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ABSTRACT: The synthesis and comprehensive character-
ization of the excited states of four novel triphenylamine−
benzimidazole derivatives has been undertaken in solution
(ethanol and methylcyclohexane) at room temperature. This
includes the determination of the absorption, fluorescence, and
triplet−triplet absorption spectra, together with quantum
yields of fluorescence, internal conversion, intersystem cross-
ing, and singlet oxygen. From the overall data the radiative and
radiationless rate constants could be obtained, and it is shown
that the compounds are highly emissive with the radiative
decay dominating, with more than 70% of the quanta loss through this deactivation channel. The basic structure of the
triphenylamine−benzimidazole derivatives (1a) was modified at position 5 of the heterocyclic moiety with electron-donating
(OH (1b), OCH3 (1c)) or electron-withdrawing groups (CN, (1d)). It was found that the photophysical properties remain
basically unchanged with the different substitutions, although a marked Stokes shift was observed with 1d. The presence and
nature of a charge-transfer transition is discussed with the help of theoretical (DFT and TDFT) data. All compounds displayed
exceptionally high thermal stability (between 399 and 454 °C) as seen by thermogravimetric analysis.

■ INTRODUCTION

Research on organic luminescent materials has been intensely
pursued because of their importance in technological
applications related to signaling, fluorescent biosensory/
chemosensory materials, molecular switches, and organic
light-emitting diodes (OLEDs).1−5 Organic fluorophores such
as triphenylamine and (benz)imidazole derivatives have
attracted a particular attention owing to their high emission
efficiency as well as their excellent thermal stability in guest−
host systems, being widely used respectively as hole- and
electron-transporters and emitting layers for OLEDs6−12 as well
as building blocks for the synthesis of efficient optical
chemosensors due to their receptor/signaling ability to anions,
cations or molecules.13,14

Crucial factors for successful OLEDs are a facile and
balanced charge transport as well as a high conversion
efficiency of excitons into light.7 Generally, with the
incorporation of electron-donor and -acceptor moieties in a
single emitter it is possible to control the HOMO−LUMO
energy level and to simultaneously balance the electron−hole
recombination.15−17 To improve the charge-transfer capability,
a molecular structure that localizes the HOMOs and LUMOs at
their respective hole- and electron-transporting moieties is
desirable.18,19 Furthermore, the emitting materials should
possess amorphous morphology to decrease the crystallinity,

which is preferable to improve the device performance. In a
recent study electroluminescent devices fabricated using a
triphenylamine-substituted benzimidazole derivative as the
emitting layer, showed a high external quantum efficiency
(EQE), of 4.67%, along with a high color purity of the blue
emission.20 This device performance was attributed to the bulky
3D structure of the investigated triphenylamine-benzimidazole
derivative that limits the molecular packing density, therefore
suppressing exciton quenching and in that way increasing the
EQE.
In the field of molecular recognition, benzimidazole

derivatives have also been extensively used for sensing of
cations, anions, and neutral molecules due to the emissive
properties of this heterocycle.21−23 Other heterocyclic systems
bearing functionalized (benz)imidazole derivatives exhibiting
high thermal stability have also been recently investigated.24,25

As a result, this moiety has been used not only as a binding unit
for cations and anions, as the imidazole derivatives do, but also
as a fluorogenic antenna.13

In another field of research, triphenylamine and its
derivatives have displayed promising properties in the develop-
ment of photovoltaic devices as donor moieties due in part to
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their chemical stability together with stabilized photoexcited
state by charge delocalization in the aryl substituents. A recent
study showed that the introduction of benzimidazole
derivatives in the phenyl ring of the triphenylamine core
increases the molar extinction coefficients together with
absorption maxima (due to the increased π-conjugation), and
a overall improved photovoltaic performance was obtained
when compared to the unsubstituted counterpart.26

In the present work, we focus on the synthesis and
photophysical characterization of new triphenylamine−benzi-
midazoles bearing groups of different electronic nature
(electron donor or acceptor) at position 5 of the benzimidazole
ring, in order to gain detailed understanding of the relationship
between structure and its deactivation pathways.

■ RESULTS AND DISCUSSION
The structures of the investigated compounds are depicted in
Scheme 1, consisting of triphenylamine−benzimidazole de-
rivatives substituted at position 5 of the benzimidazole
heterocycle with different electron-donating (OH, OMe) or
electron-withdrawing groups (CN).
Synthesis and Characterization. Triphenylamine−benzi-

midazoles 1a−d bearing groups of different electronic nature
(electron donor or acceptor) at position 5 of the benzimidazole
ring were synthesized in good to excellent yields (87−95%) by
a one-step reaction through the Na2S2O4 reduction24,27 of
several commercially available o-nitroanilines in the presence of
triphenylamine aldehyde in DMSO at 120 °C (Table 1, Scheme
1).

Thermal Stability of Triphenylamine−Benzimidazoles
1a−d. Thermal stability of compounds 1a−d was studied by
thermogravimetric analysis (TGA), measured at a heating rate
of 20 °C min−1 under a nitrogen atmosphere. The results
obtained revealed the exceptional high thermal stability for all
compounds, which could be heated up to Td = 399−454 °C.
Moreover, the introduction of electron donor (OMe, OH) or
electron acceptor (CN) groups at the benzimidazole moiety led
to highly thermal stable materials (Td = 406−454 °C)
compared to the unsubstituted derivative 1a (Td = 399 °C).
Spectroscopic and Photophysical Properties. The

electronic spectra and photophysical properties of compounds
1a−1d were investigated in ethanol at T = 293K. It is worth

noting that the photophysical properties here obtained are not
restricted to the fluorescence properties, but to all the
deactivation processes, ϕF, ϕIC, ϕT, and also the singlet oxygen
sensitization yield, ϕΔ, which allows a thorough analysis of the
decay processes occurring with these compounds. For the sake
of simplicity, the discussion will be mainly focused on
properties of these new compounds, as seen by what we can
consider the model compound, 1a, and the effect of the
different donor (1b and 1c) and acceptor (1d) substituents at
the benzimidazole chromophore.
Substituent groups have a marked effect in the spectroscopic

(shift in both absorption and fluorescence spectra) and
photophysical properties of many organic compounds. In
general, electron-donating groups induce an increase in the
molar absorption coefficient and enhance the fluorescence
efficiency (ϕF), whereas electron-withdrawing groups reduce
the fluorescence quantum yield.28

Figure 1 presents the absorption and fluorescence emission
spectra of compounds 1a−d in ethanol solution. From the

absorption and fluorescence emission spectra it can be seen that
the electron-withdrawing CN group in compound 1d originates
the most pronounced shift both in the absorption and emission
spectra; indeed, 1d displays a 13 nm (absorption) and 32 nm
(emission) red-shift when compared to 1a. However, when
substitution is now made with electron-donor groups
(compounds 1b and 1c) a negligible red-shift in the absorption
band is observed whereas in the emission spectra a relatively
marked spectral blue-shift is seen, again when compared to 1a;
see Figure 1 and Table 2.
For the triphenylamine−benzimidazole derivatives the

observed large Stokes shift values found (in the range 3973−
5583 cm−1 in ethanol and 2151−3136 cm−1 in methylcyclohex-
ane solution, see Table 2) points out to the occurrence of an
ICT process29−32 between the donor (triphenylamine) unit and
the electron-acceptor benzimidazole moiety. Indeed, the values
are distinctly higher in ethanol than in methylcyclohexane; see
Table 2. This behavior is in agreement to what was previously

Scheme 1. Synthesis of Benzimidazoles 1a−d

Table 1. Yields, IR, and Td Data for Compounds 1a−d

compd R yield (%) IR ν̅a (cm−1) Td
b (°C)

1a H 89 3401 (NH) 399
1b OH 87 3320 (NH); 3646 (OH) 406
1c OMe 91 3354 (NH) 413
1d CN 95 3410 (NH); 2229 (CN) 454

aRecorded in nujol. bDecomposition temperature (Td) measured at a
heating rate of 20 °C min−1 under nitrogen atmosphere, obtained by
TGA.

Figure 1. Room-temperature absorption and fluorescence emission
(collected with λexc= 350 nm) spectra for the investigated triphenyl-
amine−benzimidazoles in ethanol solution.
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reported for triphenylamine-substituted benzimidazole deriva-
tives where the longer wavelength absorption band around 340
nm was attributed to the charge transfer (CT) π−π* transition
from the electron-donating triphenylamine moiety to the
electron-accepting benzimidazole moiety16,20 and are further
confirmed by theoretical calculations (see below).
Fluorescence lifetimes were obtained with picosecond and

nanosecond time resolution and were seen to fit to single
exponential decay law (see Figure 2 and Table 2), which
excludes energy transfer and conformational relaxation
processes.33,34 The values of 2−4 ns are typically those usually
found for systems with D−A moieties.35,36 However, as

mentioned, even in a picosecond time scale the compounds
were found single exponential, which apparently mirrors the
rigid nature of the molecular structure of the compounds.
The triplet states of the triphenylamine−benzimidazole

derivatives were characterized from the singlet−triplet differ-
ence transient absorption spectra (Figure 3). In addition to
ground-state depletion at shorter wavelengths the spectra
present an intense and broad triplet absorption in the 400−700
nm region. Although the clear signal observed (which are
quenched by oxygen and display triplet lifetimes in the μs
range, see Table 3), the intersystem crossing quantum yields,
ϕT, are low with the lowest value for 1d.

Singlet oxygen formation quantum yields (ϕΔ) were also
obtained for the investigated compounds (Table 3) and were
found to be close to the triplet intersystem crossing yields, thus
giving essentially support for the latter values, but also showing
that this is an inefficient route and that these compounds are
likely to display photostability.
Table 3 presents the overall set of photophysical parameters

including quantum yields, lifetimes, and rate constants obtained
in ethanol solution at 293 K. For all the compounds an intense
blue fluorescence with high ϕF values (0.70−0.78) is observed.
Very interestingly, one can observe that the (high) ϕF values
are higher than the value (0.50) previously reported for the
N,N,N′,N′-tetraphenyl-5′-(1-phenyl-1H-benzimidazol-2-yl)-
1,1′:3′,1″-terphenyl-4,4″-diamine derivative.16 However, the
obtained ϕF values are in good agreement to what was recently
reported for mono- and ditriphenylamine-substituted 1,2-
diphenylbenzimidazole derivatives (ϕF = 0.72 and 0.66,
respectively).20 Moreover, the constancy observed in the ϕF
values shows that the substitution either with electron-donating

Table 2. Spectroscopic Data (Absorption, Fluorescence Emission, and Triplet Absorption Maxima, Extinction-Singlet and
Triplet-Coefficients, εSS and εTT, Stokes Shift, ΔSS, and the Optical Absorption Band Gap, Eg) for the Triphenylamine−
benzimidazoles Derivatives in Ethanol and Methylcyclohexane (MCH) Solutions at 293 K (Underlined Values Are the
Wavelength Maxima)

compd λmax
Abs (nm) λmax

Abs cal [f]a (nm) εSS (M
−1 cm−1) λmax

Fluo (nm) λmax
T1→Tn (nm) εTT (M−1 cm−1) ΔSS (cm

−1) Eg (eV)

1a 295, 353 308, 360 19370 428 640 18100 4964 3.21
(MCH) (298, 352) [0.1771, 0.9219] (382, 400) (2151)

1b 300, 357 309, 363 19400 416 650 12900 3973 3.22
(MCH) (288, 350) [0.1739, 0.9626] (402) (3136)

1c 300, 355 300, 352 25230 421 650 17900 4416 3.22
(MCH) (299, 355) [0.1744, 0.9933] (384, 403) (2530)

1d 295, 366 303, 372 22470 460 650 10200 5583 3.06
(MCH) (294, 366) [0.1660, 0.9419] (399, 418) (2260)

af: theoretical oscillator strength.

Figure 2. Room-temperature fluorescence decays for 1a and 1b in
ethanol solution obtained with λexc = 373 nm and T = 293 K. For a
better judgment of the quality of the fits, autocorrelation functions
(AC), weighted residuals (WR), and χ2 values are also present as
insets. The dashed lines in the decays are the pulse instrumental
response.

Figure 3. Room-temperature transient triplet−triplet absorption
spectra for 1a−d in ethanol solution at T = 293 K.
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or -withdrawing groups do not change significantly the
photophysical properties of the compounds and is also in
agreement to what was previously found for diphenyl-
substituted benzimidazoles incorporating electron-donor or
-acceptor groups (ϕF values in the 0.46−0.54 range).37 A
further split of the radiationless deactivation pathways (ϕT and
ϕIC) can be made from the balance ϕIC = 1 − ϕT − ϕF. The
data show that the radiationless internal conversion channel,
although with contributions of 26% to 23%, represents ca. 1/4
to the total quanta loss. This is further complemented with the
determination of the rate constants for all the deactivation
processes, where it can be seen that the radiative rate constant,
kF, is 1 order of magnitude higher than the intersystem crossing
rate constant, kISC, and approximately 3 (1b and 1c) to 5 (1a
and 1d) higher than the internal conversion rate constant, kIC.
Summarizing at this stage, from the overall data for the

triphenylamine-benzimidazoles derivatives 1a−d the radiative
channel is the main excited-state deactivation pathway,
although the radiationless internal conversion decay route can
be considered a competitive route for the deactivation of the
excited state.
Theoretical Studies. To get further insight into the effect

of molecular structure and electron distribution on the
spectroscopic properties of the triphenylamine−benzimida-
zoles, their geometries and energies were optimized by density
functional theory (DFT) calculations at the B3LYP/6-31G**
level. The optimized ground-state geometries together with the
relevant molecular orbital plots of the HOMOs and LUMOs
for the investigated compounds are shown in Figure 4. In
general, and in agreement with previous studies,26 it is seen that

the three benzene rings in the tryphenylamine core are
nonplanar (with the phenyl rings of the triphenylamine
chromophore displaying dihedral angles in the 143.9−147.0°
and (−33.4°)−(−36.7°) range with respect to the plane
formed by the phenyl ring connected to the benzimidazole
moiety) and that the benzimidazole moiety present a slightly
distorted conformation with the phenyl linkage of the
triphenylamine moiety displaying a dihedral angle in the 7.1−
8.9° range with respect to the plane formed by the phenyl
group for the compounds investigated (see Figure 4).
The vertical excitation energies and oscillator strengths are

presented in Table 2, and in general, the predicted values show
excellent agreement with the values experimentally obtained. In
addition, from the oscillator strength values presented in Table
2 it can be seen that these accurately reproduce the relative
intensity of the room temperature absorption bands (see Table
2 and Figure 1), thus giving further support for the optimized
ground-state geometries. The TD-DFT excited-state calcula-
tions also helped us to assign the experimental bands. For all
the samples investigated the observed lowest energy absorption
bands (and strongest bands) are associated to the predicted
S0→S1 transitions (HOMO→LUMO); see Figure 4. The lower
intensity absorption band located at higher energy for
compounds 1a and 1d (centered at 295 nm) is associated
with the S0→S3 transition, although for 1a this transition
involves the HOMO→LUMO+2 orbitals while for 1d the
predicted transition display contributions from both the
HOMO→LUMO+2 and from the HOMO→LUMO+3
(major contribution); see Figure 4. For the triphenylamine-
benzimidazoles 1b and 1c, functionalized with the electron
donor substituents, the bands centered at 300 nm are attributed
to the S0→S4 transition which involves the HOMO→LUMO
+2 orbitals.
From the molecular orbital contours (Figure 4) it is possible

to see that for compounds 1a and 1d the density of the HOMO
orbital is mainly located in the triphenylamine moiety while for
1b and 1c the electron density is spread over the entire
molecule. The electron density of the LUMO shows, in general,
a decrease in the electron density on the triphenylamine moiety
(donor) and a concomitant increase in the electron-acceptor
benzimidazole unit. This behavior is in agreement with previous
theoretical studies on similar electron donor−acceptor
molecules where the lowest energy absorption band was
associated with a charge transfer (CT) type π−π* transition
from the HOMO to the LUMO orbitals.20,26,38 In addition, the
observed higher energy absorption bands (which correspond to
the transitions from the HOMO to LUMO+2 or LUMO+3, see
Figure 4 and discussion above) were attributed to the locally
excited (LE) π−π* transition at the triphenylamine moiety.38

To further investigate the CT character of the lowest energy
transition in more detail the absorption and emission spectra of
these compounds were also obtained in the nonpolar solvent
methylcyclohexane (see Table 2). Comparison between the
spectroscopic features in ethanol and methylcyclohexane,

Table 3. Photophysical Properties Including Quantum Yields (Fluorescence, ϕF, Internal Conversion, ϕIC, Triplet formation,
ϕT, and Sensitized Singlet Oxygen formation, ϕΔ) for 1a−d in Ethanol Solution and T = 293 K

compd ϕF τF (ns) kF (ns
−1) kNR (ns−1) kISC (ns−1) ϕIC kIC (ns−1) ϕT ϕΔ τT (μs)

1a 0.75 3.11 0.241 0.080 0.028 0.16 0.052 0.09 0.08 7.7
1b 0.71 2.31 0.307 0.126 0.043 0.19 0.082 0.10 0.05 3.3
1c 0.70 2.49 0.281 0.120 0.027 0.23 0.093 0.07 0.06 16
1d 0.78 3.97 0.196 0.055 0.010 0.18 0.045 0.04 0.05 87

Figure 4. Ground state optimized geometry at the B3LYP/6-31G**
level together with the electron distribution of the HOMOs and
LUMOs for the relevant molecular orbital energy levels of the
triphenylamine−benzimidazole derivatives.
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reveals a solvent independent absorption spectra while the
fluorescence emission spectra displays a clear solvent depend-
ence with a significant bathochromic shift in the emission
wavelength maxima with increasing solvent polarity. The higher
solvatochromic shifts seen in the fluorescence emission spectra
compared to those in the absorption spectra suggest an excited
state with stronger CT character thus supporting the behavior
found in the electron density distribution of the LUMO for the
investigated compounds.39,40

■ CONCLUSIONS

Four new triphenylamine−benzimidazole derivatives function-
alized at position 5 of the benzimidazole moiety have been
synthesized in good to excellent yields from commercially
available reagents, using a simple methodology of synthesis and
purification. The compounds showed high fluorescence
quantum yields, which makes them suitable candidates for
light-emitting applications. From the overall data, it was shown
that the radiative decay is dominant with negligible efficiency of
the singlet−triplet intersystem crossing channel. It was also
found that substitution of the triphenylamine−benzimidazole
moiety with electron-donating or -withdrawing groups changes
its spectral properties; however, the photophysical properties
were found to not change significantly. Theory shows that the
predicted HOMO−LUMO gaps are in very good agreement
with the experimentally estimated optical band gaps and the
presence of a CT transition involving the triphenylamine
(donor) and the electron-acceptor benzimidazole units, with
particular emphasis in compound 1d.

■ EXPERIMENTAL SECTION
General Procedure for the Synthesis of Benzimidazoles 1a−

d. A solution of the appropriate o-nitroaniline (1 equiv) and 4-(N,N-
diphenylamino)benzaldehyde (1 equiv) in DMSO (3 mL) was treated
with Na2S2O4 (3 equiv), dissolved in a small volume of water, and
heated at reflux with stirring for 4 h. The mixture was then cooled to
room temperature and the product precipitated during neutralization
with NH4OH 5 M. The precipitate was filtered, washed with diethyl
ether, and dried to give the product which was recrystallized from
chloroform.
2-(4′-(N,N-Diphenylamino)phenyl)-1,3-benzimidazole (1a): yel-

low solid (61 mg, 89%); mp 227.1−227.9 °C; 1H NMR (400 MHz,
DMSO-d6) δ = 7.04 (d, 2H, J = 8.8 Hz), 7.16−7.22 (m, 6H), 7.38−
7.43 (m, 6H), 7.67−7.70 (m, 2H), 8.03 (d, 2H, J = 8.8 Hz); 13C NMR
(100.6 MHz, DMSO-d6) δ = 114.0, 117.0, 119.9, 124.2, 125.0, 125.8,
128.7, 130.0, 134.5, 145.8, 149.7, 150.7; IR (Nujol) ν = 3401, 3060,
1866, 1806, 1631, 1613, 1590, 1503, 1335, 1278, 1205, 1080, 894, 841,
752, 699 cm−1; MS (EI) m/z 361 (M+, 100), 360 (10); HRMS (EI)
m/z for C25H19N3 calcd 361.1579, found 361.1583.
5-Hydroxy-2-(4′-(N,N-diphenylamino)phenyl)-1,3-benzimidazole

(1b): yellow solid (59 mg, 87%); mp 252.8−253.3 °C; 1H NMR (400
MHz, DMSO-d6) δ = 6.84 (dd, 1H, J = 8.8 and 2.0 Hz), 6.96 (d, 1H, J
= 2.0 Hz), 7.02 (d, 2H, J = 8.8 Hz), 7.14−7.20 (m, 6H), 7.37−7.41
(m, 4H), 7.47 (d, 1H, J = 8.8 Hz), 7.96 (d, 2H, J = 8.8 Hz), 9.66 (s,
1H); 13C NMR (100.6 MHz, DMSO-d6) δ = 98.2, 113.8, 115.0, 117.9,
120.3, 124.8, 125.6, 128.2, 130.0, 135.3, 146.0, 148.7, 150.2, 155.0; IR
(Nujol) ν = 3410, 1634, 1611, 1590, 1335, 1297, 1267, 1203, 1169,
1127, 1073, 958, 830, 759, 722, 697 cm−1; MS (EI) m/z 377 (M+, 69),
213 (23), 191 (33), 151 (31), 137 (32), 123 (36), 111 (56), 98 (100),
83 (96), 69 (84); HRMS (EI) m/z for C25H19N3O calcd 377.1528,
found 377.1515.
5-Methoxy-2-(4′-(N,N-diphenylamino)phenyl)-1,3-benzimidazole

(1c): yellow solid (65 mg, 91%); mp 244.7−245.4 °C; 1H NMR (400
MHz, DMSO-d6) δ = 3.83 (s, 3H), 6.99−7.04 (m, 3H), 7.13 (d, 1H, J
= 2.0 Hz), 7.13−7.21 (m, 6H), 7.38−7.42 (m, 4H), 7.57 (d, 1H, J =
8.8 Hz), 7.99 (d, 2H, J = 8.8 Hz); 13C NMR (100.6 MHz, DMSO-d6)

δ = 55.7, 96.6, 113.7, 114.9, 117.4, 120.1, 124.9, 125.7, 128.4, 130.0,
135.2, 145.9, 149.2, 150.4, 157.1; IR (Nujol) ν = 3354, 1637, 1611,
1588, 1336, 1270, 1202, 1160, 1023, 968, 838, 753, 735, 695 cm−1; MS
(EI) m/z 391 (M+, 100), 376 (55), 348 (7), 185 (10), 129 (13), 97
(21), 83 (19); HRMS (EI) m/z for C26H21N3O calcd 391.1685, found
391.1689.

5-Cyano-2-(4′-(N,N-diphenylamino)phenyl)-1,3-benzimidazole
(1d): yellow solid (67 mg, 95%); mp 275.6−276.7 °C; 1H NMR (400
MHz, DMSO-d6) δ = 7.02 (dd, 2H, J = 8.8 and 2.0 Hz), 7.15−7.22
(m, 6H), 7.38−7.42 (m, 4H), 7.69 (dd, 1H, J = 8.4 and 1.6 Hz), 7.78
(d, 1H, J = 8.8 Hz), 8.06 (dd, 2H, J = 8.8 and 2.0 Hz), 8.16 (d, 1H, J =
2.0 Hz); 13C NMR (100.6 MHz, DMSO-d6) δ = 105.1, 115.2, 118.1,
119.3, 119.5, 119.9, 124.9, 125.8, 126.9, 128.8, 130.0, 136.6, 139.1,
145.9, 150.6, 153.3; IR (Nujol) ν = 3352, 2229, 1609, 1587, 1344,
1294, 1202, 1063, 831, 758, 739, 698 cm−1; MS (EI) m/z 386 (M+,
100), 385 (M+, 11); HRMS (EI) m/z for C26H18N4 calcd 386.1531,
found 386.1538.

Materials and Instrumentation. Melting points were measured
on a melting point apparatus. Thin-layer chromatography (TLC) was
carried out on 0.25 mm thick precoated silica plates, and spots were
visualized under UV light. IR spectra were determined on a
spectrophotometer. NMR spectra were obtained with an operating
frequency of 400 MHz for 1H and 100.6 MHz for 13C using the
solvent peak as internal reference at 25 °C. All chemical shifts are
given in ppm using δH Me4Si = 0 ppm as reference, and J values are
given in Hz. Assignments were made by comparison of chemical shifts,
peak multiplicities, and J values and were supported by spin
decoupling-double resonance and bidimensional heteronuclear
correlation techniques. Mass spectrometry analyses were performed
using electron-impact ionization technique. Thermogravimetric
analysis of samples was carried out using a TGA instrument, under
high purity nitrogen supplied at a constant 50 mL min−1 flow rate. All
samples were subjected to a 20 °C min−1 heating rate and were
characterized between 25 and 800 °C. All reagents were used as
received.

Absorption and fluorescence spectra were recorded on a UV−vis
spectrometer and on a spectrofluorimeter with 450 W as excitation
source and double grating monochromators, respectively.

The molar extinction coefficients (ε) were obtained from
absorption spectral measurements using six solutions of different
concentrations and the slope of plots of the absorption vs
concentration.

The fluorescence quantum yields were measured using quinine
sulfate (ϕF = 0.545) in 0.5 M H2SO4 solution as standard.
Fluorescence decays were measured using home-built nanosecond41

and picosecond42 time correlated single photon counting (TCSPC)
apparatus described elsewhere. The fluorescence decays and the
instrumental response function (IRF) were collected using a time scale
of 1024 channels, until 5 × 103 counts at maximum were reached.
Deconvolution of the fluorescence decay curves was performed using
the modulating function method as implemented by G. Striker in the
SAND program as previously reported.43

The ground-state molecular geometry was optimized using the
density functional theory (DFT) by means of the Gaussian 03
program44 at the B3LYP/6-31G** level.45,46 Optimal geometries were
determined on isolated entities in a vacuum, and no conformation
restrictions were imposed. For the resulting optimized geometries time
dependent DFT calculations (using the same functional and basis set
as those in the previously calculations) were performed to predict the
vertical electronic excitation energies. Molecular orbital contours were
plotted using Molekel 5.4.

The experimental setup used to obtain triplet spectra and triplet
yields has been described elsewhere.41,47 First-order kinetics was
observed for the decay of the lowest triplet state. Special care was
taken in determining triplet yields, namely to have optically matched
dilute solutions (abs ≈ 0.2 in a 10 mm square cell) and low laser
energy (≤2 mJ) to avoid multiphoton and T−T annihilation effects.

The triplet molar absorption coefficients (εT) were obtained by the
singlet depletion technique applying the well-known relationship (eq
1)48
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ε
ε

=
× Δ
Δ

OD
ODT

S T

S (1)

where both ΔODS and ΔODT are obtained from the triplet−singlet
difference transient absorption spectra and εS correspond to the
ground state molar extinction coefficients.
The ϕT values were obtained by comparing the triplet ΔO.D. at 525

nm of a benzene solution of benzophenone (@ λexc = 355 nm) with
that of the compounds (optically matched at the laser wavelength) as
described elsewhere.41,47

Room-temperature singlet oxygen phosphorescence was detected at
1270 nm using a Hamamatsu R5509-42 photomultiplier, cooled to 193
K in a liquid nitrogen chamber, following laser excitation of aerated
solutions at 355 nm, with an adapted Applied Photophysics flash
kinetic spectrometer, as reported elsewhere.49 1H-Phenalen-1-one
(perinaphthenone) in toluene (λexc = 355 nm), ϕΔ = 0.93, was used as
the standard.50
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