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A B S T R A C T   

Two molecular fluorophores based on a 2-(2′-Hydroxybenzofuranyl) benzoxazole (HBBO) scaffold and presenting an Excited-State Intramolecular Proton Transfer 
(ESIPT) process are reported herein. These dyes incorporate strongly electrodonating aromatic amino groups on the benzofuranyl side, enabling the appearance of a 
dual fluorescence emission corresponding to the radiative decay of the excited enol (E*) and keto (K*) tautomers at high and low energy respectively. It was 
previously demonstrated that dual E*/K* emission could originate from a beneficial decrease of phenolic acidity upon absorption of light leading to a thermodynamic 
stabilization of the first excited-state. The innovation within these dyes lies in the double functionalization of the aniline moiety with 2-(2-methoxyethoxy)ethyl units 
which allowed a better solubilization in protic solvents, as compared to their butyl analogs while keeping strong electrodonating capacity. Their intrinsic amphiphilic 
character leads to a good vectorization in a wide range of solvents from toluene to PBS buffer. The investigation of the photophysical properties of these dyes in 
solution showed a clear dual emission in apolar solvents with the E* band gradually red-shifting along with the dipole moment of the solvent. Dual emission is also 
observed in the solid-state when these dyes are doped as 1% wt in PMMA or PS films. Finally, the interactions of one dye with calf-thymus (ct)-DNA and Bovine Serum 
Albumin (BSA) have been explored and reveal pronounced modifications of the UV–Vis profile of the dye. Additionally, a gradual hypsofluorochromic shift and 
narrowing of the K* band along with the appearance of the E* fluorescence band upon addition of ct-DNA or BSA is also observed, presumably evidencing an 
intercalation mode of binding.   

1. Introduction 

The search for original Excited-State Intramolecular Proton Transfer 
(ESIPT) molecular structures has motivated numerous studies, owing to 
their outstanding photoluminescent properties, that are enhanced 
Stokes shifts, strong solid-state luminescence and environment-sensitive 
fluorescence profiles [1]. Challenging applications in the field of opto
electronics [2], bio-sensing [3], smart security inks [4], among others 
[5] have arisen from this unique class of fluorophores. In order to 
expand the scope of ESIPT-capable molecular dyes and enrich this field 
with additional properties, many different ESIPT fluorophores have 
been reported over the years to tackle these challenges, including recent 
elegant examples [6]. A common feature in the design of ESIPT emitters 
lies in the presence of a strong hydrogen bond in the ground state (enol 
form, E) which initiates an internal proton transfer from the 
excited-state E* leading to the excited tautomeric keto species (K*). In 
most cases, the radiative decay from the K* state translates into the sole 
appearance of a red-shifted K* emission band. The proton transfer has 

been shown to be extremely fast, in the sub-picosecond range, but in 
some cases, a partial proton back-transfer is observed leading to a dual 
decay from both E* and K* states (Fig. 1) [7]. This dual emission is 
observed when the first excited state is energetically stabilized via sol
vent interactions or increase of the pKa* of the proton donor owing to 
electronic effects, with a potential competition with deprotonation [8]. 

Dual emission from monomolecular species can be particularly 
appealing, as it can be lead to the production of panchromatic white 
emission, a feature of high potential for the engineering of white-OLEDs 
[9]. In this context, ESIPT-capable 2-(2′-Hydroxybenzofuranyl) benza
zole (HBBX) derivatives have proven to be excellent versatile scaffolds to 
achieve panchromatic dual E*/K* emission in solution and in the 
solid-state [10]. A structure/optical properties relationship study 
allowed the fine-tuning of the pKas of the proton donor and acceptor in 
HBBX systems and the modulation of the E*/K* intensity ratio leading to 
unique environment-sensitive spectroscopic signatures [11]. Examples 
of dual-emitting HBBX-based ESIPT emitters are represented on Fig. 2a. 
Along with the majority of heterocyclic dyes, ESIPT-based fluorophores 
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are hydrophobic by nature and their vectorization in aqueous medium 
remains an issue. However, this challenge needs to be tackled in order to 
target biological applications such as cellular imaging and in vivo sensing 
of biosubstrates [12]. Two strategies are generally adopted: either an 
encapsulation of organic dyes in amphiphilic polymers such as pluronic 
or cremaphor derivatives [13] or a functionalization of the organic 
scaffold with charged, neutral or zwitterionic hydrophilic moieties in 
order to trigger complete or partial hydrosolubility [14]. We recently 
chose to investigate the second option by functionalizing several posi
tions of the core of HBBO derivatives with long oligo(ethylene glycol) 
(OEG) chains and assess their photophysical properties [15]. A good 
vectorization in aqueous medium (PBS buffer/DMSO 95:5) was ach
ieved and E*/K* dual emission was observed in solution and in the 

solid-state. However, the presence of highly hydrophobic butyl chains 
on the nitrogen required the presence of three OEG chains for an effi
cient solubilization in water (Fig. 2b). 

Tedious synthetic protocols and purification steps were therefore 
necessary and triggered our curiosity to find alternative ways to vec
torize HBBX dyes in aqueous medium. 

In this article, an alternative synthetic approach is described, that 
consists in the direct N-alkylation of the terminal aromatic amine by 2- 
(2-methoxyethoxy)ethyl units in order to maintain a strong electron 
donating ability on the phenol side and improve water solubility and 
biocompatibility. Moreover, the 2-(2-methoxyethoxy)ethyl amino group 
has been recently described as a good intercalation group in the DNA 
double helix through hydrogen bonding [16]. Therefore, we anticipate 
that the introduction of a similar moiety on the amino side will not only 
contribute to the overall hydrophilicity of the HBBX probes but also to 
the potential use of these dyes to probe interactions with bio
macromolecules such as DNA. Indeed, dual-emitting ESIPT dyes have 
been used in the past as sensors to probe the polarity changes in mi
croenvironments [17]. Following this strategy, two HBBO dyes are 
herein described, named 1 and 2 (Fig. 3). Having established previously 
that dual emission is attainable via the introduction of electro
withdrawing groups [10] or ethynyl extension [15] on the benzoxazole 
side, these two approaches are considered and compared. The photo
physical properties in solution in a wide range of solvents and in the 
solid-state, as doped in polymers are evaluated. Finally, the interactions 
of HBBO dye 1 with calf-thymus (ct)-DNA and BSA are studied. 

2. Synthesis 

The preparation of HBBO dyes 1 and 2 is described on Schemes 1 and 
2, respectively. 

The first step was the formation of salicylaldehyde derivative 7 from 
acetylide 5 using classical Sonogashira Pd-catalyzed cross-coupling re
action conditions. Compound 7 is obtained as a yellow powder in 50% 

Fig. 1. Schematic representation of the ESIPT process showing dual emission 
from E* and K* states. 

Fig. 2. (a) Dual emissive HBBX fluorophores and (b) Water soluble tris-OEG 
functionalized HBBO fluorophore. 

Fig. 3. (a) HBBO dye 1, (b) HBBO dye 2 studied in this article.  
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yield (Scheme 1). The HBBO scaffold was then constructed by reacting 7 
with 4-trifluoromethane- or 4,6-dibromo- 2-aminophenol derivatives in 
methanol with an excess of phenylboronic acid and potassium cyanide. 
HBBO 1 and bis-bromo HBBO 8 were obtained in 65% and 66% yield 
respectively. HBBO 8 was further reacted with a catalytic amount of 
PdCl2(dppf) with an excess of 2,5,8,11,14-pentaoxaheptadec-16-yne to 
yield HBBO dye 2 which incorporates two OEG chains at the benzox
azole side (Scheme 2). 

The introduction of the 2-(2-methoxyethoxy)ethyl amino group 
along with the absence of the lipophilic dibutyl chains translated in a 
pronounced amphiphilic character for HBBO dyes 1 and 2 and triggered 
an enhanced solubility in a wide range of solvents, including pure PBS 
buffer (pH 7.4) at micromolar concentrations. 

All compounds were characterized by 1H and 13C NMR spectroscopy, 
as well as HR-MS spectrometry. The 1H NMR spectra of 1 and 2 were 
characterized by the presence of a distinctive downfield proton signal 
resonating between 11 and 11.5 ppm, attributed to the H-bonded 
phenolic proton. The methylene protons at the α position of the sp 

carbon or attached to the nitrogen can be clearly discriminated in the 1H 
NMR spectrum of 2 (singlets at 4.28 and 4.58 ppm or multiplets at 
3.86–3.87 and 3.77–3.79 ppm respectively). Moreover, two distinct 
singlets corresponding to the terminal methoxy group protons on the 
benzoxazole side were observed at 3.36 and 3.38 ppm, evidencing the 
incorporation of two distinct OEG chains in the structure of 2. 

3. Experimental section 

3.1. Materials and methods 

All chemicals were received from commercial sources (Sigma 
Aldrich, Fluorochem) and used without further purification. Tetrahy
drofuran (THF) was distilled over metallic sodium (Na). Dichloro
methane (DCM) was distilled over P2O5 under an argon atmosphere. 
Triethylamine (Et3N) was distilled under argon over KOH. Thin layer 
chromatography (TLC) was performed on silica gel coated with fluo
rescent indicator. Chromatographic purifications were conducted using 

Scheme 1. Synthesis of HBBO dye 1.  

Scheme 2. Synthesis of HBBO dye 2.  
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40–63 μm silica gel. 
1H NMR (400 or 500 MHz) and 13C NMR (100 or 125 MHz) spectra 

were recorded on a Bruker Advance 400 or 500 MHz spectrometers with 
perdeuterated solvents with residual protonated solvent signals as in
ternal references. Absorption spectra were recorded using a dual-beam 
grating Schimadzu UV-3000 absorption spectrometer with a quartz 
cell of 1 cm of optical path length. The steady-state fluorescence emis
sion and excitation spectra were recorded by using a Horiba S2 Jobin 
Yvon Fluoromax 4. All fluorescence and excitation spectra were cor
rected. Solvents for spectroscopy were spectroscopic grade and were 
used as received. 

The fluorescence quantum yields were calculated according to a 
method presented in section S5.1. 

Luminescence lifetimes were measured on an Edinburgh Instruments 
spectrofluorimeter equipped with a R928 photomultiplier and a Pico
Quant PDL 800-D pulsed diode connected to a GwInstect GFG-8015G 
delay generator. No filter was used for the excitation. Emission wave
lengths were selected by a monochromator. Lifetimes were deconvo
luted with FS-900 software using a light-scattering solution (LUDOX) for 
instrument response. The excitation source was a laser diode (λexc = 320 
nm). 

4-ethynyl-N,N-bis[2-(2-methoxyethoxy)ethyl]-benzenamine 5 [18] 
and 2,5,8,11,14-pentaoxa-hepta dec-16-yne [19] were synthesized ac
cording to reported procedures. 

Calf thymus DNA (ct-DNA) was purchased from Sigma Aldrich and 
used without further purification. The homogeneous stock solutions of 
ct-DNA were prepared in Tris HCl buffer (pH 7.4, 10 mM) and kept at 
4 ◦C. The concentration of ct-DNA was estimated spectrophotometri
cally by using the molar absorption coefficient, ε DNA = 6600 M− 1 cm− 1 

at λabs = 260 nm. Bovine Serum Albumine (BSA) was purchased from 
Sigma Aldrich and used without further purification. The stock solutions 
of BSA were prepared in PBS buffer (pH 7.4) and kept at 4 ◦C. 

Salicylaldehyde 7: In a Schlenk tube, salicylaldehyde 6 and [Pd 
(PPh3)2Cl2] (5% mol) were dissolved in a mixture of THF/triethylamine 
(3:1 v/v). The resulting suspension was degassed with argon for 30 min 
before 4-ethynyl-N,N-bis[2-(2-methoxyethoxy)ethyl]-benzenamine 5 
(1.5 eqts) was added followed by CuI (10% mol). The resulting mixture 
was stirred overnight at 60 ◦C. After cooling down, the dark solution was 
evaporated under vacuum before dichloromethane was added. The 
organic phase was washed with water three times, dried over MgSO4 
then concentrated under vacuum. The crude residue was purified by 
silica gel chromatography (ethyl acetate). Yellow oil. 50%, 1H NMR 
(500 MHz, CDCl3): δ (ppm) = 11.22 (s, 1H, OH), 9.91 (s, 1H, OH), 
7.64–7.66 (m, 3H, CH), 7.03 (s, 1H, CH), 6.79 (2H, d, CH, 3J = 12 Hz), 
6.72 (s, 1H, CH), 3.61–3.67 (m, 12H, CH2), 3.53–3.55 (m, 4H, CH2), 
3.39 (s, 6H, CH3). 13C NMR (125 MHz, CDCl3): δ (ppm) = 195.9, 159.8, 
159.8, 158.4, 148.3, 126.3, 125.8, 123.7, 117.9, 117.4, 111.7, 99.1, 
97.1, 72.0, 70.7, 68.4, 59.1, 50.9. HRMS: calculated (M + H+): 
458.2113, found (M + H+): 458.2189. 

HBO 1: In a round-bottomed flask, phenylboronic acid (1.2 eqts) and 
potassium cyanide (3 eqts) were added to a solution of salicylaldehyde 7 
in methanol. 4-trifuoromethane-2-aminophenol (1.1 eq) was then added 
and the mixture was stirred at room temperature overnight. The reaction 
mixture was then concentrated under vacuum, and the crude residue 
was purified by column chromatography on silica gel eluting with 
CH2Cl2/petroleum ether (1:3 v/v). Yellow powder. 65%. 1H NMR (500 
MHz, CDCl3): δ (ppm) = 11.35 (s, 1H, OH), 8.16 (s, 1H, CH), 8.02 (s, 1H, 
CH), 7.64–7.72 (m, 4H, CH), 7.21 (s, 1H, CH), 6.78 (d, 2H, 3J = 10 Hz), 
6.75 (s, 1H, CH), 3.62–3.68 (m, 12H, CH2), 3.54–3.56 (m, 4H, CH2), 
3.40 (s, 6H, CH3). 13C NMR (125 MHz, CDCl3): δ (ppm) = 165.4, 158.9, 
157.9, 156.9, 150.9, 148.2, 140.5, 126.3, 123.5, 122.3, 122.3, 118.4, 
117.3, 116.6, 111.7, 110.9, 106.3, 99.5, 97.2, 72.0, 70.7, 68.4, 59.2, 
51.0. HRMS: calculated (M + H+): 615.2313, found (M + H+): 
615.2314. 

HBO 8: In a round-bottomed flask, phenylboronic acid (1.2 eqts) and 
potassium cyanide (3 eqts) were added to a solution of salicylaldehyde 7 

in methanol. 4,6-dibromo-2-aminophenol (1.1 eq) was then added and 
the mixture was stirred at room temperature overnight. The reaction 
mixture was then concentrated under vacuum, and the crude residue 
was purified by column chromatography on silica gel eluting with 
CH2Cl2/petroleum ether (1:3 v/v). Yellow powder. 66%. 1H NMR (500 
MHz, CDCl3): 11.08 (s, OH, 1H), 8.13 (s, 1H, CH), 7.76 (s, 1H, CH), 
7.61–7.65 (m, 3H, CH), 7.17 (s, 1H, CH), 6.77 (d, 1H, CH2, 3J = 10 Hz), 
6.72 (s, 1H, CH), 3.62–3.68 (m, CH2, 12H), 3.54–3.56 (m, CH2, 4H), 
3.40 (s, 6H, CH3). 13C NMR (125 MHz, CDCl3): δ (ppm) = 164.8, 158.7, 
157.9, 156.9, 148.2, 146.7, 142.0, 130.5, 126.3, 123.6, 121.0, 118.6, 
117.9, 117.7, 111.7, 106.0, 103.2, 99.4, 97.2, 72.0, 70.7, 68.4, 59.2, 
51.0. HRMS: calculated (M + H+): 726.0501, found (M + H+): 
726.0491. 

HBO 2 [20]: In a Schlenk tube, HBO 8 and [Pd(dppf)Cl2] (5% mol) 
were dissolved in a mixture of THF/triethylamine (3:1 v/v). The 
resulting suspension was degassed with argon for 30 min before 2,5,8, 
11,14-pentaoxahepta dec-16-yne (1.5 eqts) was added followed by CuI 
(10% mol). The resulting mixture was stirred overnight at 60 ◦C. After 
cooling down, the dark solution was evaporated and the crude residue 
was purified by silica gel chromatography (CH2Cl2/ethyl acetate 9/1 to 
ethyl acetate 100%). Yellow oil. 31%. 1H NMR (400 MHz, CDCl3): 11.22 
(s, 1H, OH), 8.19 (s, 1H, CH), 7.81 (s, 1H, CH), 7.67 (d, 2H, CH, 3J = 5 
Hz), 7.55 (s, 1H, CH), 7.19 (s, 1H, CH), 6.76–6.78 (m, 3H, CH), 4.58 (s, 
2H, CH2), 4.28 (s, 2H, CH2), 3.86–3.87 (m, 2H, CH2), 3.77–3.79 (m, 2H, 
CH2), 3.61–3.72 (m, 34H, CH2), 3.52–3.56 (m, 10H, CH2), 3.39 (s, 6H, 
CH3), 3.38 (s, 3H, CH3), 3.36 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3): δ 
(ppm) = 165.0, 158.7, 157.9, 156.9, 148.5, 148.2, 141.7, 131.1, 126.3, 
123.6, 122.4, 118.7, 117.8, 117.2, 111.7, 107.9, 106.2, 99.4, 97.3, 92.0, 
78.7, 75.4, 72.0, 72.0, 72.0, 70.8, 70.7, 70.6, 70.6, 70.6, 70.6, 70.5, 
70.4, 69.5, 69.4, 68.4, 59.3, 59.2, 59.0, 51.0. 

3.2. Photophysical properties 

The photophysical properties of HBBO dyes 1 and 2 have been 
studied in solution in a wide range of solvents of different polarity and as 
doped in polymers. The photophysical data are presented in Tables 1 
and 2. 

The absorption spectra in solution for HBBO dyes 1 and 2 are pre
sented on Figs. 4 and 5. 

HBBO dyes 1 and 2 exhibit similar absorption profiles, i.e. a main 
broad absorption band, corresponding to the S0–S1 transition with very 
little influence of the nature of the solvent. Specifically, absorption 
maximum wavelengths are in the range 378/390 nm and 385/392 nm 
with molar absorption coefficients from 18500 to 35100 M− 1 cm.− 1 and 
16700 and 24100 M− 1 cm.− 1 for 1 and 2, respectively. Introduction of 
two OEG chains on the benzoxazole ring led to a slight bathochromic 
and hypochromic shift of the absorption band. Protonation of the aro
matic amine by bubbling gaseous HCl in dichloromethane solution 
triggers a pronounced hypsochromic shift for both dyes (λabs = 358 nm 
for the protonated form of 1 and 2 vs. λabs = 383/391 nm in their neutral 
state, respectively). The additional absorption bands observed at higher 
energies (below 300 nm) are assigned to the π-π* transitions of the 
phenyl rings. These absorption profiles are usually observed for related 
HBBO dyes [10,11]. 

It is worth noting that in ethanol for 1 and in PBS buffer for 1 and 2, 
low intensity additional bands are observed above 450 nm which could 
be attributed to the minor presence of the K tautomer in the ground 
states, according to publications describing related systems [21]. 

Upon irradiation at 390 nm, HBBO dyes 1 and 2 display one or two 
intense emission bands assigned to the radiative decay either from the 
K* or E*/K* excited states (λem = 470–582 nm and 471–599 nm for 1 
and 2, respectively). The emission spectra in solution and solid-state are 
presented on Figs. 6–8 respectively. 

This photophysical behavior is typically observed for similar fluo
rophores [10,11] and can be explained by the presence of a strong 
electron donor, in this case the 2-(2-methoxyethoxy)ethyl amino group, 
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on the benzofuranol side. This does trigger a significant decrease of the 
acidity of the phenolic proton in the excited-state, leading eventually to 
the observation of a dual E*/K* emission. Indeed, the ESIPT process is 
under thermodynamic control and stabilization of the first excited-state, 
either by solvent interactions or electronic effects leads to a partial back 
proton transfer from the excited keto to the excited enol tautomer. The 
spectral separation between the E* and the K* bands is particularly 
pronounced in apolar toluene where a panchromatic emission is recor
ded, as evidenced by the observation of a white emission for 1 and 2 (see 
insets on Figs. 6 and 7). 

Upon increase of the dipole moment of the solvent (from toluene to 
PBS buffer), the E* maximum emission wavelength undergoes a mod
erate but gradual bathochromic shift and does eventually coalesce with 
the K* band. It is noteworthy that the E*/K* intensity ratio is also highly 
dependent on both the physical characteristics of the solvent and the 
substitution on the benzoxazole side. These effects are particularly 
marked for HBBO 1 which is additionally substituted by a strong elec
tron acceptor (CF3) which does further contribute to the spectral sepa
ration between the two emission bands. 

Protonation studies, performed by bubbling HClg in a solution of 1 in 
dichloromethane showed the disappearance of the dual emission system 
for the benefit of single emission band. This can explained by the likely 
decrease of the pKa* of the phenolic moiety induced by protonation of 
the 2-(2-methoxyethoxy)ethyl amino group. A slightly blueshifted K* 

emission is also observed (λem = 552 nm vs. 565 nm for the protonated 
and the neutral form of 1 respectively). It is difficult to interpret the 
protonation effect in HBBO 2 as both bands are heavily coalesced in the 
neutral state. The likely disappearance of the E* band upon protonation 
results in the observation of the sole K* emission at 564 nm. 

In solution, HBBO dyes 1 and 2 display quantum yields in expected 
ranges, as compared to similar dyes (ϕ = 1–17%) [10,11]. These mild 
values are the result of significant conformational changes in the 
excited-state. It is worth noting that these dyes showed a sizeable 
emission in highly protic pure PBS buffer solution at pH 7.4, high
lighting their potential use in biological imaging. These fluorophores 
showed in most cases a biexponential decay of the excited-state, 
evidencing the presence of the two excited tautomers. The average 
lifetime was typically in the nanosecond range, as expected for fluo
rescent organic dyes. 

Investigation of the photophysical properties of HBBO dyes 1 and 2 
was also carried out in the solid-state as doped in polymeric matrix (as 
1% wt in poly(methylmethacrylate) (PMMA) or polystyrene (PS) films). 
The emission spectra are presented in Fig. 8. 

The emission spectra of 1 and 2 recorded as doped in polymers 
follow the same trend as in the solution-state. An intense dual E*/ 
K*emission is observed with maximum emission wavelengths peaking at 
479/565 nm, 477/568 nm and 484/574 nm, 481/575 nm for 1 and 2, in 
PMMA and PS respectively. A distinct spectral separation is observed 

Table 1 
Photophysical data for HBBO dye 1 recorded in aerated solutions of various solvents at 25 ◦C and in the solid-state.  

Solvent λabs (nm) ε (M− 1.cm− 1) λem (nm) ΔS[a] (cm− 1) Φ F 
[b] τ[c] (ns) kr

[d] (108 s− 1) knr
[ d] (108 s− 1) 

toluene 389 33200 470/571 4400 0.08 1.0/2.1 0.53 6.13 
EtOAc 382 24000 508/555 6500 0.13 1.5/2.9 0.57 3.78 
CH2Cl2 383 29700 514/565 6700 0.17 1.7/3.7 0.63 3.07 
CH2Cl2 + HClg 358 27500 552 9800 0.06 0.7 0.86 13.40 
EtOH 390 27800 516/582 6300 0.06 0.3/2.6 0.40 6.27 
CH3CN 382 35100 579 8900 0.10 2.1 0.48 4.29 
DMSO 386 27800 573 8500 0.12 1.3/4.4 0.43 3.14 
PBS[e] 378 18500 506/571 6700 0.04 0.8 0.50 12.00 
PS[f] 313/394[g]  477/568 4400 0.12    
PMMA[f] 331/382[g]  479/565 5300 0.24     

a Stokes shift. 
b Relative quantum yield determined in solution by using Rhodamine 6G as a reference (λexc = 488 nm, Φ = 0.88 in ethanol) or absolute quantum yield determined in 

films using an integration sphere. 
c Fluorescence lifetimes recorded upon excitation at 370 nm. 
d kr (108 s− 1) and knr (108 s− 1) were calculated using: kr = ΦF/σ, knr = (1- ΦF)/σ where σ is the average lifetime. 
e PBS buffer pH 7.4 with 1% of DMSO. 
f As doped as 1% wt in poly(methylmethacrylate) (PMMA) or polystyrene (PS) films. 
g Excitation wavelength. 

Table 2 
Photophysical data for HBBO dye 2 recorded in aerated solutions of various solvents at 25 ◦C and in the solid-state.  

Solvent λabs (nm) ε (M− 1.cm− 1) λem (nm) ΔS[a] (cm− 1) Φ F 
[b] τ[c] (ns) kr

[d] (108 s− 1) knr
[ d] (108 s− 1) 

toluene 392 21000 482/584 4800 0.11 1.1/2.4 0.39 3.18 
EtOAc 392 24100 532 6800 0.17 1.8/3.2 0.68 3.32 
CH2Cl2 391 24100 547 7400 0.17 2.3/5.6 0.43 2.08 
CH2Cl2 + HClg 358 27600 564 9900 0.08 0.7/1.3 0.80 9.20 
EtOH 391 16700 471/576 8500 0.04 0.6/2.2 0.29 6.86 
CH3CN 385 23300 599 9300 0.09 1.9/5.2 0.25 2.53 
DMSO 390 20900 612 9200 0.06 1.7/5.0 0.17 2.69 
PBS[e] 398 21100 546 6800 0.01 0.7 0.14 14.10 
PS[f] 331/398[g]  481/575 4300 0.07    
PMMA[f] 328/394[g]  484/574 4700 0.33     

a Stokes shift. 
b Relative quantum yield determined in solution by using Rhodamine 6G as a reference (λexc = 488 nm, Φ = 0.88 in ethanol) or absolute quantum yield determined in 

films using an integration sphere. 
c Fluorescence lifetimes recorded upon excitation at 370 nm. 
d kr (108 s− 1) and knr (108 s− 1) were calculated using: kr = ΦF/σ, knr = (1- ΦF)/σ where σ is the average lifetime. 
e PBS buffer pH 7.4 with 1% of DMSO. 
f As doped as 1% wt in poly(methylmethacrylate) (PMMA) or polystyrene (PS) films. 
g Excitation wavelength. 
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between the two emission bands. The nature of the polymeric matrix 
does not seem to have a pronounced influence on the E*/K* intensity 
ratio. The quantum yields calculated from a spectrometer fitted with an 
integration sphere range between 7 and 33%, which are slightly higher 
values than those recorded in solution, a feature typically observed for 
ESIPT emitters owing to the restriction of intramolecular rotations in a 
confined matrix. 

4. Biomolecules interactions 

The interactions between small molecules and biomacromolecules 
have been deeply scrutinized in order to shed some light on the mech
anism of action of drugs and for the ultimate development of novel 
therapeutic agents as well as efficient diagnostic protocols [22]. DNA is 
often used as a model bio-target for these studies because of its defined 

double helical structure and fundamental role as genetic material which 
does control many essential cellular activities including protein syn
thesis [23]. Non-toxic, biocompatible organic fluorophores, whose op
tical properties can be tuned depending on their immediate 
micro-environment, are valuable tools to probe interactions with DNA. 
Small aromatic molecules can bind to DNA through three main modes of 
interactions: π–π stacking between adjacent base pairs of DNA (inter
calation), major or minor groove binding involving van der Waals in
teractions or electrostatic binding between the negatively charged 
phosphate groups of DNA and charged species [24]. In the literature, the 
binding of many fluorophores to DNA is described [25] including that of 

Fig. 4. UV–Vis spectra of HBBO 1 in toluene (navy blue), ethyl acetate (red), 
dichloromethane in neutral (plain green) and protonated (dotted green) states, 
ethanol (light blue), acetonitrile (pink), dimethylsulfoxide (purple) and PBS 
buffer (orange). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 5. UV–Vis spectra of HBBO 2 in toluene (navy blue), ethyl acetate (red), 
dichloromethane in neutral (plain green) and protonated (dotted green) states, 
ethanol (light blue), acetonitrile (pink), dimethylsulfoxide (purple) and PBS 
buffer (orange). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 6. Emission spectra of HBBO 1 toluene (navy blue), ethyl acetate (red), 
dichloromethane in neutral (plain green) and protonated (dotted green) states, 
ethanol (light blue), acetonitrile (pink), dimethylsulfoxide (purple) and PBS 
buffer (orange) (λexc = 390 nm) (inset: photograph of HBBO 1 in solution in 
toluene (10 μM) under irradiation (λexc = 365 nm).). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 7. Emission spectra of HBBO 2 toluene (navy blue), ethyl acetate (red), 
dichloromethane in neutral (plain green) and protonated (dotted green) states, 
ethanol (light blue), acetonitrile (pink), dimethylsulfoxide (purple) and PBS 
buffer (orange) (λexc = 390 nm) (inset: photograph of HBBO 2 in solution in 
toluene (10 μM) under irradiation (λexc = 365 nm).). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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ESIPT emitters like 3-hydroxyflavone [26]. Owing to their 
environment-dependent fluorescence profile, HBBO dyes appear to be 
particularly suitable to probe interactions with biomacromolecules like 
DNA. Moreover, in the case of 1 and 2, the 2-(2-methoxyethoxy)ethyl 
amino group present on the core of dyes strongly enhances their 
amphiphilicity and solubility in aqueous medium, and provides a good 
anchoring group for DNA binding through H-bonding as suggested by a 
recent publication [16]. 

HBBO dye 1 was chosen as a model compound to assess the possible 
interactions with DNA. The DNA binding studies were carried out by 
monitoring changes in the absorption and emission properties of dye 1 
upon addition of increasing amounts of ct-DNA in a 1:1 mixture of 
CH3CN/Tris HCl buffer (pH 7.4) (Figs. 9 and 10). 

In the absence of ct-DNA, HBBO 1 displays a relatively wide main 
absorption band centered on 380 nm attributed to the S0–S1 transition, 
along with other bands with maximum absorption wavelengths at 332, 
308 and 296 nm. Addition of aliquots of ct-DNA (0–100 μM) to dye 1 in 

solution led to significant changes in the absorption profile. First, upon 
addition of 10–60 μM, a gradual but moderate increase of the absorption 
coefficient is observed. However, the increase of the number of aliquots 
(60–100 μM) triggered a marked decrease of the ε value, reaching a 
plateau at 90 μM. This sizeable change at higher concentration of DNA 
could be indicative of a second mode of binding, occurring after an 
initial mode of interaction, a phenomenon already observed in the in
teractions of dyes with DNA [24,27]. It is to be noted that no change in 
the maximum absorption wavelength is observed. 

In the absence of DNA, excitation in the main absorption band (λexc 
= 390 nm) leads to the appearance of a broad emission band with a 
maximum emission wavelength at 604 nm, attributed to the K* decay 
(Fig. 10). Upon addition of the first aliquots of DNA (0–60 μM), a slow 
decrease of the fluorescence intensity at 604 nm is observed. This 
fluorescence quenching could be possibly attributed to a photoinduced 
electron transfer (PET) process from the puric bases to the K* state of 
HBBO 1, evidencing a first mode of interaction with DNA. Additional 
aliquots of DNA (60–100 μM) trigger the rise of a main blue-shifted 
emission band (λem = 579 nm), along with the appearance of a second 
band at higher energies (λem = 475 nm). The observation of the typical 
E*/K* dual emission of ESIPT emitters is consistent with a sudden 
change of environmental polarity. Intermolecular H-bonded interactions 
are known to stabilize the E* tautomer which could mean that an 
intercalation mode of binding prevails at higher DNA concentrations. 
The full width at half maximum (FWHM) is also strongly reduced upon 
DNA binding (FWHM = 3540 cm− 1 in the absence of DNA vs. FWHM =
2740 cm− 1 at 100 μM), highlighting a restriction of molecular motions, 
consistent with an intercalation mode. Finally, the excitation spectra 
(recorded at λem = 610 nm) follow the same trend as absorption spectra, 
excluding the presence of aggregates and ascertaining the presence of 
the molecular species in the excited-state in the presence of high con
centration of DNA (Figure S5.1). 

This unique optical signature appears to be a valuable tool to probe 
local environments in biomacromolecules. In order to expand the use of 
HBBO 1 as an intercalation probe for biomolecules outside nucleic acids, 
similar UV–Vis and fluorescence titrations were also performed with 
Bovine Serum Albumine (BSA), a model globular protein used in various 
biomedical applications [28]. The BSA binding studies were carried out 
by monitoring changes in the absorption and emission properties of 

Fig. 8. Emission spectra of HBBO dyes 1 (blue) and 2 (green) recorded in the 
solid-state as 1% wt doped in (a) PMMA films (plain line) and (b) PS films 
(dotted line) (λexc = 380 nm). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Absorption spectra of HBBO 1 (12 μM) in Tris HCl buffer (pH 7.4)/ 
CH3CN 1:1 with increasing concentration of ct-DNA. Inset: Plot of (εa - εf)/(εb - 
εf) vs [DNA] at 332 nm with εa, the absorption coefficient upon the addition of a 
given ct-DNA concentration, εf, the absorption coefficient of the free compound 
and εb, the absorption coefficient of the compound bound to ct-DNA. All spectra 
were corrected with dilution. Spectra of 1 with 0, 60 and 100 μM of ct-DNA are 
purple, red and orange curves respectively. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 10. Emission spectra of HBBO 1 (12 μM) in Tris HCl buffer (pH 7.4)/ 
CH3CN 1:1 with increasing concentration of ct-DNA (λexc = 390 nm): 0 μM 
(purple), 10 μM (navy blue), 20 μM (dark blue), 30 μM (light blue), 40 μM (dark 
green), 50 μM (light green), 60 μM (red), 70 μM (burgundy), 80 μM (pink), 90 
μM (yellow), 100 μM (orange). Inset: Plot I604nm/I579 nm vs. [DNA]. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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HBBO 1 in a 1:1 mixture of DMSO/PBS buffer (pH 7.4) upon addition of 
increasing amounts of BSA in PBS buffer (Figures S5.2 and S5.3). 
Addition of aliquots of BSA (1–10 μM) leads to significant changes in the 
absorption and emission spectra profiles. Specifically, the absorption 
band of 1, centered at 384 nm gradually decreases in the presence of 
BSA, concomitantly with the appearance of a broad absorption band 
characteristic of the BSA protein. Upon excitation at 390 nm, in the 
absence of BSA, a single emission band centered at 575 nm is observed, 
attributed to the K* decay. In a similar fashion as for DNA, addition of 
the first aliquots of BSA (1–4 μM) leads to a gradual decrease of the 
intensity of the emission band which could be attributed to a detrimental 
PET process. Further aliquots (5–10 μM) triggers the appearance of a 
second band at higher energies (λem = 455 nm) along with a sizeable 
structuration of both emission bands. Moreover, the FWHM is also 
clearly reduced. These observations are consistent with the intercalation 
of the probes in rigid, apolar, hydrophobic pockets within the BSA where 
molecular movements are strongly restricted. 

5. Conclusions 

New HBBO-based ESIPT emitters incorporating a 2-(2-methox
yethoxy)ethyl amino group as electron donor have been synthesized and 
characterized. Owing to their highly amphiphilic character, these dyes 
exhibit an enhanced solubility in a wide range of solvent including PBS 
buffer at pH 7.4. Their photophysical properties were fully characterized 
in solution in a wide range of solvents and in the solid-state as 1% wt 
doped in polymers (PMMA and PS). A dual emission is observed in most 
solvents, corresponding to the decay from the excited tautomers E* and 
K*. The interactions with ct-DNA and BSA with one of the dyes were also 
studied and a dual mode of binding was observed. First, detrimental 
interactions were noticed where the fluorescence intensity appeared to 
slowly quench followed by a possible intercalation in apolar environ
ments, as evidenced by the appearance of the E* band and a marked 
decrease of the FWHM. These results undoubtedly demonstrate that 
HBBO fluorophores can act as potential candidates for intercalation in 
biomolecules like DNA or BSA. Further studies in this direction are 
currently being investigated. 
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119:2585–95.(b) Wang L, Fujii M, Namba M, Yamaji M, Okamoto H. Tetrahedron 
Lett 2019;43:151189.(c) Wan J, Zhang W, Guo H, Liang JJ, Huang D, Xiao H. 
J Mater Chem C 2019;7:2240–9. 

[4] (a) Pallavi P, Kumar V, Hussain MDW, Patra A. ACS Appl Mater Interfaces 2018; 
10:44696–705.(b) Wang Q, Niu Y, Wang R, Wu H, Zhang Y. Chem Asian J 2018; 
13:1735–43. 

[5] (a) Singh P, Singh H, Sharma R, Bhargava G, Kumar S. J Mater Chem C 2016;4: 
11180–9.(b) Barros HL, Mileski T, Dillenburg C, Stefani V. Forensic Chem 2017;5: 
16–25.(c) Jagadesan P, Eder G, McGrier PL. J Mater Chem C 2017;5:5676–9.(d) 
Chen H, Feng Y, Deng G-J, Liu Z-X, He Y-M, Fan Q-H. Chem Eur J 2015;21: 
11018–28.(e) Berbigier JF, Duarte LGTA, Zawacki MF, de Araujo BB, de Moura 
Santos C, Atvars TDZA, Gonçalves PFB, Petzhold CL, Rodembusch FS. ACS Appl. 
Polym. Mater. 2020;2(3):1406–16.(f) Duarte LGTA, Rodembusch FS, Atvars TDZ, 
Weiss RG. J Phys Chem A 2020;124(2):288–99. 

[6] (a) Skonieczny K, Yoo J, Larsen JM, Espinoza EM, Barbasiewicz M, Vullev VI, 
Lee C-H, Gryko DT. Chem Eur J 2016;22:7485–96.(b) Suzuki N, Suda K, 
Yokogawa D, Kitoh-Nishioka H, Irle S, Ando A, Abegao LMG, Kamada K, 
Fukazawa A, Yamaguchi S. Chem Sci 2018;9:2666–73.(c) Zhang M, Cheng R, 
Lan J, Zhang H, Yan L, Pu X, Huang Z, Wu D, You J. Org Lett 2019;21(11): 
4058–62.(d) Mishra VR, Ghanavatkar CW, Sekar N. Chemistry 2020;5:2103–13. 
(e) Massue J, Felouat A, Curtil M, Vérité PM, Jacquemin D, Ulrich G. Dyes 
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