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et al. reported the synthesis of furo[2,3-b]pyridine deriva-
tives of new 4-aryl-2-(2-oxopropoxy)-6-(2,5-dichlorothio-
phene) nicotinonitrile as potent antioxidant agents [7]. The 
basic compound of these derivatives is 1-(3-Amino-6-(2,5-
dichlorothiophen-3-yl)-4-phenylfuro[2,3-b]pyridin-2-yl) 
ethenone (FP1) (Fig. 1), and other derivatives were obtained 
by changing the phenyl group at position 4 with different 
aryl derivatives. Therefore, understanding the photophysi-
cal properties of FP1 may present a step ahead in under-
standing the excited state properties of these furo[2,3-b]
pyridine compounds.

Although the 4-substituted furo[2,3-b]pyridine dyes 
(polymethine dyes) were synthesized by Abramenko et al. 
in the seventies of the previous century [8], the exploration 
of the photophysical properties of the furo[2,3-b]pyridine 
derivatives is still at its minimum. Furo[2,3-b]pyridine ring 
moiety is a combination of π-electron rich furan ring and a 
π-electron deficient pyridine ring [9], therefore, its deriva-
tives are expected to show photo-illumination activities. 

Introduction

The heterocyclic furo[2,3-b]pyridine moiety is increas-
ingly attracting interest as an important scaffold for many 
biologically and pharmacologically active compounds. 
Many of the reported furo[2,3-b]pyridine chemical enti-
ties showed unique biological activities as kinase inhibitors 
and exhibited promising pharmacological activity as anti-
cancer and anti-microbial agents [1–6]. Recently, Al-Refai 
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However, only few fluorescence and phosphorescence arti-
cles based on furo[2,3-b]pyridine derivatives are reported 
[10–12].

In this work, the photophysical properties of FP1 are 
investigated, in order to understand the excited state proper-
ties of these furo[2,3-b]pyridine compounds. This includes 
experimental and computational investigations of solva-
tochromism, H-bonding effects on fluorescence emission 
spectra of FP1 and evaluation of excited state dissociation 
constant pKa

∗ .

Experimental

Materials and Experimental Procedures

Compound FP1 was synthesized, and characterized by 
1 H-NMR, in accordance with the reported method [7] and 
used without any further purification and all other chemicals 
were Sigma-Aldrich analytical grade reagents. Aqueous 
solutions were prepared using spectroscopic grade water 
purchased from Merck and used as received. Solutions for 
spectroscopic measurements contained a fixed concentra-
tion of FP1 (1.33 × 10− 5 mol dm− 3). The ground and excited 
state acid dissociation constants of FP1 were determined 
through analysis of absorption and fluorescence emission 
pH profiles. Solutions of pH profiles were aqueous 0.1 mol 
L− 1 phosphate buffer solutions within the pH range of 1–13. 
All fluorescence measurements were made according to a 
previously described method [13]. 1  H-NMR spectrum of 
FP1 was obtained in a mixture of H2O:DMSO-d6 (5:95 by 
volume) at 25 °C for H-bonding investigations.

An exponential growth or decay process was expressed 
in mathematical terms R(t)

R (t) =
∑

Biexp(− t

τi
)� (1)

Where R(t) is the sample decay model. R(t) is a theoretical 
expression for the response of the sample to an infinitely 
short excitation. Bi  are amplitudes and τi  are the life-
times. The fluorescence lifetime was obtained through the 
analysis of the sample decay model. Fluorescence decay 
was acquired to 104 counts in the peak. The decays were 
repeated at least three times and fitted according to Eq. 1. 
Decay curves were analyzed by using single or double 
exponentials. The goodness of the individual fits was judged 
by the magnitude of χ2 and the shape of the autocorrelation 
function of the weighted residuals.

Instruments

The UV–visible absorption measurements were made using 
a Specord, S-600 diode array spectrophotometer. Emission 
spectra were collected using the FL 900 S spectrofluorom-
eter from Edinburg Analytical Instruments equipped with 
time correlated single photon counting on FL-900CD, with 
the excitation provided by a nanosecond nF900 flash lamp 
filled with H2 at 0.4 bars, and operating at 40 kHz, with 6 
KV applied across a 1 mm electrode gap.

1  H-NMR spectrum of FP1 was obtained on a Bruker 
[ultra-shield 300 MHz] spectrometer and chemical shifts (δ) 
expressed in ppm were measured with reference to TMS.

Molecular Mechanics Calculations

Molecular mechanics (MM) studies were performed in 
vacuum and in water to predict the formation of intramo-
lecular H-bonding within FP1 molecules and intermolecu-
lar H-bonding between two FP1 molecules (dimer) utilizing 
Hyperchem® software (Release 8.06, Hypercube, Inc. 
USA). The force fields Amber94, enhanced MM, BIO+ 
(CHARMM) and OPLS method were used in the calcula-
tions of hydrogen-bonded interactions, while partial atomic 
charges were obtained by performing AM1 semi-empirical 
calculations. Aqueous solvation effects were also achieved 
by using the Polak-Rebiere algorithm (PR), which rapidly 
packs solvents molecules around the solute. Initially, energy 
minimizations were obtained using the Polak-Rebiere algo-
rithm (0.1  kcal/mol.A) gradient. FP1 was built up from 
natural bond angles, as defined in this software, and struc-
tures were then minimized with the MM, Amber, BIO+ 
(CHARMM) and OPLS force field, the resulting structure 
was further optimized at the HF-ab initio level with the 
3-21G basis set (310 basis functions were used with 507 
primitive Gaussians). In addition, Density Functional The-
ory and time dependent Density functional theory (TDDFT) 

Fig. 1  Structure of FP1: 1-(3-Amino-6-(2,5-dichlorothiophen-3-yl)-
4-phenylfuro[2,3-b]pyridin-2-yl) ethenone
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methods were further used to provide an insight into the 
ground and excited states of FP1 in vacuum and in water. 
The structure of FP1 was optimized at the level of theory 
B3LYP using 6–31(g) basis set. The single point energies 
along with UV-vis absorptions were determined at the same 
level of theory with higher basis set of 6-311G (2d,p) [14]. 
The solvation model used in the single point energy calcula-
tions of the gas phase (ground and excited states) was the 
self-consistent reaction field (SCRF) with integral equation 
formalism polarizable continuum model (IEPCM). All DFT 
calculations were conducted using G16 (Linux) through 
input files prepared by GV6 software [15, 16].

Results and Discussion

Spectroscopic and Photophysical Characteristics of 
Compound FP1

The UV-visible spectra of FP1 in selected solvents of differ-
ent polarities are shown in Fig. 2. The characteristic absorp-
tion bands in the region 250 to 390  nm, are attributed to 
π → π∗  and n → π∗  transitions within the furo-pyridine 
portion, which are in a good agreement with the reported 
literature on similar fragments (Fig. 2) [11, 17, 18]. Absorp-
tion bands at about 280 and 340 nm can be assigned to the 
phenyl-furo[2,3-b]pyridine moiety, while the shoulder at 
about 385 nm is believed to be induced by an intramolecular 
H-bonding between the amino hydrogens and the carbonyl 
oxygen in FP1. The position of the absorption bands does 
not show any clear relation to solvent polarity, except with 
water, where dramatic changes are observed. The fluores-
cence emission spectrum of FP1 contains only one charac-
teristic band at 480 nm (in hexane) and shifts progressively 
to longer wavelengths (red shifts) with increasing solvent 
polarity (Table 1).

Ground-state acid dissociation constant of FP1 was deter-
mined through analysis of the absorbance-pH profile, Fig. 3, 
with pKa  taken equal to the pH value at the inflection point 
of the sigmoidal curve of the absorbance at λ = 350  nm 
against pH values. Results reveal that pKa  = 4.7 ± 0.2 (R2 = 
0.95), which can be assigned to the pyridine nitrogen of the 
furo-pyridine fragment of FP1 [11]. The excited state acid 
dissociation constant, pKa

∗ , is determined through fitting 
of the experimental emission intensity-pH profile which 
reveals that pKa

∗  = 3.9 ± 0.2 (R2 = 0.99). ), Fig. 3a. More-
over, the increased excited state acidity is also ascertained 
through Förster cycle analysis utilizing the Eqs. [19, 20]:

pKa
∗ − pKa = 0.0021(

−
νB − −

νHB+)� (2)

where the wavenumbers −νB  and −νHB+ corresponding to the 
0–0 transitions of the basic and acidic forms of FP1 and usu-
ally estimated through the equation [21]:

Fig. 2   A) Absorption bands of 1.33 × 10− 5 mol/L FP1 in diethyl ether, 
THF, methanol and water at 25 °C. B) Change of position of normal-
ized emission bands of FP1 with polarity of solvents. C) Change of 
Fluorescence intensity of FP1 with polarity of solvents. λex= 370 nm

 

Table 1  Solvent parameters and spectral data of FP1 in different solvents at 25°C.
Solvent εa na λ1 λ2 λ3 λem

Water 78.36 1.333 293 354 - 535
Methanol 32.66 1.327 279 340 384 520
Ethanol 24.55 1.359 280 341 387 510
Butanol 17.51 1.397 281 343 386 505
Acetonitrile 35.94 1.341 279 338 383 515
Dichloromethane 8.93 1.421 280 345 383 500
THF 7.58 1.405 282 340 387 510
Ethyl acetate 6.02 1.370 280 338 383 510
Chloroform 4.89 1.442 282 345 386 495
Diethyl ether 4.20 1.350 282 336 385 490
Cyclohexane 2.02 1.424 282 342 386 485
n-Hexane 1.88 1.372 282 342 386 480
a Properties of Solvents [27].
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solvents show an obvious red shift of the emission band 
from 480 to 520 nm with increasing polarity in accordance 
with the expected solvatochromic effect (Fig. 2; Table 1). In 
water, the emission band of FP1 is shifted to 535 nm with a 
diminished intensity of the fluorescence emission.

Investigation of the changes in ground state and excited 
state dipole moments upon excitation, can provide useful 
information about their corresponding electronic distribu-
tion. Moreover, solvatochromic data can provide infor-
mation about the involved electronic transitions, namely, 
π → π∗  or n → π∗ . The change of dipole moment of FP1 
upon excitation can be estimated through the Lippert-
Mataga Eqs. [21–26],

−
νa −

−
νf =

[
2

hca3
(µe − µg)

2

]
∆f + constant � (4)

where −νa −
−
νf  is the stokes shifts, µe − µg  is the charge 

transfer dipole moment of FP1, a  is the Onsager radius of 
solute molecule (radius of solvent cavity), h is Blank’s con-
stant, c is speed of light in vacuum, and ∆f  is the orienta-
tion polarizability of the solvent, defined by

∆f =
ε− 1

2ε + 1
− n2 − 1

2n2 + 1
� (5)

where ε and n are the dielectric constant and refractive index 
of solvents respectively [27]. The calculated orientation 
polarizability and stokes shifts (in cm− 1) of FP1 in different 
solvents are shown in Table 2 .

Solvatochromic effect can be evaluated by plotting 
−
νa −

−
νf  (stokes shifts) vs. ∆f  for various solvents of dif-

ferent polarities (Lippert’s plot), which should show linear 
trend, if H-bonding is not significant. Data in Fig. 4 clearly 
shows that solvents polarities are linearly related to stokes 
shifts (R2 = 0.83) with positive slope indicating an increase 
of dipole moment of FP1 upon excitation, i.e. ( µe − µg ) is 
positive, and a corresponding efficient intramolecular charge 
transfer (ICT) (Fig. 4). Consequently, this linear correlation 
shows that the microenvironment of FP1 has an important 

−
ν00 =

−
ν
max

abs +
−
ν
max

em

2
� (3)

According to Förster cycle analysis, the calculated pKa
∗  

value is found to be 3.9 ± 0.2, which confirms that FP1 is 
more acidic in the excited state as reflected by the red shift 
of the emission band of the basic form (λem = 560 nm at 
pH > 5) relative to the acidic form of FP1 (λem = 536 nm 
at pH < 2.5). This shows that, in the excited state, nitrogen 
of furo[2,3-b]pyridine moiety is less basic indicating that 
nitrogen lone pair is presumably involved in the intramo-
lecular charge transfer.

Solvatochromic Effects

Inspection of the absorption spectra of FP1 in nonpolar, 
aprotic polar, and protic polar solvents (except water), 
shows that the position of the absorption bands does not 
show any clear relation to solvent polarity. In water, the 
absorption bands of FP1 at about 280 nm (λ1) and 340 nm 
(λ2) are noticeably red shifted to 293 and 354 nm respec-
tively. The absorption band (shoulder) at about 385  nm 
disappears completely as a result, presumably, of strong 
H-bonding (Fig.  2). Emission spectra of FP1 in different 

Table 2  Solvatochromic data of FP1 (in cm− 1) and the calculated orientation polarizability of different solvents at 25 °C
Solvent −

ν1
−
νe ∆

−
ν (

−
ν1 −

−
νe) ∆f

Ethanol 35714 19417 16297 0.290
Butanol 35587 19608 15979 0.264
Acetonitrile 35842 19608 16234 0.305
Dichloromethane 35714 20000 15714 0.218
THF 35461 19608 15853 0.210
Ethyl acetate 35714 19802 15912 0.201
Chloroform 35461 20202 15259 0.149
Diethyl ether 35461 20202 15259 0.163
Cyclohexane 35461 20619 14842 0.000
Hexane 35461 20619 14842 0.000

Fig. 3  (a) Emission pH profile of FP1. λexcitation = 370 nm. pH 1, 7.5 
and 10 are highlighted (b) Sigmoidal fitting of Emission-pH profile of 
FP1. (c) Sigmoidal fitting of absorption-pH profile of FP1. Absorbance 
measured at λ = 350 nm
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of the amino group protons appears as a splitted singlet at 
about 5.1 ppm [7]. This downfield chemical shift of the 
amino group protons and the splitted singlet clearly con-
firms this intramolecular H-bonding. The existence of inter-
molecular H-bonding between the amino hydrogens and the 
carbonyl oxygen on two different FP1 moieties cannot also 
be excluded, forming a sort of non-bonded dimer. More-
over, protic polar solvents, like alcohols, can form H-bond-
ing to Hydrogen Bond Acceptor (HBA) groups in FP1 like 
the pyridine nitrogen and the carbonyl oxygen in addition 
to the existing intramolecular H-bonding. Enhanced intra-
molecular charge transfer (ICT) with increasing the polarity 
of the solvents in addition to the intramolecular and inter-
molecular H-bonding causes the progressively red shift of 
the fluorescence emission band from 480 nm (in hexane) to 
520 nm (in methanol) (Fig. 2) [11, 30–34].

Water can break the intramolecular H-bonding and form 
strong intermolecular H-bonding with FP1 [11]. This effect 
of water is confirmed through the 1H-NMR spectrum of 

impact on its spectral properties. These solvatochromic data 
indicate that a bathochromic shift is observed with increas-
ing polarity of the solvents, confirming a π → π∗  transition 
[25, 26]. It should be pointed out that water and methanol 
are not included in the Lippert’s plot, because of the strong 
H-bonding they can form according to their large Camlet-
Taft parameter, α, of the protic solvents [28, 29]. Lippert-
Mataga model, is based mainly on dipole-dipole interactions 
and H-bonding can deviate their corresponding plots from 
linearity.

H-bonding Effects

In nonpolar solvents and aprotic polar solvents, FP1 may 
form intramolecular H-bonding between the amino hydro-
gens and the carbonyl oxygen, therefore, existing in two 
conformers (FP1-a and FP1-b) under equilibrium, Scheme. 
1 in accordance with reported literature [11]. The reported 
1 H-NMR of FP1 in CDCl3 shows that the chemical shift 

Fig. 4  Lippert’s plot of FP1 in 
different solvents
 

Scheme 1 
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experiments are performed where the absorption and emis-
sion spectra of FP1 are obtained in methanol with gradual 
addition of water (0–80%) (Fig.  6). Inspection of Fig.  6 
clearly shows the gradual red shift of FP1 absorption bands 
and the gradual quenching of the emission intensity upon 
the addition of water and complete disappearance of the 
absorption band at 385 nm in 80% water/methanol solution. 
FP1 has two HBA groups, namely, the conjugated carbonyl-
amine moiety and the pyridine moiety. Therefore, FP1 is 
expected to form noticeable H-bonding with protic solvents. 
However, we believe that the structure of conjugated car-
bonyl-amine moiety with the separated charges, Scheme. 2,  

FP1, obtained in H2O:DMSO-d6 (5:95 by volume), that 
shows a downfield chemical shift displacement of the sin-
glet of the amino group protons from 5.1 ppm, in CDCl3, to 
5.8 ppm. Moreover, the splitted singlet, in CDCl3, changed 
into a symmetrical singlet, in H2O:DMSO-d6 mixture, 
(Fig. 5) indicating the formation of a stronger intermolecu-
lar H-bonding of FP1 with water and DMSO. As another 
evident of claim, is the disappearance of the shoulder at 
about 385 nm in the absorption spectrum of FP1 in water, 
and the large red shift and large depletion of intensity of 
the emission band relative to polar aprotic or protic solvents 
(Fig. 2). In order to confirm these effects of water, further 

Fig. 5  1 H-NMR spectrum of FP1 obtained in DMSO-d6 at 25 °C. H2O

 

Scheme 2 
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energy of FP1 and the reported Camlet-Taft parameter, α, 
of the protic solvents [28, 33] (Fig. 7). The negative slope 
of the linear correlation indicates the lowering of the emis-
sion energy, as reflected by increasing of the red shift of the 
emission band of FP1, with increasing the Hydrogen Bond 
Donor (HBD), or acidity, character, α, of the protic solvents. 
The behavior of FP1 as a H-bond doner in the excited state 
is also investigated through plotting the emission energy 
of FP1 against the reported Camlet-Taft HBA or basicity 
character, β, for many protic and aprotic polar solvents [29]. 
However, no adequate correlation is obtained, confirm-
ing the assumption that FP1 behaves mainly as a H-bond 
acceptor.

can form stronger and more stabilized H-bonding with 
water, structure FP1-c. Interestingly, a similar structure is 
proposed for coumarin derivative in the excited state to 
explain the observed red shifts in polar protic solvents [28]. 
Structure FP1-c interrupts the conjugated aromatic system 
of the furo-pyridine portion as the chromophore is mainly 
located on the furo[2,3-b]pyridine moiety [11]. Such inter-
ruption, in addition to other H-bonding effects of water, 
leads to the disappearance of the absorption band at 385 nm 
and diminishes the intensity of fluorescence emission of 
FP1 (Fig. 2).

The assumption of excited state stabilization by H-bond-
ing is confirmed by the linear correlation of the emission 

Fig. 7  Correlation of the emission 
maxima of FP1 (in cm− 1) with 
the reported Camlet-Taft param-
eter, α, of the protic solvents [28]

 

Fig. 6  Change of absorption and emission spectra of FP1in methanol upon gradual addition of water at 25 °C
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Table 3  Average fluorescence lifetimes (ns) and χ2 values of compound FP1 in selected solvents of different polarities (λex= 370 nm and λem
= 520 nm)
Solvent τ1

(ns)
B1 τ2

ns
B2 Average Lifetime <τ> (ns) χ2 Relative concentration of the second component (C2)

Diethyl ether 8.37 32,045 46.911 110 9.098 1.012 0.00342
Chloroform 7.494 39,056 45.122 130 8.233 0.922 0.00332
Acetonitrile 7.756 23,162 43.653 96 8.574 0.899 0.00413
Ethyl acetate 7.762 26,481 42.598 120 8.607 1.203 0.04335
Methanol 5.261 17,838 42.051 58 6.193 1.321 0.00324
Water 3.901 1545 - - - 0.992 -

B is the Pre-exponential Factor. < τ >=
B1τ

2
1+B2τ

2
2

B1τ1+B2τ2
 and C2 =

B2
B1+B2

Fig. 8  Decay of fluorescence emission with time in selected solvents of different polarities
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furo[2,3-b]pyridine moiety has been changed, confirming 
our assumption (Scheme 2).

Finally, inspection of spectral results shows that FP1 in 
methanol exhibited relatively lower intensity of fluorescence 
emission and larger red shifts than in other solvents (Fig. 2). 
The lifetime in methanol is found to be 6.1 ns, which is also 
lower than lifetimes in other solvents but higher than that 
in water. These results indicate that methanol can make 
noticeable H-bonding with FP1, however, cannot interrupt 
its furo[2,3-b]pyridine moiety.

Molecular Modeling Results

Molecular mechanics calculations, in vacuum, revealed that 
FP1 can make stable intramolecular H-bonding between 
the amino hydrogens and the carbonyl oxygen or intermo-
lecular H-bonding between the amino hydrogens and the 
carbonyl oxygen on different molecules forming a type of 
non-bonded dimer (Fig. 9). However, minimized structures 

Time-resolved fluorescence measurements carried out for 
compound FP1 in different solvents, show that, excluding 
water, the fluorescence decays at 520 nm are satisfactorily 
fitted to double exponential functions with average lifetimes 
of about 9.1–8.1 ns with a satisfactorily χ2 values of 0.9–1.3 
(Table  3) (Fig.  8). As the fluorescing chromophore is the 
furo[2,3-b]pyridine moiety, the constancy of the lifetimes 
of FP1 in different solvents ascertains that the excited state 
contains mainly one structure of FP1 with the furo[2,3-b]
pyridine moiety unchanged. On the other hand, results show 
that the fluorescence decays are best fitted to double expo-
nential equation. However, the values of the pre-exponential 
factor of the second component, B2, reveals that the contri-
bution of the second species is very small (i.e., the relative 
concentration of the second component (C2) is very small, 
Table 3). On the other hand, the lifetime of FP1 in water is 
decreased to 3.9 ns which indicates that the structure of FP1 
in the excited state is different from other solvents and that 

Fig. 9  Stable structures of FP1 in (A) vacuum and in (B) water as minimized by MM calculations showing intra- and intermolecular H-bonding. 
Hydrogen removed for clarity
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of FP1 in water do not show any stable intra- or intermo-
lecular H-bonding, in accordance with spectroscopic data 
(Fig. 9).

Results of the DFT and TDDFT Calculations

The total dipole of excited FP1 in vacuum was 5.0125 Debye 
while in the water was 7.7189, that can be attributed to the 
H-bonding and/or ICT between FP1 and water (Fig. 10). In 
addition, the red shift of absorption band at 348 nm in vac-
uum to 351 nm in water in agreement of experimental shifts 
observed of bands at 340 to 354 nm (Table 3). Such behav-
ior can be attributed to hydrogen bonding. The solvation 

Table 3  TDDFT Calculated spectral data of FP1 in water and vacuum
Spec-
tral 
Prop-
erty

Wave-
length
(λ, 
nm)

Extinction 
coefficient
ε*104 M− 1.cm− 1

Oscil-
lator 
strength

Assigned 
Transi-
tion

Excited state
HOMO-n → 
LUMO + n

In 
water

351 1.3995 0.2631 π → π* 103(HOMO) 
→ 104

403.8 1.3636 0.2631 π → π* 102 → 104
In 
vac-
uum

348.5 8.939 0.1506 π → π* 102 → 104
103(HOMO) 
→ 105

407 7585.2 0.1917 π → π* 103(HOMO) 
→ 104
103(HOMO) 
→ 105

Fig. 10  (a) Gas phase ESP map of 
FP1 with Mullikan charge distri-
bution, (b) solvent cavity (water) 
phase ESP map with Mullikan 
charge distribution

 

Fig. 11  Molecular orbital diagram 
of the observed singlet transitions 
in vacuum and in water for FP1
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