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a b s t r a c t

New fluorescent oxazolone derivatives with high two-photon absorption cross-section were synthesized.
Electron donor (phenyl, dimethylaniline and furanyl) and acceptor (nitrobenzene and ethenyl-phenyl-
benzimidazol) groups have been appended to the methylene end of 4-(methylidene)-2-phenyl-1,3-
oxazol-5(4H)-one in order to produce an highly conjugated p-system with pushepull geometry. The
linear and nonlinear optical properties of the oxazolones have been determined. The compounds with
a high charge transfer from the substituent group to the oxazolone ring have relatively high two-photon
absorption cross-sections (80e100 GM). The best performing nonlinear fluorophore being the benzi-
midazol derivative with a two-photon absorption cross-section of 80 GM and a relatively high emission
quantum yield, f ¼ 0.31.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Two-photon absorbing fluorophores are compounds that emit
light after absorbing simultaneously two photons that promote the
transition of an electron from a lower energy level to a higher level.
The absorbed photons are up-converted into emitted photons with
twice the energy. These type of compounds have attracted high
interest in the last decadedue to their photochemical properties and
subsequent wide range of applications such as microfabrication,
data storage, photodynamic therapy, optical power limiting and
sensors [1,2]. Many compounds with two-photon absorption (TPA)
have been described in the literature [1,2]. Optimization of the TPA
cross-section generally requires molecular structures of high
complexity employing long synthetic procedures [1,2].

Oxazol-5-(4H)-ones (hereafter referred to as oxazolones) are
small and simple molecules that have the general structure pre-
sented in Fig. 1a. Due to their numerous reactive sites, oxazolones
have a wide range of applications in chemistry and biology [3,4].
Oxazolones are valuable precursors in the synthesis of non-natural
aminoacids [5] and biological active heterocyclic molecules [3]
which led to a great interest on different types of transformations
to access highly substituted scaffolds [6e21].

One of the main issues regarding application of oxazolones is
related to their poor photochemical stability. This issue can be
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circumvented in the solid phase because the photochemical
decomposition due to ring-opening is strongly inhibited. In addi-
tion, the emission quantum yields of oxazolones with an exocyclic
double bond at position 4 (Fig. 1b), also known as unsaturated
oxazolones, are usually low. One of the factors determinant of the
low quantum yield is the Z to E� geometrical isomerization.
Encapsulation in the solid matrix prevents geometrical isomeriza-
tion, thus increasing the radiative quantum yield. An interesting
application of oxazolones in solid phase (dispersed in solegel and
polymer matrices) is that of optical pH sensors [22e24].

With introduction of an exocyclic double bond at position 4 of
the ring (Fig. 1b) the oxazolone gains a new reactivity in this
position that allows the construction of interesting molecular
structures [25e33]. This double bond also creates a highly
conjugated p-system and subsequently new photophysical
behaviour that makes oxazolones suitable for applications in
photonics and electronics. Since the late 70’s this conjugated
system attracted the attention of several scientists and the influ-
ence of aryl substituents in the absorption and fluorescence of
oxazolones have been extensively studied [34e37]. In 1995 the
first observation of nonlinear optical behaviour of oxazolones
trough second harmonic generation (SHG) [38] was reported.
Since then a huge amount of studies regarding spectroscopy and
nonlinear properties of oxazolones have been described [39e44].
One of these studies mentioned that oxazolones might show TPA
characteristics [42].
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Fig. 1. a) General structure of oxazol-5-(4H)-ones and their reactive sites a, b) general
structure of unsaturated oxazol-5-(4H)-ones.

C.A.B. Rodrigues et al. / Dyes and Pigments 95 (2012) 713e722714
Herein, we present the study of TPA properties of a set of
pushepull compounds based on 4-(methylidene)-2-phenyl-1,3-
oxazol-5(4H)-one easily synthesised by the well-known Erlen-
meyer method [45,46]. The goal of this study is to understand the
photophysics of a set of oxazolone derivatives with D-p-A and A-p-
A arrangements in order to gain insight on the design of oxazolone
derivatives with high two-photon absorption cross-section (s2) and
acceptable fluorescence quantum yields (f). These are properties
that potentiate their application as labels in bioimaging, and as
nonlinearly activated optical sensors. The nonlinearity of interac-
tion with light is particularly advantageous when working in bio-
logical samples due to the intrinsic reduction of out of focus
photobleaching and photodamage, and the greater penetration
depth of the longer wavelengths used in multiphoton excitation
[47]. In addition, the up-converted emission signal, usually in the
visible range, is very efficiently separated from scattered excitation
light in the infrared range. The main problem of multiphoton
excitation relates to the high excitation powers required due to the
low probability of the nonlinear absorption process (typically s2
values are w10�51e10�46 cm4s while linear absorption cross-
sections are s1w 10�19e10�16 cm2), which causes significant
bleaching in the focal plane. The unwanted bleaching can be
reduced by designing more efficient nonlinear fluorophores.
Indeed, commercially available fluorophores used in bioimaging,
which simultaneously show a high degree of selectivity toward
specific cell organelles and biologically relevant molecules, have
very low s2 values (<20 GM, 1 GM ¼ 10�50 cm4s), with record high
values around 200 GM reported for a few fluorophores [48]. The
two-photon absorption is the most relevant nonlinear absorption
process because it is a low order process and for stable fluorescent
molecules it usually occurs under irradiation through the NIR
optical window of biological samples.

2. Experimental and computational details

2.1. Material

All the reagents usedwere purchased fromAldrich orMerck and
were used without further purification. The aldehyde used to
synthesise compound VI was prepared accordingly to the described
method [49]. The reaction evolution was followed by TLC using
silica Merck Kieselgel 60 F254 plates, and revealed by ultraviolet
light at 254 nm and 325 nm or stain solutions of phosphomo-
lybdenum acid in ethanol.

2.2. Instrumentation

The compounds were characterized by NMR, in a Bruker Avance
II 400 Ultrashield Plus, by elemental analysis performed at the
Universidade Nova de Lisboa services, by infrared spectroscopy in
a Shimadzu IRAffinity-1 FTIR spectrometer, using KBr platelets, by
measuring the melting point in a Stuart SMP10 apparatus and by
mass spectrometry in a quadrupole ion trap mass spectrometer
Varian Inc. Palo Alto CA, USA, equipped with an ESI source. High
Resolution mass spectra were obtained in a Finnigan FT/MS 2001
DT, FT-ICR/MS mass spectrometer, operating at EI positive mode.

The linear absorption spectra were recorded on a Shimadzu UV-
3101PC UVeviseNIR spectrophotometer. The emission spectra
were recorded on a Horiba Jobin Yvon Fluorolog 3-22 Spectroflu-
orimeter. The solvatochromic shifts have been determined in
spectroscopic grade solvents without further purification, degass-
ing or drying. The solvents were chosen so has to span awide range
of dielectric constants without a significant change of the refractive
index. In order of increasing dielectric constant, the solvents used
were: benzene (Bz), toluene (Tol), chloroform (CF), diethyl ether
(DE), methyl acetate (MA), ethyl acetate (EA), tetrahydrofuran
(THF), dichloromethane (DCM), acetone (Ac), dimethylformamide
(DMF), acetonitrile (ACN) and dimethylsulfoxide (DMSO).

The two-photon absorption spectra were measured by two-
photon excited fluorescence using Rhodamine 6G (fluorescence
quantum yield of 0.93, lem ¼ 500e600 nm) [50] as a standard to
account for collection efficiency and pulse characteristics. A
modified setup that follows closely the one described by Xu and
Webb [51] was used. In order to select a narrow bandwidth of
emission wavelengths an H20Vis Jobin Yvon monochromator was
placed at the entrance of a PMC-100-4 photomultiplyer tube
(Becker and Hickl GmbH). The excitation source was a Ti:Sapphire
laser (Tsunami BB, Spectra-Physics, 710e990 nm, 1.7 W, 100 s,
82 Mz). In general, solutions of 10 mM concentration in tetrahy-
drofuran (THF) were used. The TPA cross-sections of more chal-
lenging derivatives with low TPA values were evaluated in
2e0.7 mM concentrated THF solutions. The two-photon absorption
cross-section was calculated from the relation:

s2 ¼
�

F2
fCn

�
ox

�
fCns2
F2

�
ref

(1)

where F2 stands for fluorescence intensity, f is the one-photon
excited fluorescence quantum yield, n refers to the refractive
index of the solution, C is the concentration, and ox and ref are
relative to the oxazolone derivatives and the Rhodamine 6G refer-
ence, respectively. The emission intensity dependence of the exci-
tation power was checked to be quadratic at the excitation
maximum for all the molecules studied.

The photostability of selected derivatives was tested under
excitation with the spectrofluorimeter lamp (450 W Xe) through
a slit width of 15 nm. The same conditions were used to study the
photoisomerization.
2.3. Synthesis

The general method of synthesis of oxazol-5-(4H)-ones as been
reported elsewhere [45,46] and it can be described as follows: all
the reagents (aldehyde (1 eq.), hippuric acid (1.1eq.), sodium
acetate (1 eq.) and acetic anhydride (2 eq.) were placed in a flask
and stirred under 100e120 �C during 2 h. The mixture changed
colour upon fusion of all the reagents. After cooling down to room
temperature some methanol was added, the solid was filtered and
washed with methanol. If further purification was needed some of
the compounds were recrystallized in a suitable solvent. Details of
the characterization of the oxazolone derivatives by NMR, IR,
elemental analysis, melting point determination and mass spec-
trometry are given in the following sub-sections and additional
structural spectra can be found in supplementary material.

2.3.1. (4Z)-4-Benzylidene-2-phenyloxazol-5(4H)-one (I)
Light yellow solid, yield: 64% (washed with methanol). M.p.:

166e167 �C. 1H NMR (CDCl3, 400 MHz) d (ppm): 8.21 (td, J ¼ 8.4,



C.A.B. Rodrigues et al. / Dyes and Pigments 95 (2012) 713e722 715
1.7 Hz, 4H, 4� CHAr), 7.66e7.58 (m, 1H, 1� CHAr), 7.58e7.40 (m, 5H,
5� CHAr), 7.26 (s, J ¼ 1.4 Hz, 1H). 13C NMR (CDCl3, 101 MHz) d (ppm)
167.64, 163.54, 133.52, 133.37, 133.27, 132.48, 131.79, 131.22, 128.95,
128.92, 128.39, 125.58. IR (KBr) n: 1793.8, 1768.72, 1653, 1595.13,
1552.7, 1489.05, 1448.54, 1327.03, 1317.38, 1296.16, 1163.08, 983.7,
866.04, 767.67, 698.23, 686.66, 551.64 cm�1. HRMS calc for
C16H11NO2: 249.078430, found: 249.077825. MS (ESIþ) m/z calc for
[C16H11NO2 þH]þ: 250.07, found: 282.1 [M þ MeOH þ Na]þ, 250.1
[M þ H]þ. Elemental Anal. Calcd. C16H11NO2: % N, 5.62, % C, 77.10, %
H, 4.45. Found: %N, 5.55; %C, 76.92; %H, 4.73.

2.3.2. (4Z)-4-(4-nitrobenzylidene)-2-phenyloxazol-5(4H)-one (II)
Yellow solid, yield: 66% (washed with methanol). M.p.:

242e244 �C (decomposition). 1H NMR (CDCl3, 400 MHz) d (ppm)
8.35 (dd, J ¼ 22.1, 8.7 Hz, 4H, 4� CHAr), 8.22 (d, J ¼ 7.6 Hz, 2H, 2�
CHAr), 7.68 (t, J ¼ 7.2 Hz, 1H, 1� CHAr), 7.58 (t, J ¼ 7.7 Hz, 2H, 2�
CHAr), 7.24 (s, 1H, eC¼CHe).13C NMR (CDCl3, 101 MHz) d (ppm)
166.75, 165.66, 148.31, 139.39, 136.31, 134.26, 132.75, 129.17, 128.83,
127.56, 124.95, 123.96. IR (KBr), n: 3103.46, 3066.82, 3043.67,
1797.66, 1761.01, 1654.92, 1641.42, 1598.99, 1579.7, 1556.55, 1519.91,
1489.05, 1452.4, 1413.82, 1361.74, 1344.38, 1325.1, 1296.16, 1240.23,
1224.8, 1163.08, 1109.07, 1093.64, 1070.49, 1001.06, 979.84, 894.97,
883.4, 867.97, 862.18, 848.68, 823.6, 777.31, 763.81, 746.45, 700.16,
684.73, 669.3 cm�1 MS (ESIþ) m/z calc for [C16H10N2O4þ1]:
295.26, found: 349.2 [M þ MeOH þ Na]þ, 295.1 [M þ H]þ.
Elemental Anal. Calcd. for C16H10N2O4: % N, 9.52, % C, 65.31, % H,
3.43. Found: %N, 9.23; %C, 65.28; %H, 3.64.

2.3.3. (4Z)-4-(furan-2-ylmethylidene)-2-phenyloxazol-
5(4H)-one (III)

Brownish yellow solid, yield: 52% (washed with methanol).
M.p.: 171e173 �C. 1H NMR (CDCl3, 400 MHz) d (ppm) 8.14 (d,
J ¼ 7.5 Hz, 2H, 2� CHAr), 7.67 (s, 1H, 1 �CHAr), 7.63e7.42 (m, 4H, 4
xCHAr), 7.16 (s, 1H, eC¼CHe), 6.65 (s, 1H, 1� CHAr).13C NMR
(CDCl3,101 MHz) d (ppm) 167.21, 163.10, 150.61, 146.77, 133.35,
130.50, 129.02, 128.38, 125.65, 120.28, 118.42, 113.92. IR (KBr) n:
3012.81, 3039.81, 3062.96, 1789.94, 1753.29, 1649.14, 1629.85,
1598.99, 1558.48, 1490.97, 1465.9, 1452.4, 1328.95, 1296.16, 1232.51,
1157.29, 1024.2, 989.48, 941.26, 883.4, 862.18, 758.02, 700.16,
684.73, 592.15 cm�1. MS (ESIþ) m/z calc for [C14H9NO3þ1]: 240.06
found: 294.1 [M þ MeOH þ Na]þ, 273.1 [M þ MeOH]þ, 240.1
[M þ H]þ. Elemental Anal. Calcd. for C14H9NO3 % N, 5.86, % C, 70.29,
% H, 3.79. Found: %N, 5.73; %C, 70.19; %H, 3.88.

2.3.4. (4Z)-4-[4-(dimethylamino)benzylidene]-2-phenyloxazol-
5(4H)-one (IV)

Bright orange needles. Yield: 45% (recristalized from ethyl ace-
tate).M.p.: 218e219 �C. 1H NMR (CDCl3, 400 MHz) d (ppm) 8.14 (d,
J ¼ 6.9 Hz, 4H, 4� CHAr), 7.65e7.42 (m, 3H, 3�CHAr), 7.20 (s,
1H,eCHeC ¼ ), 6.75 (d, J ¼ 8.8 Hz, 2H, 2� CHAr), 3.09 (s, 6H,
eN(CH3)2).13C NMR (CDCl3, 101 MHz) d (ppm) 168.55, 160.58,
152.16, 134.86, 133.35, 132.30, 128.79, 128.33, 127.77, 126.34, 121.82,
111.82, 40.11 (N(CH3)2). IR (KBr) n: 3080.32, 3035.96, 3022.45,
3005.1, 1784.15, 1762.94, 1647.21, 1606.7, 1595.13, 1581.63, 1568.13,
1529.55, 1490.97, 1448.54, 1375.25, 1323.17, 1296.16, 1195.87,
1161.15, 1126.43, 856.39, 813.96 cm�1. HRMS calcd. for C18H16N2O2:
292.120629, found: 292.120841. MS (ESIþ) m/z calc for
[C18H16N2O2þ1]: 293.12, found: 315.1 [M þ Na]þ, 293.1 [M þ H]þ.
Elemental Anal. Calcd. for C18H16N2O2: % N, 9.88, % C, 73.95, % H,
5.52. Found: %N, 9.32; %C, 73.93; %H, 5.30.

2.3.5. (4Z)-4-((E)-3-(4-(dimethylamino)phenyl)allylidene)-2-
phenyloxazol-5(4H)-one (V)

Dark red solid, yield: 55% (recrystallized from toluene), M.p.:
236 �C (decomposition). 1H NMR (CDCl3, 400 MHz) d (ppm) 8.12 (d,
J¼ 7.1 Hz, 2H, 2� CHAr), 7.61e7.42 (m, 6H, 5� CHAr þeC¼CHe), 7.16
(d, J¼ 11.8 Hz,1H,eC¼CHe), 7.07 (d, J¼ 15.3 Hz,1H,eC¼CHe), 6.68
(d, J ¼ 8.8 Hz, 2H, 2� CHAr), 3.05 (s, 6H, eN(CH3)2). 13C NMR (CDCl3,
101 MHz) d (ppm) 167.74, 160.95, 152.09, 146.18, 135.52, 132.90,
131.32, 130.61, 130.52, 129.29, 128.21, 127.87, 126.54, 124.46, 119.22,
112.36, 40.59 (N(CH3)2). IR (KBr) n: 3035.96, 2897.08, 2858.51,
1770.65, 1641.42, 1608.63, 1589.34, 1575.84, 1550.77, 1523.76,
1490.97, 1450.47, 1371.39, 1325.1, 1300.02, 1276.88, 1224.8, 1163.08,
968.27, 867.97, 806.25, 723 14, 694.37 cm�1. MS (ESIþ) m/z calc for
[C20H18N2O2þ1]: 319.17, found: 351.2 [M þ Na]þ, 319.2 [M þ H]þ

2.3.6. (4Z)-4-(4-((E)-2-(1H-benzo[d]imidazol-2-yl)vinyl)
benzylidene)-2-phenyloxazol-5(4H)-one (VI)

Light orange solid, yield: 52% (washed with methanol). M.p.:
233 �C (decomposition). 1H NMR (DMSO, 400MHz) d (ppm) 8.38 (d,
J ¼ 8.3 Hz, 2H), 8.16 (d, J ¼ 7.3 Hz, 2H), 7.84 (d, J ¼ 8.3 Hz, 2H),
7.79e7.61 (m, 4H), 7.57 (dd, J ¼ 5.9, 3.2 Hz, 2H), 7.39 (t, J ¼ 8.2 Hz,
2H), 7.21 (dd, J¼ 6.0, 3.1 Hz, 2H). 13C NMR (DMSO,101MHz) d (ppm)
207.05, 167.35, 163.52, 151.04, 138.84, 134.22, 134.18, 133.87, 133.65,
133.33, 130.40, 129.85, 128.49, 128.02, 125.58, 122.83, 120.10. IR
(KBr) n: 3066.82, 3034.03, 2995.45, 1788.01, 1762.94, 1637.56,
1597.06, 1560.41, 1419.61, 1325.1, 1313.52, 1298.09, 1163.08, 983.7,
700.16 cm�1. MS (ESIþ) m/z calc for [C25H17N3O2þ1]: 392.42,
found: 424.3 [M þMeOH]þ, 392.2 [M þ H]þ, Elemental Anal. Calcd.
for C25H17N3O2.2H2O: % N, 9.83, % C, 70.25, % H, 4.95. Found: %N,
9.74; %C, 69.79; %H, 5.40.

2.4. Computational methods

Calculations were done using Gaussian03 [52]. Ground state
geometry optimizations were performed in vaccum at the B3LYP/6-
31þþg(2d,2p) level, and frequency calculations were used to
ensure that a global minimum was reached. TDDFT calculations
were done at the same level of approximation to estimate the
FranckeCondon transition energies and the corresponding coeffi-
cients, transition dipole moments and oscillator strengths. The
Onsager radius was calculated from the computed ground state
molecular volume (Vmol ¼ 4pa3/3) using an increased density of
points (keyword volume ¼ tight) in the Monte Carlo integration as
implemented in Gaussian03.

3. Discussion

A set of derivatives of 4-(methylidene)-2-phenyl-1,3-oxazol-
5(4H)-one have been studied with different electron donor and
acceptor substituents on the methylidene end (see Fig. 2). We
anticipate that depending on the donor(D)/acceptor (A) strength of
the substituents, the 2-phenyl-1,3-oxazol-5(4H)-one can act as an
electron acceptor by accommodating an excess charge on the
carbonyl group or as an electron donor with a charge deficient
benzene ring. Derivatives II and VI are substituted with 4-
nitrophenyl and 4[(E)-2-(1H-benzimidazol-2-yl)ethenyl] phenyl,
which are typical electron acceptor groups in an A-p-A arrange-
ment. Derivatives III, IV and V are substituted with furan-2-yl, and
4-(dimethylamino)phenyl either directly attached to themethylene
end or separated by an ethylene bridge. These two molecules have
a D-p-A arrangement. Compound I was prepared for the sake of
completeness of the series. The asymmetric polarization induced
by the presence of electron donor and electron acceptor groups in
these p-electron conjugated molecules entails an extensive delo-
calization of the p-electron distribution, which is expected to favor
their nonlinear interaction with light.

Table 1 summarizes relevant photophysical properties of the
compounds, namely the maximum wavelength (lmax) of one- and
two-photonabsorption (OPA andTPA), themaximumwavelength of
one-photon induced emission (OPE), the fluorescence emission



Fig. 2. 4-(methylidene)-2-phenyl-1,3-oxazol-5(4H)-one derivatives.
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quantumyield (f), and the two-photonabsorption cross-section (s2,
in GM units where 1 GM ¼ 10�50 photons cm�4s�1). On the last
columnof Table 1 the values for the effective two-photon absorption
cross-section are shown. These values, which are the product of the
emission quantum yields with the TPA cross-sections, reflect the
two-photon induced brightness of the molecules.

Based on the energy of the S0 / S1 transition, the molecules in
Table 1 can be separated into two sets: oxazolones I, II and III with
higher energy transitions (360e390 nm) and oxazolones IV, V and
VI with lower energy transitions (430e490 nm). This observation
suggests that electronic delocalization in the ground state is more
Table 1
Photophysical propertiesa of substituted 4-(methylidene)-2-phenyl-1,3-oxazol-5(4H)-on

Comp. Substituent (R1) lmax
OPA (nm) lmax

OPE (nm)

I 363 416

II 379 460

III 389 454

IV 465 525

V 488 614

VI 424 537

a OPA, OPE and TPA stand for one-photon absorption, one-photon emission and two-
b Two-photon absorption cross-section measured by two-photon induced emission usi

1 GM ¼ 10�50 photons cm�4s�1. The estimated error limits for s2 are �20% and for f ar
efficient for oxazolones IV, V and VI. Photostability tests show that,
oxazolones IV, V and VI, unlike many of the previously studied
oxazolone molecules [43], are stable at room temperature under
excitation at maximum absorption wavelength (see supporting
information). Excitation in the UV (330 nm) leads to very fast
decomposition. Similarly, oxazolones I, II and III are photolabile
under irradiation at the maximum absorption wavelength, which
corresponds to excitation in the UV.

For all molecules, in the ground state the phenyloxazolone
moiety and the substituent ring lay on the same plane. The
extended conjugation in compounds IV and V leads to a nearly
planar arrangement between the dimethylamine and the benzyl
ring of the dimethylaniline group (z4� off from planarity). The
CeN bond distance is calculated to be 1.37 Å for both compounds,
laying in between the typical bond distances between an aromatic
carbon and an sp2 (1.355 Å) and sp3 (1.394 Å) nitrogen atom of an
amine group [54]. With the exception of oxazolones I and III, all the
studied molecules show a HOMO / LUMO transition with an
appreciable charge transfer character, as shown in the isodensity
surface of the frontier molecular orbital in Fig. 3. The charge is
transferred from the phenyloxazolone moiety to the nitrophenyl
group in compound II, while for compounds IV, V and VI, the
charge is transferred in the reverse direction, from the dimethyla-
mino or the benzimidazole groups to the phenyloxazolone
terminus. Table 2 shows calculated properties relevant to UVeVis
absorption such as, transition energies, oscillator strength and
transition dipole moments for the two lowest energy transitions.
The molecular plane is the xy plane, with the y axis nearly aligned
with the O]C..N molecular axis, and the positive direction of the
x axis being towards the substituent group. Comparison of the
experimental and calculated maximum absorption wavelength
allows us to verify the accuracy of the calculations. The average
difference between the theoretical and experimental values is less
the 0.1 eV, which is acceptable, specially taking into consideration
e solution in tetrahydrofuran.

lmax
TPA (nm) s2

b (GM) f s2f
b (GM)

740 3 0.001 0.003

760 36 <0.001 0.011

780 40 0.0003 0.012

895 87 0.003 0.240

950 105 0.004 0.440

880 80 0.31 25.81

photon absorption, respectively.
ng Rhodamine 6G inmethanol as a standard ([50]) with quantum yield of 0.94 ([53]);
e less than �10%.



Fig. 3. Isodensity surfaces of the frontier molecular orbital of the oxazolone
derivatives.
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that the calculations were performed in vacuum. Nevertheless, it
should be pointed out that the accuracy of the calculations is
consistently worse for the molecules with a charge transfer excited
state (II, IV, V and VI). Indeed, the limited accuracy in describing
delocalized excited states (charge transfer states, valence state of
molecules with extended p systems, Rydberg states) are known
shortfalls in the performance of TDDFT calculations [55].

3.1. Quantum yield

Except for compound VI with f ¼ 0.31, all compounds listed in
Table 1 have a relatively low fluorescence quantum yields. The low
quantum yields can be understood on the basis of an efficient
nonradiative deactivation channel of the excess energy. Measure-
ments of fluorescence lifetime of molecules I, VI and V confirm that
the emission quantum yield is essentially determined by the non-
radiative processes. The average fluorescence lifetime increases
from a few picoseconds (3e10 ps) in I and IV to z 0.9 ns in VI,
which gives nonradiative decay rates decreasing in the order of
3 � 1011 (I), 9.5 � 1010 (IV) and 8.4 � 108 s�1 (V). This nonradiative
deactivation is well documented for molecule I and other ethynyl
oxazolone derivatives as resulting from geometrical isomerization
from the lowest energy isomer (the Z-isomer) to the less stable
E-isomer taking place via a triplet state [56,57] Indeed, at room
temperature, molecules I, II and III undergo isomerization when
excited at their corresponding absorption maxima. As an illustra-
tive example, Fig. 4 shows the excitation and emission spectra of
the Z and E-isomers of molecule II. Excitation of the Z-isomer
during 30 min at 379 nm leads to a red-shift of the absorption
maximum by 15 nm due to the formation of the E-isomer, in good
agreement with the calculation that predict the S0 / S1 transition
of the E-isomer to be shifted by 6 nm to lower energies, compared
to the Z-isomer. Discrimination between the two isomers is more
clear in emission, where emission of E-isomer appears red-shifted
by about 70 nm (lmax z 530 nm) from that of the Z-isomer.

No isomerization was observed for molecules IV, V and VI upon
excitation at their corresponding absorption maxima for more than
2 h. The absence of isomerization in these molecules can be under-
stood on the basis of energetic considerations. As described above,
oxazolones IV,V andVIhave absorptionmaxima in the visiblewhile
oxazolones I, II and III have absorption maxima at considerably
higher energies. Furthermore, we have observed that for molecule I
decreasing the temperature up to 77 K increases the emission
quantum yield. Even though isomerization is not expected at these
low temperatures due to a solvent caging effect, the increased
fluorescence quantumyield suggests that the triplet sate involved in
the isomerization at higher temperatures is an activated state that is
not efficiently populated at 77 K. Such an activated triplet is pre-
dicted for compounds I and II to be T3 laying 3e17nmabove S1. In IV,
V and VI the T3 triplets appears at 40e60 nm above S1.

However, the absence of isomerization alone does not explain
the low fluorescence quantum yields observed for compounds IV
(f ¼ 0.003) and V (f ¼ 0.004), because the isomerization process
was not observed in these molecules. Alternative, another non-
radiative decay processes must be effective for these molecules.
Indeed both molecules contain a dimethylamino donor (D) group
and the oxazolone acceptor (A) groupwhich are adequate to induce
an efficient non-radiative decay channel due to formation of
a twisted intramolecular charge transfer excited state. This process
has been extensively studied in the analogous prototypical mole-
cule of (4-dimethylamino)benzonitrile [58]. Further evidence of the
intramolecular charge transfer from the dimethylamino group to
the oxazolone ring come from the solvatochromic shifts in solvents
of different polarity. We have studied the solvatochromic effect on
the absorption and emission of oxazolones IV, V and VI using a set
of solvents with increasing dielectric constant (from ε ¼ 2.28 in Bz
to ε¼ 48.9 in DMSO) and approximately constant refractive indexes
(from n ¼ 1.50 in Bz to n ¼ 1.34 in ACN). Fig. 5 shows the sovato-
chromic effect on the absorption and emission spectra of oxazo-
lones IV, V and VI for a reduced set of solvents.

Both the absorption and emission spectrum of oxazolone IV and
V show a modest red-shift with increasing orientation polarization
function (eq. (2)) whereas for oxazolone VI only in emission are
appreciable solvatochromic shifts observed. The difference in the
trend observed in the absorption spectra is readily understood on
the basis of their respective ground state static dipole moment. The
shift for the absorption and emission maxima are shown to be
related to the ground and excited state dipole moments [59]:

Df ¼ ðε� 1Þ
2εþ 1

�
�
n2 � 1

�
2n2 þ 1

(2)

D~nabs ¼ � 2
hca3

m!00ð m!11 � m!00ÞDf þ c (3)

D~nem ¼ � 2
hca3

m!11

�
m!11 � m!00

�
Df þ c (4)



Table 2
UVeVis absorption properties (experimental in THF and calculated at TD-DFT level in vacuo).

Comp. Exp. lmax (nm) Calc.

Transition
energies (nm)

Oscillator strength Transition dipole moment mf0 Orbitals Coefficients

x y z

I 363 378 0.8577 �3.2480 �0.3346 0.0000 HOMO / LUMO 0.61913
325 0.0003 0.0000 0.0000 �0.0523 HOMO-4 / LUMO 0.69305

II 379 409 0.8716 3.4246 �0.1190 0.0000 HOMO / LUMO 0.62602
343 0.0002 �0.0003 0.0001 �0.0434 HOMO-4 / LUMO 0.67373

HOMO-4 / LUMOþ1 0.12908
III 389 398 0.7979 �3.1420 0.7640 0.0000 HOMO / LUMO 0.60329

324 0.0003 0.0006 0.0000 �0.0580 HOMO-3 / LUMO 0.69322
IV 465 434 0.9410 3.6550 �0.2873 0.0074 HOMO / LUMO 0.62070

320 0.1496 �1.2502 0.1102 �0.0087 HOMO / LUMOþ1 0.48699
HOMO-1 / LUMO 0.46746
HOMO-5/LUMO 0.10523

V 488 467 1.3992 4.6302 �0.2026 0.0090 HOMO / LUMO 0.60939
353 0.1563 �1.3398 �0.1514 �0.0049 HOMO-1 / LUMO 0.52610

HOMO/LUMOþ1 �0.41181
HOMO / LUMOþ4 �0.10420
HOMO-5 / LUMO �0.10153

VI 424 490 1.4255 4.7916 �0.1390 0.0000 HOMO/LUMO 0.64260
396 0.1821 �1.4881 �0.4018 0.0000 HOMO-1 / LUMO 0.63839

HOMO-2 / LUMO 0.23413
HOMO / LUMOþ1 �0.11188
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where m!11 and m!00 are the static dipolemoment of the excited and
ground state, respectively.

The ground state dipole moments calculated for oxazolones IV
and V are 7.54 and 8.89 D, while that estimated for oxazolone VI is
considerably lower (2.02 D). Consequently, the absorption spec-
trum of oxazolones IV and V are more sensitive to solvent polarity.
The fact that the emission spectra of the three molecules show
a noticeable red-shift with increasing solvent polarity indicates that
their excited states have quite large dipole moments. Indeed, the
excited state dipole moment estimated on the basis of the slope of
the D~nabs as a function of Df (eq. (3)) assuming that the ground state
and the excited state dipole moments are co-linear and using the
calculated Onsager radius are 13 � 3, 14 � 4 and 13 � 5 D for
oxazolones IV, V and VI (Table 3 shows a list of the parameters used
in the calculations). In the fitting procedure the less polar solvents
Fig. 4. Excitation and emission spectra of Z and E-isomers of molecule II. The exci-
tation and emission spectra of the Z-isomer were recorded before irradiation by col-
lecting emission at lem ¼ 460 nm and upon excitation at lexc ¼ 379 nm, respectively.
The excitation spectrum of the E-isomer was recorded after 30 min of irradiation at
379 nm collecting emission at lem ¼ 520 nm, while its emission spectrum was ob-
tained by deconvolution of the emission spectra of the photostationary state in the E
and Z isomer components.
(Bz and Tol) have been excluded from the correlation for two main
reasons: i) both Bz and Tol have a large polarizability, and thus the
dispersion contribution cannot be neglected as assumed in the
derivation of eqs. (3) and (4); ii) the fluorescence of the compounds
seems to indicate the formation of a charge transfer complex with
the solvent (please see the fluorescence spectra of compounds IV, V
and VI in Fig. 5). In order to evaluate if the excited state for
absorption and emission is the same in each molecule, the excited
state dipole moments can also be calculated from the slope of the
D~nem as a function of Df (eq. (4)), again assuming collinear dipole
moments and using the calculated ground state dipole moment.
This approach gives excited state dipole moments of 14 � 1, 16 � 1
and 15.4 � 0.9 D for oxazolones IV, V, and VI, respectively. Since
both approaches give, within our experimental error, equal excited
state dipole moments, we can conclude that the same excited state
is involved in absorption and emission. It should be noted that for
compound VI the dipole moment of the ground and excited state
are anti-parallel, as indicated by the negative D~nabs=Df and positive
D~nem=Df in Table 3.

Once it was established that the emissive state is populated via
direct excitation from the ground state we can safely use the Stokes
shifts to evaluate the dipole moment change exclusively based on
experimental data using the LipperteMataga equation:

D~nSS ¼ 2
hca3

ðm11 � m00Þ2Df þ c (5)

where D~nSS refers to the change in the stokes shift. The plot of the
Stokes shift versus the orientation polarization function, Df, is
shown in Fig. 6. It is noteworthy that in this figure the Bz and Tol
points obey the linear correlation though they have not been
considered in the fitting due to difficulty in discriminating the
position of the absorption maxima corresponding to the uncom-
plexed molecules. This probably occurs because the Stokes shift is
essentially determined by the emission shift and the emission
maxima coincides with emission from the uncomplexedmolecules.
The ratio between eqs. (3) and (4) allows us to estimate the ground
state dipole moment from the solvatochromic shifts. This gives
ground state dipolemoments (5� 3 D (IV), 5� 4 D (V) and 1.5� 0.6
D (VI)) in good agreement with those obtained from the electronic
structure calculations (7.5 D (IV), 8.9 D (V) and 2.0 (VI) D. Eq. (5)



Fig. 5. Solvatochromic effects on the linear absorption and emission spectra of oxazolones IV, V and VI. The solvent abbreviations correspond to: Bz, benzene; EA, ethyl acetate; THF,
tetrahydrofuran; DMF, dimethylformamide; DCM, dichloromethane and DMSO, dimethylsulfoxide.

C.A.B. Rodrigues et al. / Dyes and Pigments 95 (2012) 713e722 719
allows us to estimate the difference between the permanent dipole
moments to be 7.0 � 0.7 D (IV), 7.8 � 0.6 D (V) and 15 � 1 D (VI).
Note that the difference between the static dipole moments for VI
(Dmss ¼ 15 � 1 D) is higher that the excited state dipole moment
(m11 ¼ 13.7 � 0.9 D) because the ground and excited state dipole
moments are anti-parallel. The charge transfer character of the
S0 / S1 electronic transition is stronger for the VI derivative.

Fig. 6 shows that the magnitude of the Stokes shifts increases
from oxazolone IV to V and VI implying that there is an extensive
structural rearrangement of the solvent molecules from the
FranckeCondon geometry reached upon absorption to attain the
relaxed emissive charge transfer state. This structural relaxation
implies a solute-solvent coupling that could lead to an effective
nonradiative energy relaxation, and for low emission quantum
yield. The reason for oxazolone VI to have a much higher quantum
yield than oxazolones IV and V remains unclear.

3.2. Two-photon absorption

Compound I, with a phenyl substituent is the one with the
lowest TPA cross-section (3 GM). All the other derivatives have TPA
cross-section ranging from z40 to 100 GM (Table 1), which are
comparable with those of commercial TPA dyes. Derivatives II and
III, with TPA cross-sections of z40 GM, have exceedingly low
emission quantum yields to be of any use as fluorescent labels in
3D-imaging. Alternatively, nonlinear absorption materials with low
emission quantum yields have been used in optical power limiting
applications. The oxazolone derivatives with the higher TPA cross-
Table 3
Measured spectroscopic data and calculated parameters relevant for the estimation of p
estimated dipole moments and TPA cross-sections.

Comp. S0 / S1
exp (nm)

εmax � 104

(cm�1/M�1)
a calc (Å) Dnabs/Df

(cm�1)
Dne
(cm

VI 465 5.41 4.52 �4138 �
V 488 4.74 4.59 �4270 �1
VI 424 4.75 4.87 1978 �1

a Dmss is the permanent dipole moment change calculated from DnSS/Df and equation
b m11 is the excited state dipole moment extracted from DnSS/Df and Dnem/Df according
c s2 SS is the TPA cross-section calculated according to equation (7) with an estimated
d s2 TPEF is the measured absorption cross-section with an estimated error of �20%.
section have either strong donor groups (IV and V) or a relatively
mild acceptor substituent (VI), which transfer electron density to
the oxazolone ring upon excitation. These three derivatives have at
least one order of magnitude high effective TPA cross-section (s2.f)
than the other studied derivatives (Table 1). The linear (OPA) and
two-photon (TPA) absorption and fluorescence of oxazolones IV, V
and VI in THF are shown in Fig. 7. The emission spectra are insen-
sitive to the nature of the excitation process. As discussed above,
the broad and unstructured emission bands are characteristic of
intramolecular charge transfer in the excited state. As a result of the
charge transfer nature of the FranckeCondon excited state, mole-
cules IV, V and VI have the higher TPA cross-sections (87, 105 and
80 GM, respectively). For oxazolones IV and V the TPA spectra can
be overlapped with the OPA spectra using for the TPA spectra an
energy scale factor that is exactly twice the wavelength of the OPA
spectra. In contrast, oxazolone VI has two TPA maxima (740 and
880 nm) underneath the apparently unstructured OPA absorption
centered at 424 nm.

For polar unsymmetrical molecules with either parallel or
antiparallel dipole moments, the two-photon absorption cross-
section is generally well described within the framework of
a two-level system as follows [60]:

s2ðnÞ ¼ 2ð2pLÞ
5ðhcnÞ2

4
ðm11 � m00Þ2m210gð2nÞ (6)

where L is the Lorentzian local field factor (L¼(n2þ2)/3), m10 is the
transition dipole moment and g(2n) is the normalized TPA line
ermanent dipole moments from solvatochromic effects are listed together with the

m/Df
�1)

DnSS/Df
(cm�1)

DmSS
a (D) m11

b (D) s2 SS
c

(GM)
s2 TPEF

d

(GM)

9504 5366 7.0 � 0.7 12 � 6 75 87
0586 6315 7.8 � 0.6 13 � 5 85 105
8035 20013 15 � 1 14 � 3 287 80

(5).
to equations (4) and (5).
error of �20%.



Fig. 6. Stokes shift as a function of the solvent orientation polarization showing the
fitting of the experimental data points to eq. (5) (straight line). For each compound. the
two experimental points with Df close to zero correspond to Bz and Tol and have not
been considered in the fitting to eq. (5).

C.A.B. Rodrigues et al. / Dyes and Pigments 95 (2012) 713e722720
shape function. Assuming that the TPA line shape can be approxi-
mated by the OPA line shape it is possible to describe the TPA cross-
section based on linear spectroscopic properties such as the dipole
moment change, the extinction coefficient and the frequency of the
maximum of the OPA band, as follows [60]:
Fig. 7. Linear absorption and emission spectra and two-photon absorption spectra of
oxazolones IV V and VI in THF.
s2ðnÞ ¼ 12
5

ln10p103

NAhc2
L4

n2
ε10ðnÞ
~n10

ðm11 � m00Þ2 (7)

In deriving this equation it was assumed that m210gð2nÞ can be
approximated by [60]:

m210gð2nÞ ¼ m210g
�
~n10

�
¼

3� 103ln10hcε
�
~n10

�
n

ð2pÞ3NA~n10L2
(8)

Thus, the dipole moment differences extracted from the Stokes
shifts can be used to estimate two-photon absorption cross-section
for this set of oxazolones. This approach was applied only to
molecules IV, V and VI due to their higher TPA cross-section.
Molecules II and III have exceedingly low emission quantum
yields to allow for an accurate analysis of the solvatochromic shifts
and molecule I has both low emission quantum yields and low TPA
cross-section. The values obtained for the oxazolones VI and V
using the spectroscopic data in Table 3 were 75 and 85 GM, which
are in good agreement with the experimentally determined values
of 87 and 105 GM. These values show that, even though increasing
the conjugation length is a well-known strategy to increase the TPA
cross-section [1], this effect is quite modest for the two dimethy-
laniline derivatives in this study. The experimental maximum ob-
tained for oxazolone VI (80 GM) is equal to those of oxazolones IV
and V. Conversely, the estimated value for the TPA of oxazolone VI
on the basis of the linear spectroscopic properties is significantly
higher than the measured one (287 GM). This discrepancy cannot
be accounted for based on the approximation of the two-photon
absorption line shape by that of the one-photon absorption.
Comparison of the TPA and OPA spectra in Fig. 7 shows that the
strongest band in the TPA spectra is considerably narrower than the
strongest OPA band. The maximum of the normalized line shape
function for the TPA is roughly three times higher than that of the
OPA band. Thus a more accurate prediction of the TPA cross-section
for oxazolone VI based on the TPA line shape function would
actually be larger than the value on Table 3.

Similar discrepancies have been reported before by Rebane et al.
and explained in terms of a molecular point dipole that is displaced
from the center of themolecule [61], which is obviously the case for
the studied oxazolone derivatives. The measured two-photon
absorption cross-section does not depend on the exact location of
the dipole moment due to the fact that the radiation wavelength is
much larger than the molecular dimensions, thus the TPA cross-
section is well defined by a point dipole approximation.
Conversely the solvatochromic shifts do depend on interaction of
the solute molecule with its immediate surroundings so that
a displacement of the molecular dipole from the center of the
molecule would lead to increased interaction energy. Thus, the
dipole moments estimated from the solvatochromic shift could be
overestimated leading also to an overestimation of the TPA cross-
section. In the IV and V derivatives, the overestimation of the
dipole moments seem to cancel out in the dipole moment differ-
ence, while in derivative VI the overestimation remains due to the
fact that the ground state dipole moment is in fact small.

The additional shorter wavelength band in the TPA spectrum of
oxazolone VI (740 nm) is assigned to a biphotonic transition to
a higher energy singlet state. An S2 state is predicted by the TD-DFT
calculation to lay 93 nm above in energy from the S1 state (Table 2).
This prediction agrees well with the 70 nm estimated from the
difference between the band maxima observed in TPA spectrum
(lS1OPAelS2

OPA ¼ lS1
TPA/2elS2TPA/2). The dominant transition is a HOMO-

1 / LUMO transition that involves also some degree of charge
transfer from the benzimidazole unit to the oxazolone terminus.
The much weaker oscillator strength associated with this transition
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(almost one order of magnitude lower than the S0 / S1 transition
(see Table 2)) precludes its observation in the OPA spectra. Similar
S0 / S2 transitions are observed in the TPA spectrum of oxazolones
V (730 nm), but with much weaker TPA cross-sections (14 GM).

The benzoimidazol derivative (VI) is by far the best performing
molecule as a two-photon activated fluorophore, given the much
higher quantum yield (Table 1). The effective TPA cross-section for
oxazolone VI (25 GM) is almost two orders of magnitude higher
that of oxazolones IV and V (0.24 and 0.44 GM, respectively). The
value of the effective TPA cross-section of oxazolone VI is compa-
rable to commercially available fluorophores like Fluorescein
(60 GM), Rhodamine 6G (120 GM) or Rhodamine B (135 GM).
4. Conclusions

A set of pushepull molecules with either D-p-A or A-p-A
arrangements have been synthesized based on the 2-phenyl-1,3-
oxazol-5(4H)-one unit aiming at preparing stable oxazolone
based fluorophores with appreciable nonlinear excitation. Their
linear and nonlinear photophysical properties relevant to evalua-
tion of the two-photon absorption cross-section have been char-
acterized. The TPA cross-sections were estimated using two
different approaches: (1) from the two-photon excited fluorescence
and (2) calculated within a two-level approximation from the
transition dipole moments and the changes between the perma-
nent dipole moment extracted from linear spectroscopic data.
Electronic structure allowed for a deeper insight into the nature of
the relevant electronic transitions. The highest TPA cross-sections
were estimated between 80 and 100 GM either for oxazolone
derivatives with strong electron donating groups (dimethylamine)
or mild electron accepting groups (benzoimidazol) that actually
behave as electron donors with respect to the oxazolone ring. Thus,
in this set of molecules the nonlinear interaction is favored by an
efficient charge transfer from the substituent group to the oxazo-
lone ring. Nevertheless, the dimethylamine and furanyl derivatives
have extremely low quantum yields thus precluding their use as
nonlinear fluorophores. Alternatively their nonlinear response
could be relevant in optical power limiting applications. The best
performing nonlinear fluorophore was the benzoimidazol deriva-
tive with a TPA cross-section of 80 GM and an emission quantum
yield of 0.31. The results from this study will guide our future work
on the oxazolone derivatives as a two-photon absorption
fluorophores.
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