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a b s t r a c t

Two novel 1,3,5-triphenyl-2-pyrazoline moiety containing derivatives of 3-hydroxychromone were syn-
thesized and studied by 1H NMR, absorption and fluorescence spectroscopy. The prospects of practical
application of these compounds exhibiting high solvatofluorochromism into analytical chemistry and
biophysics as effective ratiometric polarity probes were discussed proceeding from the data on their
fluorescent properties.
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. Introduction

In the past decades, 3-hydroxychromones have been objects of
n extensive research interest due to their extraordinary photo-
hemical behavior in the excited state. This class of fluorescent
yes undergoes an excited state intramolecular proton transfer
ESIPT) process which produces an alternative light-emitting form
alled phototautomer, thus forming a fluorescent spectrum with
wo highly intense and well separated bands sensitive to a num-
er of parameters of the dye molecule’s microenvironment [1].
hese properties resulted in a variety of applications for modified
-hydroxychromones as laser dyes [2,3], photochromic materials
4,5], optical data storage devices [6]. 3-Hydroxychromone deriva-
ives are also widely used to develop new approaches in fluorescent
ellular spectroscopy [7], metal ions complexation analysis [8,9],
robing nanocavities [10,11], design of sensors immobilized on var-

ous polymer substrates [12], etc.
Diversification of spectral properties by further modification
f parent 3-hydroxychromone is ongoing in two synthetic ways.
btaining derivatives with different substituents in the position 2
f the chromone bicycle led to polyhydroxyflavones [13], dialky-
aminoflavones [14], as well as a number of their heterocyclic

∗ Corresponding author. Tel.: +380 577075335.
E-mail addresses: andrey.o.doroshenko@univer.kharkov.ua,

ndreydoroshenko@list.ru (A.O. Doroshenko).
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ubstitutes [15,16]. From the other side, much attention was aimed
n the functionalization of the benzene ring of the chromone bicy-
le [17–20].

In this work, the synthesis and fluorescent properties of
wo novel heterocyclic derivatives of 3-hydroxychromone are
iscussed, as well as possibility for their use as prospective sol-
atofluorochromic and ratiometric fluorescent probes of solvent
olarity and polar admixtures.

. Experimental

2-(4-(3-Phenyl-5-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol
1-yl)phenyl)-3-hydroxy-4H-chromen-4-one (2a) and 2-(4-(3-
henyl-5-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-yl)-
henyl)-3-hydroxy-4H-benzo[h]chromen-4-one (2b) were
ynthesized in two steps: the modified method of aldol con-
ensation with donor aldehydes [17] was used to obtain chalcones,
hen Algar–Flynn–Oyamada oxidation [21,22] led to chromones
see Fig. 1). The traditional scheme of aldol condensation in
thanol–water sodium hydroxide solution failed because of
emarkable electron-donor effect of 1,3,5-triphenyl-2-pyrazoline
ragment which deactivates the corresponding aldehyde.
On the first step, corresponding chalcones were obtained by
ondensation of 2 g (5.6 mmol) of commercially available 1-(4′-
ormyl-phenyl),3-phenyl,5-(4′′-methoxy-phenyl)-2-pyrazoline
ith 5.6 mmol of o-hydroxy acetophenone in 10 ml of dried DMSO

n the presence of 2 molar excess of sodium methoxide. After

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:andrey.o.doroshenko@univer.kharkov.ua
mailto:andreydoroshenko@list.ru
dx.doi.org/10.1016/j.jphotochem.2008.09.005
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Fig. 1. Synthetic scheme for 1,3,5-triphenyl

eating the mixture at 100–120 ◦C during 2 h, the chalcone salt
as neutralized to pH 6–7 with 5% HCl. The precipitate was
ltered, washed with methanol and dried, giving 1.3 g of 3-(3,4,6-
riphenylpirazolin-2-yl)-1-(2-hydroxyphenyl)-2-propen-1-one
1a, 49% yield) and 1.65 g of 3-(3,4,6-triphenylpirazolin-2-yl)-1-
1-hydroxynapht-2-yl)-2-propen-1-one (1b, 56% yield).

The second step consisted of an oxidative cyclization of previ-
usly obtained chalcones into the corresponding chromones. Thus,
.5 mmol of chalcone was dissolved in 5 ml of 96% ethanol with
.5 ml of 50% aqueous NaOH solution. Then 2.5 ml of 35% H2O2
olution was added dropwise. After this the reaction medium was
eated to boiling during 3–5 min, then cooled, diluted with cold
ater and neutralized to pH 6–7 with 5% HCl. The precipitate was
ltered, washed with methanol and dried. Both chromones were
urified by column chromatography (Al2O3/CHCl3) giving 0.71 g of
a (58% yield) and 0.56 g of 2b (42% yield).

2a: C31H24N2O4, MW 488.53, molecular ion in MS, m/z: 488,
lemental analysis N (%): 5.73 (calc.), 5.9 (found), NMR 1H data: 3.16
dd, 1H, pyrazoline cycle methylenic), 3.68 (s, 3H, methoxy group),
.95 (dd, 1H, pyrazoline cycle methylenic), 5.63 (dd, 1H, pyrazoline
ycle methynic), 6.70–6.90 (m, 4H), 7.00–7.25 (m, 4H), 7.30–7.56

m, 4H), 7.59–7.90 (m, 4H), 8.06 (dd, 1H, chromone bicycle), 9.66 (s,
H, hydroxy group).

2b: C35H26N2O4, MW 538.59, molecular ion in MS, m/z: 538,
lemental analysis N (%): 5.20 (calc.), 5.1 (found), NMR 1H data: 3.15
dd, 1H, pyrazoline cycle methylenic), 3.69 (s, 3H, methoxy group),

t
e
A
i

Fig. 2. ESIPT process for 2a and natu
azoline-substituted 3-hydroxychromones.

.94 (dd, 1H, pyrazoline cycle methylenic), 5.61 (dd, 1H, pyrazoline
ycle methynic), 6.79–6.97 (m, 3H), 6.98–7.21 (m, 5H), 7.35–7.45
m, 4H), 7.60–7.88 (m, 5H), 7.90–8.34 (m, 2H), 9.66 (s, 1H, hydroxy
roup).

1H NMR spectra in DMSO-d6 were taken on Varian 200 Mer-
ury VX spectrometer. Mass-spectra were taken on Varian 1200L
pectrometer (electron impact, 70 eV). Electronic absorption spec-
ra were recorded on the HITACHI U3210 spectrophotometer,
uorescence spectra—on the HITACHI F4010 spectrofluorimeter.
luorescence spectra deconvolution onto individual bands was
ealized using a computer program based on Siano and Metzler
pproximation of the emission band shape by the log–normal func-
ion [23].

Quantum chemical calculation of the molecular structure of
a–b was made with semiempirical method PM6 [24] using
OPAC2007 software [25]. Electronic spectra were calculated for

he PM6 optimized geometry with the method ZINDO/S [26].

. Results and discussion
Both title compounds 2a and 2b are well soluble in most of
he organic solvents. As other representatives of their class, they
xhibit intramolecular proton transfer reaction in the excited state.
bsorbing light in the blue-wavelength region (430–480 nm) the

nvestigated compounds emit intense orange fluorescence.

re of dual-band fluorescence.
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between the pyrazoline cycle and benzene ring in its position
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ig. 3. Absorption and fluorescence (�* = 435 nm, diluted solution < 10−5 M) spectra
f 2a in 1,2-dichloroethane (solid line). Deconvoluted individual N* and T* fluores-
ence bands (dashed lines).

The electronic excitation of 2a–b caused simultaneous increase
f acidity of the 3-hydroxy group and basicity of 4-carbonyl oxygen
tom. This results in the intramolecular proton transfer reaction
Fig. 2) and formation of the so-called phototautomer form (T*)
mitting light at long wavelength region and characterized by the
ncreased Stokes shift value. If the ESIPT rate is not very high the nor-

al form (N*) emission is being observed at shorter wavelengths
ompared to phototautomer. In the experimental fluorescence
pectrum the emission of N* and T* forms usually overlap form-
ng its dual-banded shape with slight vibrational structure, better
esolved in nonpolar solvents (Fig. 3, absorption band normalized
o the short-wavelength emission one).

In the fluorescence spectra of 2a and 2b the high Stokes shift
f up to 7000 cm−1 emission band was attributed to the product of
he excited state proton transfer reaction—the phototautomer form.
he initial normal form fluorescence band has Stokes shift of up to

000 cm−1 and is almost as intense as the T* form in polar media.
his makes the compounds 2a–b suitable for dual-band ratiometric
easurements. High fluorescence quantum yields (up to 0.55) are

ypical for both dyes as well. Data on absorption and fluorescence

3
w
i
o

able 1
bsorption and fluorescence spectral data of 2a and 2b in different solvents.

Solvent �abs (cm−1) �N
fl

(cm−1)

a Hexane 23,520 21,585
Toluene 22,960 20,180
1,4-Dioxane 23,320 20,640
Ethyl acetate 23,340 19,615
1,2-Dichloroethane 22,660 19,060
Acetone 23,180 19,920
Acetonitrile 23,380 18,420
Ethanol 22,900 17,670
Water 22,200 17,000

b Hexane 20,980 19,980
Toluene 21,140 19,890
1,4-Dioxane 21,200 19,120
Ethyl acetate 21,300 18,780
1,2-Dichloroethane 20,720 18,980
Acetone 20,960 17,980
Acetonitrile 20,860 18,330
Ethanol 20,520 17,480
Water 19,770 15,300

abs , �N
fl

, �T
fl

—positions of absorption, normal and phototautomer forms fluorescence m

espectively; ��N
ST

, ��T
ST

—normal and phototautomer forms fluorescence Stokes shifts; ϕ
Photobiology A: Chemistry 200 (2008) 426–431

pectral measurements of 2a and 2b in nine solvents of different
olarity are shown in Table 1.

Introduction of 1,3,5-triphenyl-2-pyrazolinic moiety in the
olecule of 3-hydroxychromone leads to significant enlargement

f the conjugated system and thus moving both absorption and
mission spectra towards longer wavelengths. To elucidate the role
f 1,3,5-triphenyl-2-pyrazoline unit in the chromophoric system of
he investigated molecules, we have made a series of quantum-
hemical calculations. First the molecular structure of 2a and a
odel dimethylamino-substituted 3-hydroxychromone (DM3HC)
as optimized with PM6 method. Then the electronic spectra of

hese compounds were calculated in ZINDO/S scheme using the
btained molecular geometry.

The electronic excitation localization analysis [27] was applied
o the studied molecules: the corresponding indices were calcu-
ated to the selected molecular fragments and presented in Table 2.

As it follows from the above results, the long-wavelength elec-
ronic transitions in both examined molecules are similar in nature.
nly the A–D fragments of 2a take significant part in the electronic
xcitation, while as both E and F fragments contribution is low. It is
uite clear to F, which is not conjugated to the main chromophore.
he role of E is probably the increase of the effective electron den-
ity on the electron-donor center of the title compounds (nitrogen
tom of dimethylamino group: −0.21e and pyrazoline cycle N1 and
2 atoms: −0.38e).

The total amount of the transferred electron density at the elec-
ronic excitation (�q) of DM3HC exceeds that of 2a, this determines
he calculated �� values (vector difference between the dipole

oments in the excited and in the ground states): 9.4 D and 7.5 D
orrespondingly. This causes high sensitivity of their normal forms
mission bands to solvent polarity. However, one should also take
nto account another intramolecular excited state relaxation pro-
ess, which makes its additional and independent contribution
nto solvent induced spectral shifts. Our calculations show the
isturbance of planarity of 2a molecule connected with its triph-
nylpyrazoline unit: the angle between the plane of 2-phenyl and
yrazoline cycle was estimated as 25◦, the corresponding angle
–20◦. Thus, definite excited state planarization of 2a–b molecules
ould take place, which should be regulated by the solvent polar-

ty as well. This might be among the reasons of high sensitivity
f 2a–b spectral parameters to solvent and is in full accordance

��N
ST

(cm−1) �T
fl

(cm−1) ��T
ST

(cm−1) ϕ

1935 17,300 6220 0.48
2780 16,990 5970 0.55
2680 16,915 6405 0.45
3725 16,785 6555 0.39
3600 16,705 5955 0.30
3260 16,905 6275 0.39
4960 16,440 6940 0.48
5230 15,960 6940 0.38
5200 – – 0.031

1000 17,290 3690 0.20
1250 16,960 4180 0.31
2080 16,670 4530 0.24
2520 16,640 4660 0.25
1740 16,490 4230 0.33
2980 16,600 4360 0.28
2530 16,315 4545 0.24
3040 15,995 4525 0.19
4470 – – 0.014

axima (deconvoluted onto individual emission bands as described in Section 2)

—total fluorescence quantum yield.
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Table 2
Calculated parameters of S0–S1 electronic transitions for 2a and model 2-(4′-dimethylaminophenyl)-3-hydroxychromone.

Comp. Index A B C D E F

2a L 0.18 0.20 0.17 0.36 0.05 0.04

�q −0.210 −0.240 −0.044 0.402 0.029 0.047

DM3HC L 0.18 0.22 0.23 0.37 –

−0.217 −0.273 0.025 0.449 –

L tom or a fragment of the molecule in the electronic transition and thus – in the formation
o the electronic excitation.
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– electronic excitation localization numbers [25] indicating the participation of an a
f the excited state; �q – changes in electron density on the structural fragment at

ith the experimental observation of slightly lower or comparative
olvatofluorochromism of DM3HC in respect to 2a–b [28].

Difference in the excited state electron density redistribution
etween 2a–b and DM3HC should affect the ESIPT reaction as well:
ccording to our calculations the S1 state acidity of 2a hydroxyl
roup should increase less than in the case of the model chromone.
s we consider this factor to be crucial [8,29], we can conclude that

he ESIPT reaction should be slower in the case of 2a–b compared
o that of DM3HC. This circumstance should increase 2a–b N*/T*
mission bands intensity ratio and make the normal form band
etter resolved in the low polar solvents.

Solvatochromic and solvatofluorochromic properties, as well as
ormal-to-tautomer emission intensity ratio dependence on sol-
ent polarity were investigated (see Fig. 4) using a normalized
eichardt polarity index ET

N [30] which is widely used for esti-
ation of media polarity in numerous investigations of chemical

nd biological systems.
Both dyes are characterized by a slight batochromic shift of

heir long-wavelength absorption bands with the increase of
he solvent polarity, which however does not exceed 1000 cm−1

etween hexane and water. Interestingly, the normal fluo-
escence band possesses very distinct solvatofluorochromism,
howing bathochromic shift of over 4500 cm−1 on going from
exane to water. This makes 2a one of the most effective
olvatofluorochromic compounds among currently known 3-
ydroxychromones [14,17,18,35]. The compound 2b shows similar
pectral behavior, but the bathochromic shift of its normal fluores-
ence band is somewhat smaller (around 3500 cm−1) at analogous
onditions.

Spectral behavior of the phototautomer fluorescence band of
ompounds 2a–b is not typical to most of 3-hydroxychromone

erivatives. It is well known that, due to lower charge separation

n comparison to that of the normal form, the phototautomer flu-
rescence band is practically insensitive to media polarity [31].
n contrary, the phototautomer fluorescence bands of both inves-
igated compounds are characterized by a distinct sensitivity to

Fig. 4. Positions of absorption (�), normal (�) and phototautomer (�) fluorescence
maxima versus solvent polarity index ET

N for 2a and 2b.
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Fig. 5. Normal-to-phototautomer emission intensity logarithm dependence on sol-
vent polarity for 2a and 2b.
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Fig. 6. Emission of 2a in dioxane (a) and acetone (b
Photobiology A: Chemistry 200 (2008) 426–431

olvent polarity and exhibit relatively high positive solvatofluo-
ochromism, showing bathochromic shifts of over 1500 cm−1 on
oing from hexane to acetonitrile and ethyl alcohol. This prop-
rty allows to keep the band separation suitable for dual-band
atiometric measurements in a wider range of solvent polari-
ies. A possibility for several substituted 3-hydroxychromones to
xhibit sensitivity of the phototautomer emission to the solvent
olarity was particularly discussed in [32]. Similar effect was
arely observed to several other classes of ESIPT compounds
17,33].

As it was already shown for a number of other 3-hydroxy-
hromone derivatives [17,34], both synthesized compounds show
trong dependence of the normal-to-phototautomer emission
ntensity ratio on the solvent polarity. This characteristic is cru-
ial for implementation of these compounds as ratiometric probes.
rom a general approach, a possibility of intermolecular hydrogen
onded associates formation in different polar, especially protic sol-
ents, presents a concurrence to the intramolecular H-bonds and
ffects the ESIPT process. These specific intermolecular interactions
ead to the decrease of the phototautomer emission intensity. The
emand to obtain a linear plot of the N*/T* intensity ratio on the
olvent polarity led to the logarithmic function as a most suitable
o linearize their mutual correlation [14].

As one can see from Fig. 5, both investigated compounds show
ood linear plots of the normal-to-phototautomer emission inten-
ity ratio logarithm upon the solvent polarity. Introduction of
,3,5-triphenyl-2-pyrazoline moiety not only preserved this ten-
ency, but also allowed to get a fairly better response than the one of
-hydroxyflavone, being as high as for several previously obtained
erivatives [14,35,36].

To demonstrate a good prospects of application of the synthe-
ized compounds for analysis of water content of organic solvents,
ompound 2a in dioxane and acetone was titrated by water (Fig. 6).
ncreasing water concentration led to increase of the normal flu-

rescence intensity with long-wavelength shifting of its band
aximum, together with the decrease of phototautomer emis-

ion intensity. These effect are in full accordance with previously
ublished experimental data [28,37], and further investigation can

) with different water additions (step 1 vol%).
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ake 2a and 2b promising indicators sensitive to polar and protic
olvent admixtures.

. Conclusion

Two novel 3-hydroxychromone derivatives with a substituted
,3,5-triphenyl-2-pyrazoline moiety were synthesized. As it was
uggested, introduction of a strong electron donor fragment to
he position 2 of the 3-hydroxychromone significantly increased
he charge-transfer character of the normal form. This makes the
ormal fluorescence band much more intense and increases its
ensitivity to the solvent polarity. Extremely high solvatofluo-
ochromism of the normal emission band of the compound 2a
akes it one of the most effective solvatofluorochromic dyes in

he 3-hydroxychromone family. Good response of the normal-to-
hototautomer ratio to the solvent polarity makes both compounds
rospective for their application as ratiometric fluorescent probes.
ensitivity of the phototautomer form emission of both investigated
ompounds to the solvent polarity allows to keep the band sepa-
ation suitable for dual-band ratiometric measurements in a wider
ange of solvent polarities.
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