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The rotationally resolved electronic spectra of the origin band of 2,3-benzofuran has been measured and
analyzed. Using electronic Stark spectroscopy, the dipole moments in the ground and electronically
excited state have been determined. From the values for the permanent dipole moments, the orientation
of the transition dipole moment and from the geometry changes upon excitation, the lowest excited
singlet state could be shown to be of 1Lb symmetry. These results are compared to those of indole in
particular. Moreover, the excited state lifetime of isolate 2,3-benzofuran in the gas phase has been
determined to be 14 ns and compared to the excited state lifetime of 2,3-benzofuran in ethylacetate
solution of 4 ns
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The electronically excited states of indole, the chromophore of
the aromatic amino acid tryptophan have been scrutinized over
many decades. However, its oxygen (coumarone, 2,3-benzofuran,
benzo [b]furan), sulfur (thionaphthene, benzo [b]thiophene) and
carbon (indene) analogues have been studied much less.
Phenyl-substituted benzofurans have been studied as efﬁcient
inhibitors for chloride channel proteins (CLC-K), depending on the
conformation of the phenyl ring with respect to the benzofuran
moiety [1]. Furthermore, benzofuran derivatives are used as antiarrhythmic drugs with sodium channel blocking activity [2].
Recently, 6-(2-aminopropyl)benzofuran has found considerable
interest as serotonin-norepinephrine-dopamine reuptake inhibitor
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with empathogenic psychoactive effects [3].
Much work on indole and its derivatives was dedicated to their
photophysical properties, which are governed by the existence of
two close-lying electronically excited singlet states. There are
numerous theoretical contributions to the photophysical properties
of indole excited states [4e11]. Experimental work using rotationally resolved electronic spectroscopy in the gas phase [12e14] and
two-photon ﬂuorescence excitation spectroscopy [15] proofed that
the lowest excited state of isolated indole is the Lb-state. Clusters of
indole with polar molecules also have the Lb-state as lowest excited
singlet state [13,16], while for substituted indoles both Lb- [17e21]
as well as the La-state [22e27] have been found as lowest singlet
states.
Platt [28] derived a scheme for labeling the lowest electronically
excited states of cata-concatenated hydrocarbons as 1Lb- and 1Lastates. This nomenclature has been extended to the case of the
unsymmetric molecule indole by Weber [29]. Due to its lower
molecular symmetry, the two states belong to the same
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representation and can only be distinguished by their spectral
signatures. Moreover, the states are assumed to be close in energy
and, therefore, are strongly coupled. The electronic transition
dipole moments (TDM) for excitation from the electronic ground
state to the 1Lb- and 1La-states are oriented differently. For many
indole derivatives, they are nearly orthogonal to each other [30].
The 1La-state is very polar and, therefore, its energy depends
strongly on the polarity of its solvent environment, whereas this is
typically not the case for 1Lb.
The vibronic spectrum of 2,3-benzofuran has been measured
and analyzed by Hollas [31]. A rotational contour of the electronic
origin bands of 2,3-benzofuran and its sulfur analogue thionaphthene have been presented by the Lombardi group [32]. The Levy
group performed ﬂuorescence excitation, dispersed ﬂuorescence
and resonantly enhanced two-photon ionization (RE2PI) techniques on 2,3-benzofuran, dibenzofuran and ﬂuorene [33]. The
Pratt group has studied, using high resolution laser induced ﬂuorescence spectroscopy (HRLIF), ﬂuorene, carbazole, dibenzofuran
[34] and dibenzothiophene [35]. Collier gave a full vibrational
assignment of the infrared and Raman spectra of 2,3-benzofuran in
the gas phase from a comparison to a normal mode analysis with
the AM1 force ﬁeld [36]. An improved vibrational assignment of the
gas and liquid phase FTIR and Raman spectra was published later by
Klots and Collier [37]. Smithson et al. deduced the coplanarity of the
benzene and furan rings from far-infrared spectroscopy [38]. Ab
initio quantum chemical calculations of the total energy, ionization
potential and dipole moments have been given by Palmer and
Kennedy [39].
In the present contribution we will analyze the changes of geometry and dipole moments upon electronic excitation of 2,3benzofuran.

2. Experimental section
2.1. Experimental procedures
2.1.1. Rotationally resolved electronic (Stark) spectroscopy
2,3-benzofuran ( 99%) was purchased from Sigma Aldrich. The
sample was used without further puriﬁcation and heated to 80  C
and co-expanded with 200e300 mbar of argon through a 147 mm
nozzle into the vacuum. The molecular beam was formed by coexpanding in the molecular beam machine consisting of three
differentially pumped vacuum chambers by using two skimmers
(1 mm and 3 mm) linearly aligned inside the machine. 360 mm
downstream of the nozzle the molecular beam was crossed with
the laser beam at right angles. A single frequency ring dye laser
(Sirah Matisse DS) operated with Rhodamine 110 was pumped by
10 W of the 532 nm line of a diode pumped solid state laser
(Spectra-Physics Millennia eV) to create the excitation beam. The
ﬂuorescence light of the dye laser, centered at 17975 cm1 with
570 mW of power, was frequency doubled in an external folded ring
cavity (Spectra Physics Wavetrain) with a resulting power of about
4 mW during the experiments. The ﬂuorescence of the sample was
collected perpendicular to the plane deﬁned by laser and molecular
beam by a light collecting system consisting of a concave mirror and
two planoconvex lenses onto the photocathode of a UV enhanced
photomultiplier tube (Thorn Emi 9863QB). For data recording and
processing the signal output was discriminated and digitizied by a
photon counter and transmitted to a PC. The relative frequency was
determined using a quasi confocal Fabry-Perot interferometer and
the relative frequency was obtained by comparing the recorded
spectrum to the tabulated lines in the iodine absorption spectrum
[40]. A detailed description of the experimental setup for

rotationally resolved laser induced ﬂuorescence spectroscopy has
been given previously [41,42]. The effective distance of the Stark
plates is 23.49 ± 0.05 mm, calibrated using the accurately known
dipole moment of benzonitrile [20,43]. They consist of a parallel
pair of electro-formed nickel wire grids (18 mesh per mm, 50 mm
diameter) with a transmission of 95% in the UV. The polarization
plane of the incoming laser beam can be rotated by 90 inside the
vacuum chamber by means of an achromatic l=2 plate (Bernhard
Halle 240e380 nm), which can be pushed in or pulled out of the
laser beam using a linear motion vacuum feedthrough. One can
choose between a parallel set-up (selection rules DM ¼ 0) and
perpendicular (selection rules DM ¼ ±1) by changing the plane of
polarization.
2.1.2. Time-correlated single photon counting
Time-correlated single photon counting (TCSPC) was performed
with a DeltaFlex Ultima spectrometer (HORIBA Jobin Yvon),
equipped with a supercontinuum light source SuperK Extreme
EXR-20 and frequency doubler SuperK Extend-UV/DUV (both NKT
Photonics). The signal was recorded at 292 nm under magic angle
conditions, a pulse repetition rate of 11.1 MHz, a sample temperature of 20  C and with excitation at 278 nm. The instrument
response function (IRF, FWHM approximately 60 ps) was recorded
at the excitation wavelength, using a scattering solution (Ludox)
and used in the ﬁts applying an iterative reconvolution algorithm to
minimize c2 .
2.2. Quantum chemical calculations
Structure optimizations were performed employing a Dunning’s
correlation-consistent polarized valence triple zeta (cc-pVTZ) basis
set from the TURBOMOLE library [44,45]. The equilibrium geometries
of the electronic ground and the lowest excited singlet states were
optimized using the approximate coupled cluster singles and
doubles model (CC2) employing the resolution-of-the-identity (RI)
approximation [46e48]. For the structure optimizations spincomponent scaling (SCS) modiﬁcations to CC2 were taken into
account [49]. Vibrational frequencies and zero-point corrections to
the adiabatic excitation energies were obtained from numerical
second derivatives using the NumForce script [50].
2.3. Fits of the rovibronic spectra using evolutionary algorithms
Evolutionary strategies are perfect tools for the automated ﬁt of
rotationally resolved spectra, even for large molecules and dense
spectra [51e54]. They are a powerful tool to handle complex multiparameter optimizations in order to ﬁnd the global minimum and
are inspired by evolutionary processes in nature, which are based
on reproduction, mutation and selection. For our presented high
resolution spectra, we used the covariance matrix adaptation
evolution strategy (CMA-ES), which is described in detail elsewhere
[55,56].
3. Results
3.1. Computational results
The SCS-CC2/cc-pVTZ optimized structure of 2,3-benzofuran is
planar in the ground and lowest excited singlet state. The lowest
excited singlet state is comprised of 43.7 % LUMO ) HOMO-1 þ
25.7 % LUMOþ1 ) HOMO and 18.9 % LUMO ) HOMO excitation,
cf. Fig. 2, which is a strong indication for an Lb state. Another
indication for the electronic character as Lb state, is the calculated
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zero-point corrected origin frequency n0 ) are compiled in Table 1
and are compared to the experimental results, which are
described in detail in Section 3.2. The inertial defects1 of 2,3benzofuran are exactly zero for the ground and lowest excited
singlet state which shows the planarity of the molecule. Since we
calculate the equilibrium structure, no vibrational averaging is
contained in the inertial defect, which is therefore exactly zero for a
geometrically planar molecule. The calculated angle of the transition dipole moment vector for excitation to the lowest excited
singlet state is þ25.3 with respect to the inertial a-axis. The absolute value of the permanent dipole moment in the ground state is
calculated to be 0.72 D and 0.86 D in the excited singlet state, with
larger amounts of the b-component of the dipole vector. Not only
the magnitude, but also the direction with respect to the inertial aaxis stay nearly constant.
3.2. Experimental results

Fig. 1. Optimized ground state structure, inertial axes, transition dipole moment for
excitation to the lowest excited singlet state (red, straight), and the orientation of the
permanent dipole moment in the ground (magenta, straight) and ﬁrst excited state
(green, straight) of 2,3-benzofuran. The transition dipole moment for the excitation to
the La-state is shown as a blue dotted arrow (only calculated). A positive sign of the
angle qD of the dipole moment with respect to the a-axis refers to a clockwise rotation
of the inertial a-axis onto the dipole/TDM vector.

Fig. 3 shows the rotationally resolved electronic spectrum of the
origin of 2,3-benzofuran at 35950.01 cm1, which is set to zero on
the scale of the ﬁgure. A zoomed part of the spectrum is shown in
the second trace along with the best ﬁt at zero ﬁeld and in the third
trace at a ﬁeld strength of 2554.70 V/cm. Experimental spectra are
shown as black traces, simulations, using the best ﬁt parameters, as
red traces.
As the electric ﬁeld in the chosen set-up is parallel to the polarization of the plane of the exciting light, the selection rules DM ¼
0 for the Stark spectrum hold. The origin is an ab-hybrid band
which has predominant a-type character. From the intensities of aand b-lines, values of 82% a and 18% b-type are calculated, resulting
in an angle of the TDM with the inertial a-axis of ±25.5 . The indeterminacy of the sign of the angle of ±25.5 of the TDM can be
resolved by comparison to the ab initio calculated value of þ25.3 .
The ﬁt of the molecular parameters, given in Table 1 was performed using the CMA-ES algorithm. The simulation, using the best
ﬁt parameters is shown in the red traces of Fig. 3. Very good
agreement between the experimental and the simulated spectrum,
based on the best ﬁt parameters has been obtained, both for the
zero-ﬁeld spectrum and for the Stark spectrum at an electric ﬁeld
strength of 2554.70 V/cm. All lines in the zero-ﬁeld spectrum are
heavily split in the electric ﬁeld. Note, that the two traces of zeroﬁeld and 2554.70 V/cm ﬁeld in Fig. 3 cover the same spectral range.
The excited state lifetime of 2,3-benzofuran in the gas phase was
obtained from the Lorentzian contribution of 10.66 MHz to the
Voigt line proﬁle using a ﬁxed Gaussian contribution. The so
determined excited state lifetime is 14.93 ns
Additionally, lifetime measurement in ethyl acetate as solvent
using TCSPC was performed. A single exponential decay is found,
with a excited state lifetime of 4.4 ns. Fig. 4 presents the decay
curve for 2,3-benzofuran in ethyl acetate, along with the best ﬁt of a
single exponential decay and the residue.
4. Discussion

Fig. 2. Molecular orbitals of 2,3-benzofuran with the percentage of the S1 (Lb) and S2
(La) excitations according to SCS-CC2/cc-pVTZ calculations.

transition dipole moment orientation (cf. Table 1 and Fig. 1), which
points away from the oxygen atom.
The molecular parameters (rotational constants A, B, and C in
both electronic states, the inertial defects DI, the angle q of the
transition dipole moment with the inertial a-axis, the angle qD of
the permanent dipole moment with the inertial a-axis, and the

4.1. Excited state structure
The small negative inertial defects of 2,3-benzofuran with a
value of 0.08 amuÅ2 for the electronic ground state and 0.18
amuÅ2 for the electronically excited state, shows the planarity of
the molecule for both electronic states. The slightly larger negative
inertial defect of the excited state can be traced back to a zero-point

1
The inertial defect is deﬁned as: DI ¼ Ia  Ib  Ic , with the moments of inertia
with respect to the inertial a, b, and c axes.
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Table 1
SCS-CC2/cc-pVTZ computed and experimental molecular parameters of 2,3-benzofuran. Doubly primed parameters belong to the electronic ground and single primed to the
excited state. qD is the angle of the permanent dipole moment vector with the main inertial a-axis. A negative sign of this angle means an anticlockwise rotation of the main
inertial a-axis onto the dipole moment vector, shown in Fig. 1 q is the angle of the transition dipole moment vector with the main inertial a-axis. The same convention for its
sign is used as for qD. For details see text.
Theory SCS-CC2

Theory CC2
La

Lb

Experiment

Lb

La

A’’ /MHz

3907.51

3909.05

3921.89 (6)

B’’ /MHz

1658.67

1663.75

1663.01 (2)

C ’’ /MHz
DI’’ /amuÅ2

1164.40

1167.04

1168.04 (2)

0.00
0.43

0.00
0.30

0.08
±0.23 (1)

m’’a /D
m’’b /D
m’’ /D
q’’D /

0.57

0.61

±0.74 (1)

0.72

0.68

0.77 (1)

52.8

A’ /MHz
B’ /MHz
C’ /MHz
DI’ /amuÅ2
m’a /D
m’b /D
m’ /D
q’D /
DA /MHz
DB /MHz
DC /MHz
DnLorentz /MHz
t/ns
q/
n0 /cm1

3743.23
1638.90
1139.84
0.00
0.48
0.71
0.86
55.7
164.28
20.67
24.56
e
e
þ25.3
36651.43

63.6
3857.51
1622.89
1142.31
0.00
1.31
2.01
2.39
þ56.9
49.93
35.76
22.07
e
e
22.5
41802.86

3747.95
1644.54
1143.01
0.00
0.35
0.74
0.82
64.4
161.1
19.21
24.03
e
e
þ26.5
37312.66

±72.7
3873.62
1623.44
1143.99
0.00
1.65
1.81
2.45
þ47.6
35.43
40.31
23.05
e
e
28.3
41214.04

3762.26
1647.61
1146.30
0.18
±0.27 (1)
±0.87 (1)
0.91 (1)
±72.8
159.63 (4)
15.39 (4)
21.74 (6)
10.66
14.93
±25.5 (20)
35950.01 (1)

Fig. 3. Rotationally resolved electronic spectrum of the electronic origin of 2,3-benzofuran, along with a simulation with the best CMA-ES ﬁt parameters.

vibrational effect, which is larger in the S1 state.
For the fused system of benzene with 1,3-dioxole (analogue to
furan with two oxygen atoms) forming 1,3-benzodioxole, Thomas
et al. showed that the inertial defects point to a vibrationally
averaged non-planar structure in both electronic states [57]. Also
for 1,4-benzodioxan (benzene, fused with 1,4-dioxan, a six-

membered ring with two oxygen atoms), a non-planar equilibrium structure was found [58]. What is the reason for the different
behavior between these benzene fused oxygen heteroring systems?
It is obviously the fact that benzofuran has one of the oxygen lone
pairs in a sp2 like orbital, which makes it impossible to overlap with
the remaining p orbitals, leaving benzofuran with 10 p electrons,
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4.2. Excited state lifetime
The excited state lifetime of 2,3-benzofuran (14.9 ns) in the gas
phase is very close to that of indole (17.5 ns) [12,14,59,60]. The
lifetime of 2,3-benzofuran in ethyl acetate solution is in general
much shorter than in the gas phase. A single exponential decay
with a lifetime of 4.4 ns is found. The ﬂuorescence lifetime of green
ﬂuorescent protein (GFP) is on the order of a few nanoseconds [61].
Recent research takes place to replace the phenyl chromophore in
GFP by 2,3-benzofuran in order in enhance the ﬂuorescence [62].
Fluorescence lifetime measurements of the bare chromophore and
in the liquid phase are therefore in need.
4.3. Dipole moments

Fig. 4. TCSPC trace of 2,3-benzofuran in ethyl acetate solution, along with the instrument response function (IRF) and the best ﬁt to a single exponential decay with
excitation at 278 nm. Above, the residue of ﬁt vs. experiment is shown.

which therefore is aromatic and planar. 1,3-benzodioxole and 1,4benzodioxan also posses 10 p electrons, which, however are
separated by one and two methylene bridges, respectively and are
thus not conjugated.
The experimentally determined rotational constants of the
excited state show a close agreement with the ab initio calculated
values for the Lb-state, while those for the La-state show a larger
deviation. Thus, already on the basis of the structural changes upon
excitation, we have strong evidence that the excited state is of Lbcharacter.
If we compare the changes of the rotational constants to those of
indole, we ﬁnd a very close agreement. All rotational constants
decrease upon electronic excitation, equivalent to an increase of the
moments of inertia, pointing to an expansion of the molecules,
which is in line with the assignment of the transition to be pp* in
character. The geometry changes, which are expressed as rotational
constant changes can be compared directly with each other, since
the pseudo symmetry axis nearly coincides in both cases with the
inertial a-axis. For excitation to the Lb-state a large decrease in the A
rotational constant (4%) is observed and calculated, accompanied
by much smaller changes of B (1%) and C (2%) (cf. Table 2).
Excitation to the La-state results in similar decrease of all three
rotational constants. The same trend of changes between ground
state and Lb- or La-state, respectively, is observed for indole.

Table 2
Comparison of the changes of the rotational constants of 2,3-benzofuran and indole
upon electronic excitation.
molecule

DA
DB
DC

2,3-benzofuran

Indole [14]

exp.

calc. Lb

calc. La

exp.

calc. Lb

calc. La

159.63
15.39
21.74

164
21
25

50
36
22

134.75
17.92
20.73

112
27
23

28
35
19

4.3.1. Permanent dipole moments
The experimentally determined permanent dipole moment increases slightly from 0.77 D to 0.91 D (with an uncertainty of 0.01
D) in the excited singlet state with the angle of the dipole moment
with the inertial a-axis which is nearly the same in the ground state
(72.7 ) and the excited singlet state (72.8 ). If the permanent
dipole moment in general is equal or smaller than in the electronic
ground state it is a clear indication for an Lb-state. For an La-state
there are in general comparatively large dipole moments.
A review about determination of dipole moments by Brown and
Coller[63] reported an experimental value of 0.79 D from permittivity measurements in CS2, close to the value we determined for
the ground state of 2,3-benzofuran. The SCS-CC2/cc-pVTZ calculated value of 0.72 D is in excellent agreement with our experimental value. The direction of the dipole vector however shows
larger deviations for the SCS-CC2/cc-pVTZ, than for the non spin
component scaled CC2 variant. The excited state dipole moment
increases by nearly 20% and has practically the same orientation as
in the electronic ground state. Also for the excited state the
agreement with the ab initio calculations is close. The calculated
permanent dipole moment of the (experimentally not observed)
La-state is nearly three times as high and oriented nearly perpendicular to the dipole moment of the Lb-state.
4.3.2. Transition dipole moments
The angle q of the TDM can be determined to be ±25.5 (with an
uncertainty of 2 ) with respect to the inertial a-axis, in close
agreement to the theoretical value of þ25.3 . We made the
assignment of the sign of the TDM on the basis of the comparison to
the ab initio calculated value. For indole, it was possible to determine the absolute value of the angle from an analysis of the relative
signs of the axis reorientation angle qT and the TDM angle q.
However for 2,3-benzofuran, all band intensities can satisfactorily
be reproduced using a rigid rotor Hamiltonian, while implementation of axis reorientation did not improve the ﬁt of the
rovibronic spectrum. From the ab initio optimized structures, the
angle of reorientation of the inertial axis system upon electronic
excitation qT can be determined using the relation for planar
molecules given by Hougen and Watson [64]:


P 
mi ai ’b’’i  bi ’a’’i

tanðqT Þ ¼ P i 
’’
’’
i mi ai ’ai þ bi ’bi

(1)

Here, the doubly primed coordinates refer to the principal axis
system in the electronic ground state and the singly primed
quantities to the respective excited state inertial system and the mi
are the atomic masses. Using the SCS-CC2 optimized structures of
the ground and electronically excited state, we obtain an axis
reorientation angle of þ0.002 . The effect of such a small angles on
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the band intensities is negligible, why inclusion of axis reorientation did not lead to an improvement of the ﬁt. The respective
angle in indole is 0.8 , nearly three orders of magnitude larger,
hence it was possible to determine the absolute sign of q in case of
indol, but impossible for 2,3-benzofuran.
The orientation of the TDM vector away from the heteroatom in
the furan moiety is the same as the orientation in indole with
respect to the heteroatom of the pyran ring and hence can also be
assigned to the orientation of an Lb-state. We did not observe bands
that belong to the La-manifold. From the ab initio calculations we
can see that the orientation of the La TDM is nearly perpendicular to
that of the Lb. While these two states are nearly isoenergetic in case
of indole, we have a gap of the adiabatic excitation energies of more
than 5000 cm1 making a vibronic coupling between the two
lowest excited singlet states as in indole [14] extremely improbable.
5. Conclusion
Referring to the experimentally determined orientation of the
transition dipole moment and the absolut values of the permanent
dipole moments in the ground and excited state the lowest electronically excited singlet state of 2,3-benzofuran could be identiﬁed
as an Lb-state. Also the geometry changes for excitation to the
lowest excited singlet state are pointing to a Lb-like distortion of
2,3-benzofuran. Moreover the ﬂuorescence lifetime in the gas
phase could be determined from the Lorentzian contribution to the
Voigt line proﬁle using a ﬁxed Gaussian contribution and compared
to the excited state lifetime using TCSPC. The comparison to rotationally resolved electronic spectra of benzothiophene (the sulfur
analogon of bezofuran) with respect to excited state lifetimes,
which are currently on the way, will shed light on intersystem
crossing in these aromatics.
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