22 1.39 1261.59i

CHCl3 0.37 1.46 1257.52i

EtOH 0.26 1.23 1252.24i

water 0.59 1.46 1250.31i

MP2/6-311+G*

gas phase 0.21 3.83 1512.38i

CCl4 1.41 3.10 1497.56i

CHCl3 1.52 2.58 1500.39i

EtOH 0.77 3.17 1500.48i

Water 1.03 3.35 1498.96i

B3LYP/6-31+G* 1.25 1.96 1192.73i

B3LYP/6-311+G* 1.26 2.97 1353.12i

a From Ref. [3]
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Tautomer A

Wavelength, nm

 400 390 380 370 360 350 340 330 320 310 300 290 280 270 260 250 240 230 220 210 200

f

 1

 0.8

 0.6

 0.4

 0.2

 0

Tautomer B

Wavelength, nm

 420 400 380 360 340 320 300 280 260 240 220

f

 1

 0.8

 0.6

 0.4

 0.2

 0

Fig. 2 TD DFT B3LYP/6-31+
G(d) calculated electronic spectra
of the two tautomers of CAID in
ethanol. CPCM/MP2/6-31+G(d)
optimized geometry in ethanol
was used

Table 2 B3LYP/6-31+G* calculated electronic transitions (nm) and oscillator strengths of both tautomeric forms of CAID in different solvents using
MP2/6-31+G* calculated geometries

Tautomer Electronic transitions (oscillator strengths)

S0 → S1 S0 → S2 S0 → S3 S0 → S4 S0 → S5 S0 → S6

Tautomer A

Gas 360 (0.007) 353 (0.000) 308 (0.000) 289 (0.026) 275 (0.000) 264 (0.547)

CCl4 367 (0.010) 349 (0.000) 304 (0.000) 292 (0.038) 271 (0.804) 270 (0.007)

CHCl3 370 (0.009) 347 (0.000) 302 (0.000) 293 (0.023) 271 (0.845) 267 (0.002)

EtOH 373 (0.009) 346 (0.000) 301 (0.000) 294 (0.013) 270 (0.843) 265 (0.002)

Water 373 (0.008) 345 (0.000) 301 (0.000) 294 (0.011) 269 (0.834) 265 (0.004)

Tautomer B

Gas 407 (0.015) 378 (0.000) 308 (0.000) 300 (0.010) 293 (0.003) 251 (0.185)

CCl4 413 (0.021) 370 (0.000) 305 (0.031) 299 (0.000) 291 (0.004) 258 (0.883)

CHCl3 416 (0.020) 367 (0.000) 307 (0.037) 296 (0.000) 289 (0.004) 257 (0.881)

EtOH 417 (0.018) 365 (0.000) 308 (0.038) 293 (0.001) 287 (0.004) 257 (0.841)

Water 417 (0.017) 364 (0.000) 308 (0.037) 292 (0.001) 286 (0.004) 256 (0.830)
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A(B)* down to S0 again not allowing geometry relaxation in
S0. The maxima of fluorescence in that case are predicted at
530 nm for tautomer A and 617 nm at tautomer B which
values are in agreement with the experimentally measured
value of 520–525 nm only for tautomer A (Fig. 5).

For obtaining the value of fluorescence quantum yield, the
sample and the reference were excited at the same wavelength
(λex = 410 nm), maintaining nearly equal absorbance (0.08)
in ethanol. The determined value of fluorescence quantum
yield 0.78 in saline buffer is very high and is comparable to
the value 0.91 for the fluorescein, dye used as reference
fluorophor.

To determine the fluorescent properties of CAID, emission-
excitation spectra were investigated. The 3-D spectra are
shown at Fig. 5. Intensive fluorescence in a very wide spectral
range, from 330 to 600 nm, was observed. Fluorescence is off
or negligible in the range of excitation 280–310 nm (35,700–
32,250 cm−1) and increases significantly by excitation above
310 nm. In the range 310–335 nm the compound demon-
strates very broad fluorescence with a maximum of about
450 nm. At 330 nm (30,300 cm−1) the emission is very strong
and with quantum yields 2–3 times higher than at other
excitation wavelengths. By excitation above 340 up to
400 nm (29,400–25,000 cm−1) a splitting of signal, with
well-separated two fluorescent peaks at 450 nm and
520 nm was observed. Upon excitation above 400 nm
the intensity of the first peak decreases rapidly and a

small peak with energy gap of about 2920 cm−1, in com-
parison to the excitation wavelength, attended in emission
spectra up to 450 nm excitation together with a wide
emission peak at 520 nm. Our attention should be directed
to the very broad spectral range of fluorescence at 330 nm
excitation. Such a spectrum gives potential for the design
of white-light emitting materials on the basis of CAID
chromophores. White-light emitters on the basis of ESIPT
chromophores have been proposed in [9, 32].

We may note that in the emission spectra was observed a
very sensible dependence of the intensity of scattered signal
on excitation wavelength. This suggests a significant role of
resonance light scattering from the investigated compound.
For this reason the solutions of CAID in ethanol, PBS and
DMSO were investigated in synchronic mode of changing
of excitation and emission wavelength on the fluorimeter.
On Fig. 6 are shown the observed fluorescence signals when
the excitation and emission wavelengths were synchronously
changed in the range 200–750 nm with constant differences
between them – d, equal respectively to 0, 5, 10, 25, 50
and 70 nm. The results obtained by d = 0 correspond to
the case of resonance light-scattering (RLS). The observed
intensity of signal IOB in such conditions may be presented
as a superposition of intensities of fluorescence IF and
scattering signals IS and the level of this signal in case
of CAID excitation is several time more than fluorescence
intensity value at other conditions.

Table 3 B3LYP/6-31+G(d) calculated transition energies (λcalc), oscillator strengths (f) and frontier orbitals of tautomers A and B of 1,3-dioxo-2-
indancarboxamide in ethanol

Transition Excitation λcalc. (nm) f

Tautomer A

S S0 1 HOMO (49)      LUMO (50)    (97.3 %)  373 0.009

HOMO LUMO

Tautomer B

S0  S1 HOMO (49)       LUMO (50)    (97.4 %)     417 0.018

HOMO LUMO
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Because of linear dependence of IF on absorbance, we
assume that IOB is proportional to the cross section of
absorption and scattering [33, 34]. The one of reasons
for applying the technique of RLS in compound investi-
gations is that the absorption and scattering cross sections
depends on particle size in very different ways. In accor-
dance with [33, 34] for particles with size small compared
to the wavelength λ, the absorbance is proportional to 1/λ
and scattering – to V/λ, where V is particle volume. Thus,
the above consideration leads to the conclusion that larger
particles present in the observed signal as a higher scat-
tering and the results obtained at such condition should be
useful for particle size dependent experiments, for example
where aggregation processes occurs.

As it is shown on Fig. 6 the results obtained under condi-
tion for RLS (at d = 0) are very different in comparison with
fluorescence spectra obtained at d ≠ 0 and at fixed excitation
(Fig. 5b). The observed fluorescence does not be explained
only with the contribution of scattering, because of existing of
well-defined peaks at several wavelengths. For explain the
results it is necessary of additional experiments, which are
not object of this investigation.

For fluorescent probes with application in biological ob-
jects, the position of the excitation and emission bands in
comparison to those of the investigated objects is very impor-
tant. For example, for most proteins the intrinsic protein fluo-
rescence originates from the aromatic amino acids (natural
fluorophores) tyrosine, tryptophan and phenylalanine with
the maximum of excitation bands respectively 275, 295 and
260 nm. The emission maximums are respectively 304, 353
and 282 nm. There is currently interest in the emission from
intrinsic fluorophores from tissues and from fluorophores that
are also not enzyme cofactors such as nicotinamide adenine

Fig. 3 UV-vis absorption spectra of CAID in ethanol (5×10−6 M):
sunlight exposure (a) and UV lamp exposure (b)

A (FC) B (FC)

S1 S1

S1 S1

Fl Abs Abs Fl

TS

S0 S0

A B

Fig. 4 Energy diagram of
tautomerization for CAID and
absorption emission processes
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dinucleotide (NADH) with excitation and emission respec-
tively at 450 and 525 nm [35, 36].

An excitation spectrum for the investigated compound is
shown on Fig. 7. The excitation spectra for two emission
wavelengths – 450 and 520 nm, corresponding to the obtained
maxima оn emission spectra, are presented. Both emission
wavelengths are of high intensity upon excitation in the range
230–250 nm, and correspond to the transitions S0 → S6
and S0 → S7 (Table 2). A very weak emission is observed
in the spectrum upon excitation between 280 and 300 nm.
For the first emission wavelength in the range 320–400 nm a
very broad and intensive excitation band is observed. This band
should be fitted with four exponents with R2 = 0.997 and with
peaks at 326, 337, 356 and 382 nm, respectively. Essentially
wide, but not so strong excitation bandwas observed for second
fluorescence peak at 520 nm. The fitting procedure gives peaks
at 325, 333, 356 and 418 nm with the same R2 value. Upon
comparison of these values with theoretically calculated ones
for S0 → S1, S0 → S2 and S0 → S3 transitions (Table 2), it is
evident that there are significant differences.

The obtained differences suggest that one of the possibili-
ties for such fluorescence behavior should be associated with

ESIPT. For verification of this assumption the fluorescence
lifetime and fluorescence decay behavior at three wavelengths
for fluorescence spectra upon excitation with 365 nm and
50 ps long light pulses from a diode laser were investigated.
Time resolution of the registration system was evaluated at
approximately 82 ps. The fluorescence intensity decay curves
at 420, 450 and 520 nm, the wavelengths corresponding to the
observed maxima in the fluorescent spectra of CAID are
shown on Fig. 8. The decay curves at 420 and 450 nm have
bi-exponential character with fast and slow components re-
spectively in the pico- and nanosecond range. The contribu-
tion of the shorter lifetime component for both wavelengths
according to expression (2) is less than 5 %. The obtained
lifetimes are close to each other and eventually every one
corresponds to one of the two excited tautomeric forms. The
value of the standard deviation of χ2 factor (CHISQ) obtained
by both fittings procedures in TCSPC measurements is very
near to 1, which is one of the conditions for correct determi-
nation of fluorescence lifetime values. The presence of two
fluorescence lifetimes in the expression for CAID at 420 and
450 nm could be explained with the help of two or three
assumptions. The first suggests that such behavior is due to
the formation of aggregates which are non-fluorescent, but
which can quench the monomer forms [37], resulting in ob-
servation of quenched (fast component) and unquenched life-
times. Because this takes place in a time interval in which
excitation is Bon^ this suggestion for the fast components
should be associated also with ESIPT phenomena of enol
and keto forms of CAID tautomer because ESIPT process
should be more probable in the presence of excitation and
therefore fast decay predominantly takes place only in the

Fig. 6 Emission spectra in ethanol obtained for CAID by Bsynchro^
experiments with shift between excitation and emission wavelengths
respectively 0, 5, 10, 25, 50 and 70 nm

Fig. 5 3D excitation-emission spectra of CAID in ethanol (a) and
fluorescence at different excitation wavelengths (b)
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presence of an excitation field which stimulates electrostatic
interactions as an origin for aggregation processes.

A different fluorescence decay behavior can be observed at
520 nm. All experiments show that the decay is different from
monoexponential. The obtained fluorescence lifetime is by
about 2 ns less than the lifetime for others wavelengths. The
fitting procedures for bi- and three-exponential decay curves
are with results for the CHISQ factor of about 0.5. The lifetime
for the fast decay component is about 230 ps and it is two
times less than the same component for 420 and 450 nm. The

contribution of the fast decay in the expression of the fluores-
cence decay curve is about 3.5 %. It may by suggested that in
the excited state the two tautomeric forms of CAID are in
equilibrium and the quenching process is faster, because it
can be associated with ESIPT in two directions – from tauto-
mer A* to tautomer B* and reverse. When the fluorescence
lifetime decay is fitted with three exponential decay curves,
the CHISQ factor is the same, but a very fast component with
duration 13 ± 7 ps and contribution of about 0.5 % exists
in the expression but this is over the limit for time reso-
lution of the system. Such results may be associated with
the time for proton transfer, corresponding to the results
obtained in [38] where the measured time for proton trans-
fer for one of conformation form of investigated Schiff
base compounds is 10 ps.

Chou et al. [32] proposed that in the case of two exponen-
tial decay fluorescence curves described fluorescence life time
of a tautomer compound, the faster dynamics component
of population changes be assigned to an ESIPT process.
The slower decay component of the fluorescence was at-
tributed to the population decay from the excited state
through radiative and non-radiative processes. If we as-
sume such a suggestion, because of significant differences
in faster dynamics parts of fluorescence decay of 240, 570
and 700 ps corresponding to the transitions at 520, 420
and 450 nm respectively it can be concluded that there are

Fig. 7 Excitation spectra for two different emission wavelengths for
CAID

Fig. 8 Fluorescence decay
curves for three different
wavelengths and excitation at
365 nm
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two different ways for proton transfer for the excited state
of CAID. The first one is from A* to B* tautomeric form
and the second way probably should be associated with
proton transfer from the amino group to the oxygen atom
on the indanedione moiety. For a more detailed explana-
tion how the observed curves are associated to the energy
diagram for tautomeric form of CAID (Fig. 4, Table 2) it
is necessary to obtain the time dependence for transient
absorption related to the above fluorescence wavelengths.
The suggestion that at this excitation it is possible to observe
transient behavior of excited state population and respectively
fluorescence decay curves is confirmed also from the delay of
fluorescence intensity maximum to the maximum of excita-
tion. For 520 nm it is about 100 ps, for 420 nm delay it is
150 ps and for 450 nm – about 200 ps.

The fluorescent properties of conjugation between CAID
and HSA and CAID with DNA sequences were studied for
evaluation of the possibility for applying of CAID as a fluo-
rescent probe in biological investigations. The CAID fluores-
cence behavior at constant concentration of the compound as a
function of excitation wavelength and concentration of HSA
is shown on Fig. 9. The observed fluorescence from 25 μMof

CAID in saline phosphate buffer (pH = 7.4) at room temper-
ature is very weak upon excitation at 330 nm or near zero
upon excitation at 280 nm because of poor solubility in water.
The measurements of protein and CAID binding properties
were made after adding consecutively in solution a small
quantity of HSA and keeping mixture for 5 min before run-
ning of the fluorescent spectra. The obtained spectra are
shown on Fig. 9a,b. The excitation wavelengths 280 nm and
330 nm were chosen with regards to maxima of absorption of
HSA and CAID, respectively. Upon excitation with 280 nm in
the present fluorescent spectra, intensive HSA fluorescence
with a maximum at 330 nm was observed. The intensity of
this fluorescence increases with increasing concentration of
HSA. A very wide fluorescence associated with CAID was
observed. It may be remarked that around 520 nm the fluores-
cence intensity is not be influenced by the concentration of
added HSA, while at all spectral range such an influence was
observed. Two local peeks at 595 nm and at 620 nm (shown
on Fig. 9a) which are not observed in normal fluorescence
spectra of CAID (Fig. 5a,b) can be detected. The second one
should be associated with the theoretical predicted fluores-
cence of tautomer B. The fluorescence of CAID at 280 nm

Fig. 9 The fluorescence intensity
of CAID depending on
concentration of HSA at two
excitation wavelengths: 280 nm
(a), 330 nm (b) and determining
of HSA concentration (c) with the
help of CAID-HSA mixture
fluorescence (* -real HSA
concentration)
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excitation could be explained with Förster resonance energy
transfer (FRET) because of overlapping of emission spectra of
HSAwith absorption spectra of CAID. As reported in [39] in
the case of labeling of bovine serum albumin (BSA) with
benzoazoles, which relax by an ESIPT mechanism, the au-
thors refer to the fact, that there are many residues in BSA
which may be available as potential sites for binding. In our
case, after adding of HSA in solution, concerning the ob-
served fluorescence it may be proposed that CAID effectively
binds to such sites. The strong emission from HSA at 330 nm
in result of absorbed from HSA excitation at 280 nm, effec-
tively excite the CAID probe through both mechanisms: (i)
absorption of emitted light from non-bound CAID molecules
and (ii) FRET for bound molecules. The fluorescence spectra
obtained by titration of constant concentration of HSA with
different concentrations of CAID (not shown) demonstrated
that investigated compound significantly quenched HSA fluo-
rescence at 330 nm. The nonlinear character of dependence of
fluorescence intensities of CAID and HSA on HSA concen-
tration (Fig. 9c, curve for emission at 330 nm) clear demon-
strate the limitation for use as molecular probes of fluorescent
compounds in which the excitation is achieved through the
FRET mechanism. As a result of several photophysical pro-
cesses which take place in various interactions of photons with
the investigated matter, the nonlinearities at higher concentra-
tion are intrinsic according to the observed results.

When the solutions with different concentration of HSA
were excited at 330 nm (Fig. 9b), the fluorescent spectra
showed that there is direct excitation of the CAID molecules.
This is also confirmed from the linear dependence of CAID
fluorescence intensity on HSA concentration (Fig. 9c, curve
for emission at 450 nm). Probably this means that in case of
HSA labeling with CAID molecules there is one binding site
for interaction of HSAwith CAID. This behavior gives possi-
bilities to use CAID as probe for determination of concentra-
tion of such proteins and the wide absorption spectra of CAID
permit to find an excitation spectra range in which FRET
should be disappearing.

The possibility of CAID to bind to DNA sequences (DNAs)
is demonstrated on the basis of the fluorescence measurements
(Fig. 10). In this case 12-mer double stranded DNA (dsDNA)
labeled with fluorescent dye carboxytetramethylrhodamine
(TAMRA) at 5-position (Fig. 10a) was used as target for ver-
ification capabilities for DNA labeling with CAID. In TRIS
(trishydroxymethyl aminomethane) based buffer, first were
added CAID to obtain concentration 10 μM and after 5 min
the two different fluorescent spectra were recorded – first at
several fixed excitation wavelengths and second using “syn-
chro” excitation technique with zero difference between exci-
tation and emission wavelengths. After adding to the solution
of the DNA sequences, labeled with TAMRA (one of many
rhodamine derivatives used for labeling purposes) and keeping
the above procedure, the fluorescence spectra for CAID at

different concentration of DNAs were registered. In case of
Bsynchro^ experiments, the spectra are the same as those
shown on Fig. 6 for d = 0, and they are sensitive to the DNAs
concentration. The shape of the fluorescence curve is smoother
when DNAs and CAID are present in solution in comparison
with fluorescence curve for solution only with CAID. The
sensitivity of labeling of DNA sequences with CAID to the
concentration of DNAs is demonstrated on Fig. 10a upon ex-
citation at 330 nm. The obtained results indicate that small
changes in the concentration of DNA can be detected. In the
same time it was observed significant shift (16–17 nm) of
fluorescence maxima of CAID to the shorter wavelengths in
the presence of DNA. The shift value is independent of DNA
concentration and this may be explained with eventual forming
of hydrogen bond between CAID and DNA parts.

The ratios between fluorescent signals from both fluores-
cent probes – TAMRA and CAID upon excitation at different
wavelengths are shown on Fig. 10b. Only upon excitation
with wavelengths longer than 525 nm the fluorescence signal
from TAMRA probe presence in spectra and it is higher
than that one from CAID. On the basis of these results
for concentration and excitation wavelength dependence
observed at CAID-DNA fluorescent spectra and chemi-
cal structure of CAID could be proposed as molecular
probe for DNA sequences alone or in combination with
another molecular probe.

The photostability properties of fluorescent probes are very
important for fluorescence spectroscopic investigation. From
this point of view the photostability properties of CAID as a

Fig. 10 Emission spectra for DNA sequences labeled with CAID and
rhodamine at different excitation wavelengths
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solution in ethanol (5×10−6 M) was studied by following the
absorbance during natural light irradiation at noon of a hot
summer day (July, 21st, 2011) (Fig. 3a). The recorded absorp-
tion spectra suggested relatively high photostability within 3 h
irradiation period. In case of sun light the strongest peak at
275 nm decreases after the first hour by 9 % and stays stable
until the end of the irradiation time.

The photostability behavior of CAID in ethanol solution
slightly differs during UV lamp irradiation (Fig. 3b). The band
with a maximum at 375 nm has approximately the same in-
tensity and drops negligible after 3 h UV irradiation. During
the two irradiation conditions (sun light and UV lamp) the
broad shaped wavelength at 375 nm appears stable showing
one of the same absorption intensities. Therefore, on the basis
of the observed insignificant photobleaching effect of the
CAID molecule upon irradiation and the fact that excess en-
ergy is dissipated by emission of higher wavelengths without
photochemical decomposition of the molecule. Such behavior
of the investigated compound supposes possibilities for using
of the CAID molecule also as photoprotector of human skin
because of strong absorption in UVA, UVB and UVC light
spectra and dominantly dissipating of absorbed energy subse-
quently by non-radiation transitions or by radiation in visible
spectrum above 420 nm.

Conclusion

The chemical structure of 2-carbamido-1,3-indandione sup-
pose that CAID could be act as a proton donor in hydrogen
bonding interactions. Such possibility, the suitable spectral
ranges of absorption and fluorescence, and the high fluores-
cence quantum yield are advantages of this compound for
probing biomolecules of high importance for biology and
medicine, as well as for use in sunscreens.
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