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Investigation of the Short-Time Photodissociation Dynamics of
Furfural in S; State by Resonance Raman and Quantum
Chemistry Calculations

Kemei Pei’ *, Yueben Dong' and Lei Chen'

Abstract: Raman (resonance Raman, FT-Raman), IR and UV-visible spectroscopy and
quantum chemistry calculations were used to investigate the photodissociation dynamics
of furfural in S; state. The resonance Raman(RR) spectra indicate that the photorelaxation
dynamics for the So—S; excited state is predominantly along nine motions: C=O stretch
vs (1667 cm™), ring C=C antisymmetric stretch v¢ (1570 cm™), ring C=C symmetric
stretch v7 (1472 cm™"), C2-06-C5 symmetric stretch/C1-HS8 rock in plane vs (1389 cm™),
C3-C4 stretch/ C1-H8 rock in plane vo (1370 cm™), C5-O6 stretch in plane vi» (1154
cm'), ring breath vi3 (1077 em™), C3-C4 stretch vi4 (1020 cm™), C3-C2-O6 symmetric
stretch vie (928 cm™ ). Stable structures of So, S1, Sz, Ti and T, states with Cs point group
were optimized at CASSCF method in Franck-Condon region there are S,/S; conical
intersection was found by state average method and RR spectra.

Keywords: Furfural, resonance Raman, quantum chemistry calculation, excited state
structural dynamics.

1 Introduction

Furfural (furfuraldehyde, C4H;OCHO), is an aromatic aldehyde with the cyclic structure
shown in Fig. 1, and this substance is an important environmental pollutants, in natural
environment they are very resistant to decay and decompose [Liu, Knopp, Qin et al.
(2015); Liu, Knopp and Gerber (2015)]. This compound is used as an excellent solvent
for extractive refining of lubricating oils, as it is very effective in removing compounds
containing oxygen or sulfur. Therefore the release of furfural from petrochemical
industries, oil refineries, oil processing and chemical plants into the environment has
been considered as a major source of air and water pollution. The separation or
degradation of furfural is an important field of study for the sake of industrial safety and
environmental protection [Motiyenko, Alekseev and Dyubko (2007); Borghei and
Hosseini (2008); Bataev, Pupyshev and Godunov (2016)]. Lots of works have been
performed for photocatalytic degradation of furfural in aqueous phase. Titanium dioxide
nanoparticles (as photocatalyst) were immobilized on a porous and low-density support
called "perlite" using a very simple and inexpensive method. TiO,-coated perlite granules
were used in a “floating-bed photo-reactor” to study the photoc catalytic purification
process of a typical wastewater polluted by furfural [Faramarzpour, Vossoughi and
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Borghei (2009); Fu, Huang, Ren et al. (2017); Fu, Wu, Wang et al. (2017)]. NiS-clinoptilolite
zeolite is used as a catalyst for photodegradation of furfural in aqueous solution under UV
irradiation. The degradation process is monitored during the experimental runs by UV/Visible
absorption, COD and TOC concentration determination and HPLC methods. The effect of
key operating parameters such as catalyst dosage, initial concentration of furfural, initial pH
of the solutions and effect of the presence of hydrogen peroxide and potassium bromate is
studied on the degradation efficiency [Alireza and Solmaz (2011)]. Furfural in aqueous
solution was treated by UV/O3 method. The results show that the removal rate of furfural
is severely enhanced and the synergism phenomenon appears when ultraviolet and ozone
are present together. The influences of experimental parameters such as pH, the intensity
of light and the negative-positive ions on furfural degradation were investigated. The
results indicate that furfural (300 mg/L) is almost completely degraded after 3 h under the
optimum conditions. The intermediate in the furfural degradation was characterized by
GC-MS and IR spectrum and the degradation mechanism of furfural by UV/O;
technology was proposed. Commercial grade activated carbon (ACC) was used for
adsorptive removal of furfural from aqueous solution using batch studies. In the present
study, continuous fixed-bed adsorption was carried out in ACC packed bed for the
removal of furfural from aqueous solution. The effects of important factors namely bed
height (Z=15-60 cm), influent concentration of furfural (Co=50-200 mg/L), the flow rate
(Q=0.02-0.04 L/min) and column diameter (D=2-4 cm) were studied. Capacity of the bed
to adsorb furfural was found to increase with an increase in the value of Z, C or D, and
with decrease in the value of Q. Adams Bohart, Bed-Depth Service-Time, Thomas,
Yoon-Nelson, Clark and Wolborska models were applied to the experimental data for the
prediction of the breakthrough point, and to determine the characteristic parameters of the
column. Error analysis showed that the Yoon-Nelson model best described the
experimental breakthrough curve, while Wolborska model showed a good prediction of
breakthrough curve for the relative concentration region up to 0.5 [Singh, Srivastava and
Mall (2009)].

Figure 1: Structure and atom labeling scheme of furfural

But in fact, when furfural is released to water or air, it will be exposed in the sunlight, and
photochemical reactions may happen before other chemical processes. Consequently,
photodegradation and phototransformation may result from the direct photo excitation by
sunlight. Since the natural environment is very complex, many works about photochemistry
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of furfural in different conditions (different pH, ions, organic compounds, etc.) should be
received lots of attention for its importance in the environment [Macounova, Krysova,
Ludvi et al. (2003); Giacomazzi and Cochet (2004)]. For furfural has strong UV
absorption in UV-B region (about 280.0 nm),in this work, resonance Raman (RR) spectra
and quantum chemical calculations were used to investigate the photodissociation
dynamics of furfural in S, state which corresponds to the strong absorption of furfural in
UV absorption.

Transformation of furfural from the direct photoexcitation of the substrate by sunlight or
artificial light of shorter wavelengths is important degradation way in aquatic and
atmospheric environments, and previous studies are concentrated on the purification
analysis or photocatalytic degradation photoproducts analysis. Direct photolysis has not
been performed. In contrast with the ultrafast electronic spectra, the vibrational
spectroscopies such as resonance Raman spectroscopy and infrared absorption generally
reveal detailed information about molecular and electronic structure as well as photo
short-time dynamics in excited states. Few studies have been carried out for furfural on
Franck-Condon region short time dynamic analysis and conical intersection of different
potential energy surfaces which often play an important role in the photodissociation
dynamics [Pei, Su, Chen et al. (2012); Gorski, Starukhin, Stavrov et al. (2017)].

Fourier transform Raman (FT-Raman) and Fourier transform infrared (FT-IR) are
suitable for determining the ground molecular conformation, while resonance and near
resonance Raman might produce valuable information on structural and other important
properties of molecules in excited states [Yang, Ma, Ma et al. (2017); Selvakumar,
Pradhan, Krupanidhi et al. (2016)]. Complete active space self-consistent field (CASSCF)
method and time-dependent density functional theory (TD DFT) are powerful theoretical
methods to investigate excited states. In this paper, resonance Raman spectra analysis and
quantum chemical calculations (CASSCF and TD DFT) are used to investigate the
excited state photo-dissociation dynamics of furfural. These studies are expected to be
helpful in understanding the photophysical and photochemical characteristics of furfural
in the environment.

2 Experiment and calculations

The UV absorption spectrum of furfural was measured by a UV-2501 PC ultraviolet/visible
spectrometer. FT-Raman and FT-IR spectra of furfural were obtained using a Thermo
Nicolet FT-Raman 960 spectrometer and a Perkin-Elmer FT-IR spectrometer, respectively.
The methods and experimental apparatus used for the resonance Raman experiments have
been described elsewhere [Zheng and Phillips (1998)]. Herein, only a short description is
given here. The harmonics of a nanosecond Nd: YAG laser and their hydrogen Raman
shifted laser lines were used to generate the 266.0 nm, 273.9 nm and 282.7 nm excitation
wavelengths employed in the resonance Raman experiments. A backscattering geometry
was used for sample excitation and for collection of the Raman scattered light by
reflective optics. The Raman scattered light through a polarizer and entrance slit of a 0.5
m spectrograph, and the grating of the spectrograph dispersed the light onto a liquid
nitrogen cooled charge-coupled device (CCD) mounted on the exit of the spectrograph.
The concentration of approximately 0.005 mol/L in aqueous solvent is used as the
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solution phase sample. The Raman shifts of the resonance Raman spectra were calibrated
using the known vibrational frequencies of the solvent Raman bands. The solvent Raman
bands were subtracted from the resonance Raman spectra using an appropriately scaled
solvent spectrum.

Density functional theory was done to determine the ground optimized geometry,
vibrational frequencies and the electronic transition energies and electronic transition
orbitals for furfural. Vibration wavenumber was computed by using the B3LYP/6-311+G
(d, p) theoretical level for the ground state, while the electronic transition energies and
electronic transition orbitals were calculated using B3LYP TD/6-311+G (d, p) method.
CASSCF method was used to obtain the equilibrium structure and energies of So, Si, Sa,
T, and T,. States average method was used to localize the conical inter-section S»/S;. All
quantum mechanical calculations were carried out in Gaussian 03 program [Frisch,
Trucks, Schlegel et al. (2009)].

3 Results and discussion
3.1 Absorption spectra

Table 1: TD calculation results about electronic absorption band and oscillator strength (f)
above 200.0 nm wavelength range

Transition Main CI f nm
state contributions Calc.

Expt.

So—Si (nmt*) 0.70 (24—26) 0.0002 335.0 nm
So—Ss (™) 0.70 (25—26) 0.3605 255.5 nm 276.0 nm (water)

So—Ss 0.66 (23—26)  0.1960  217.5nm  224.0 nm (water)
So—Ss 0.70 25—27)  0.0047  196.9 nm
Se—T; 0.78 (25—26)  0.0000  430.2 nm
So—T, 0.73 (24—26)  0.0000  430.2 nm
Se—Ts 0.68 (23—26)  0.0000  270.9 nm
So—Ts 0.63 (25—28)  0.0000  244.0 nm
Se—Ts 0.65 (22—26)  0.0000  212.1 nm

For furfural has trans and cis isomers, in this work, the most stable ground trans structure
was used to discuss. The most stable structure was confirmed by the global minimum
energy calculations at B3LYP/6-311+G (d, p) level. The trans molecular structure and
atom labeling scheme of furfural shown in Fig. 1 has been optimized by ab initio and
DFT theory. By allowing the relaxation of all the parameters, calculation has been found
to converge to the optimized geometry, as revealed by the absence of imaginary values in
the calculated wavenumbers of the vibrational modes. Fig. 2 presents the absorption
spectrum of furfural in aqueous solution with the wavelengths for the resonance Raman
experiments indicated above the spectrum. Tab. 1 lists the B3LYP-TD/6-311+G (d, p)
computed electronic absorption bands, the corresponding electric transition orbitals, and the
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oscillator strengths for furfural. Tab. 1 shows that among the calculated electronic
transitions above 200.0 nm optical region there are two transition-allowed absorption
bands So—S, at 255.5 nm and Se—S; at 217.5 nm with the oscillator strength of f
=0.3605 and 0.1960 respectively. This is in good agreement with the intense experimental
absorption bands at 276.0 nm and 224.0 nm with the experimental oscillator strength of f
=0.52 and 0.16. Fig. 3 displays the three orbitals (24, 25 and 26) associated with
electronic transition of Sp—S;, Sg—S; transitions. It shows that orbital 24 (HOMO-1) is n
orbital with electron density being mainly delocalized on the C=0O bond, 61 (HOMO, =)
and 62 (LUMO, n*) is m orbital mainly delocalized on the whole molecule. According to
the classic view, we assign this intense experimental 276.0 nm absorption band to the =
(the whole molecule) —n* (the whole molecule) transition. 266.0 nm, 273.9 nm and
282.7 nm in our resonance Raman experiments are mostly on resonance with So—S;
transition.

@
266.0nm
273.9nm
282.7nm

=
\j

7

Q'

Absorption

b 228.7nm
~—_

T T T
200 250 300 350 400

Wavelength / nm

Figure 2: Absorption spectrum of furfural in water with the wavelengths for the
resonance Raman experiments indicated above the spectrum
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Figure 3: Transition orbitals correlated with So—Si, So—S, excitation of furfural at
B3LYP/6-311+G (d, p) level

3.2 Resonance Raman spectroscopy

Tab. 2 lists a comparison of the B3LYP/6-311+G (d, p) calculated vibrational frequencies
with experimental resonance Raman, FT-Raman and FT-IR values. The notations and
assignments of the vibrations are based on the visualization Gaussview3.0 software. The
overall agreement between the linear scaled DFT calculated vibrational frequencies with
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scaled factor 0.96 and the experimental values is good for furfural [Kurtén, Berndt and
Stratmann (2009)]. Fig. 4 presents an overview of the 266.0 nm, 273.9 nm and 282.7 nm
resonance Raman spectra. The spectra shown in Fig. 4 have been corrected for sample
reabsorption as well as the wavelength dependence response of the detection system.
Solvent Raman bands were removed from the spectra by subtracting an appropriately
scaled solvent spectrum. Fig. 5 shows vibrational assignments of the resonance Raman
spectra of furfural in water obtained with the 273.9 nm excitation wavelengths. Fig. 4 only
indicates the largest Raman band contributions to each Raman feature of the spectra since
the intensity of some Raman bands in the spectrum may have contributions from several
Raman bands which have very close Raman shifts due to the limited resolution of the
solution phase spectra. Most of the resonance Raman features can be assigned to the
fundamentals, overtones, and combination bands of the nine Franck-Condon active
vibrational modes based on the information in Tab. 2: C=0 stretch vs (1667 cm™), ring
C2=C3 antisymmetric stretch vg (1570 cm™?), ring C=C symmetric stretch v; (1472 cm™?),
C2-06-C5 symmetric stretch/C1-H8 rock in plane vs (1389 cm), C3-C4 stretch/C1-H8
rock in plane v (A’, 1370 cm™?), C5-06 stretch in plane vi2 (A’, 1154 cm™), ring breath vi3
(A, 1077 cm?), C3-C4 stretch vas (A’, 1020 cm?), C3-C2-06 symmetric stretch vis (A,
928 cm™). The RRs suggest that all the vibrational modes are in plane, that is to say, So—S
excitation do not change the point group symmetry. The RRs suggest that photoexcitation
of furfural by ~280 nm UV light has a multidimensional character with nine motions. From
comparison of the 266.0 nm, 273.9 nm and 282.7 nm RRs of furfural with FT-Raman in
water, the most important difference is intensity change of ring C2-C3 antisymmetric
stretch ve in RRs. Compare the So, S; and S structure, it is obvious that the C2-C3in Sy is
1.4644 A, which is much longer than that 1.4086 in S; and 1.3608 in So. This phenomenon
about vo mode suggests that ve stretch plays an important role in photodissociation
dynamics of furfural in S; state.

282.7nm

273.9nm

Intensity / Arbitr.units

266.0nm

10‘00 ZDIDD 30‘00
Wavenumber /cm™
Figure 4: An overview and vibrational assignments of the resonance Raman spectra of
furfural in water obtained with the 266.0 nm, 273.9 nm and 282.7 nm excitation
wavelengths. The asterisks [*] mark solvent subtraction artifacts
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Table 2: Experimental and B3LYP/6-311+G (d, p) computed vibrational frequencies
(cm™) of furfural (abbreviated) (a: Scaled by 0.96)

Mode Calc. Expt. Descriptions
B3LYP a FT-IR FT-Raman RR
Vs 1752 1699 1674 1671 1667  C=0 stretch

1570  Ring C2=C3/C4=C5

Ve 1604 1355 1569 antisymmetric stretch
1473// 1472 Ring C2=C3/C4=C5

Vi 1490 1445 }jzj// 1465 symgmetric stretch

' 1439 1395 1394 1393 1389  C2-06-C5 stretch

Vo 1394 1352 1367 1369 1370  C3-C4 stretch rock

Vio 1264 1226 1278 1280 Ring breath

Vi 1213 1176 1222 1222 ﬁ)zc'koii Sglraert]‘éh/ C1-H8

Viz 1174 1138 1157 1155 1154  C5-06 stretch in plane

Vi3 1112 1078 1082 1078 1077  Ring breath

Vi 1034 1002 1020 1020 1020  C3-C4 stretch

Vis 1010 979 947 946 C1-H8 rock out of plane

Vie 959 930 930 929 928 C3-C2-06 stretch

V17 912 884 883 Ring CCH wag

Vig 902 874 Ring deformation

Vi 855 829 843w Ring CH wag

V20 775 751 759 s Ring CH rock

val 756 733 7555 g:fe()irl;?ggorfl in plane

V22 640 620 gglfr;rl:;lteigor? out of plane

V23 606 587 594 m Ring CCH wag

Va4 495 480 503 w The skeleton stretch

It is obvious that vi3 (ring C=C antisymmetric stretch), vis (C3-C4 stretch/C1-H8 rock in
plane), vig (C5-06 stretch in plane), v23 (C3-C2-O6 symmetric stretch) modes were excited
effectively, herein, comparing with Sy structure the changes of S; correlates the above four
modes. Tab. 1 clearly shows that all the active modes in Frank-Condon region are planar
and distribute on the whole skeleton. These active modes results shows that the Sp—S: is
m—7* transition. RR spectroscopy shows that vg mode intensity changes significantly. To
make sure the nature of this phenomenon about v mode, we carried out 228.7 nm RR
spectroscopy experiment. The results indicates that in 228.7 nm RR spectroscopy ve mode
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is very strong and almost dominant the whole RR spectroscopy. That is to say, the vo mode
intensity difference comes from the neighbor high states influence.

Table 3: Selected bond parameters of furfural at So, Si, Sz, Ti1, T, Sof/S: states by
CASSCF (10, 8)/cc-PVDZ calculations (in A)

BOIld So S1 Sz T1 Tz Sz/sl
length a b

C1-C2 1.4552 1.4684 1.3748 1.4050 1.3997 1.4378 1.3806
C1-07 1.2140 1.2044 1.3542 1.2436 1.2429 1.2273 1.3318
C1-H8 1.1078 1.0967 1.0789 1.0911 1.0916 1.0929 1.0816
C2-C3 1.3704 13608 1.4086 1.4644 1.4857 1.3963 1.5488
C2-06 1.3746 13528 1.3667 1.3569 1.3649 1.3657 1.2993
C3-C4 1.4217 1.4427 1.4246 14390 1.3679 1.5105 1.5483
C3-H9 1.0781 1.0762 1.0762 1.0735 1.0750 1.0738 1.0724
C4-C5 1.3662 1.3580 1.3657 1.4867 1.4210 1.4506 1.3372
C4-H10 1.0783 1.0768 1.0771 1.0748 1.0778 1.0732 1.0753
C5-06 1.3501 1.3501 1.3577 13713 1.3841 1.3729 1.3584
C5-H11 1.0775 1.0749 1.0744 1.0707 1.0727 1.0721 1.0724
Point group Cs Cs Cs Cs Cs Cs Cs

2
Vigt V-levu
2v,
+ V.N +V

Intensity / Arbitr.units
\%
Vg

l\ J
52 LIEF 12
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Figure 5: Vibrational assignments of the resonance Raman spectra of furfural in water
obtained with the 273.9 nm excitation wavelengths. The asterisks [*] mark solvent
subtraction artifacts

3.3 Equilibrium structures and energies of So, S1, Sz, T1, T2, S/S\

Stationary structures for furfural in the five lowest electronic states (So, S1, Sz, T1, T2, S2/S1)
have been fully optimized by means of CASSCF (10, 8)/cc-PVDZ method. To check the
correctness of the CASSCF results, the B3LYP/6-311+G (d, p) calculations was used to
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determine the equilibrium structures of So and T states. All the stationary structures
reported in present study at CASSCF (10, 8)/cc-PVDZ levels are available in Tab. 3. It is
clear that the optimized Sy structural parameters computed by CASSCF (10,8)/cc-PVDZ
are very close to those obtained from B3LYP/6-311+G (d, p) computations, as Fig.6
shown. This suggests that our CASSCF (10, 8)/cc-PVDZ calculations is appropriate for the
prediction of both the ground and the excited state structure of furfural. S; (*nn*) and T
(®nm*) of furfural come from the same orbitals (24, 26). The CASSCF results show that S;
(! nn*) and T2 (®nn*) of furfural have similar structures, as Tab. 3 shown. S, (*an*) and T
(*nn*) of furfural come from the same orbital (25, 26). The CASSCF results show that S,
(*nn*) and T1 (3nn*) of furfural have similar structures, as Tab. 3 shown. The n—n*
excitation of S, (*nn*) is mainly localized on the aromatic ring, and the lengthening of the
C-C bonds in the ring exhibits characteristics of a n—n* transition, where the aromatic ring
attempts to reduce its w bonding character upon excitation. The energy values listed in Tab.
4 are computed at CASSCF (10, 8)/cc-PVDZ level. The adiabatic excitation energies (EA)
of S1, Sy, T1 and T, are 138.36, 163.96, 66.26 and 109.97 kcal/mol. The vertical excitation
energies (EV) of Sy, Sy, T1 and T, are 144.45 kcal/mol, 167.59 kcal/mol, 81.64 kcal/mol
and 119.25 kcal/mol respectively. Meaningful result is found for the adiabatic excitation
and vertical excitation energies of S; and T are very close. The vertical excitation energy
difference between S, and S; is significant with a value of 60.72 kcal/mol for furfural. The
energy of S,/S; is 5.50 kcal/mol lower than S, and 20.10 kcal/mol higher than S;.

Table 4: The total energies (Er), adiabatic excitation energies (Ea), and vertical excitation
energies (Ev) of So, Si, Sz, T1, T2, So/S1 at CAS (10, 8)/cc-PVDZ calculation level

Ev (kcal/mol) Ea (kcal/mol)
So -0.00 -0.00
S 144.45 138.36
N 167.59 163.96
T, 81.64 66.26
T, 119.25 109.97
S2/Si / 158.46

3.4 Photodissociation dynamics of furfural

As a general rule, the photochemistry reactions proceed mainly along the ground or lowest
excited state pathway. Thus, the surface intersection point is an important point through
which a molecule in upper electronically excited state can efficiently relax to lower state.
In the Franck-Condon (FC) region, the S; and S; surface intersection (S2/S:) was optimized
with the state-averaged CAS (10, 8)/CASSCF (10, 8)/cc-PVDZ computations and the
points was confirmed by structural parameters and orbital analysis, as Tab. 3 shows.

It is very interesting to note that the C-O bond length of 1.3318 A for S, /S; conical point is
much longer than the corresponding 1.2044 A for Sy state, and this is very similar to the
short-time dynamics results in aqueous solution that display very strong FC region
dynamical motion along the C-O reaction coordinate of S, state from 266.0 nm, 273.9 nm
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and 282.7 nm RRs. Compare the S, optimized structure and So, the C-O bond length is 1.20 A
and 1.24 A, that is to say, C-O bond should not change much by S to S, transition, but in 266.0
nm, 273.9 nm and 282.7 nm RRs it is clear that C-O vibration shows strong activity, we
therefore expect that the molecule in FC region getting into the conical intersection point
before to the S state. This is the further analysis of the S»/S1, So parameters and RR spectra.

167.59
163.96

144.45
138.36

Relative energy / kcal/mol

0.00

Internuclear distance

Figure 6: Photorelaxation mechanism of furfural in S; state

We note that the structural differences between S»/S; conical point and S minimum
provide us important information on how far a conical point left away from FC region. As
Tab. 3 shown, Tab. 3 shows the C1-C2 bond length of 1.3806 A, the C1-O7 bond length of
1.3318 A, the C2-C3 bond length of 1.5488 A, the C2-06 bond length of 1.2993 A, and the
C3-C4 bond length of 1.5483 A for S, /S; conical point are, respectively, which changes
much more than the corresponding 1.4684 A, 1.2044 A, and 1.3608 A for S, state. Our
short-time dynamics results in Tab. 2 show that the Franck-Condon region structural
dynamics of furfural in S, excited state is mostly along C1-O7 stretch vs (1667 cm'), ring
C=C antisymmetric stretch v¢ (1570 cm™), ring C=C symmetric stretch v; (1472 cm?),
C2-06-C5 symmetric stretch/C1-HS8 rock in plane vs (1389 cm™), C3-C4 stretch/C1-H8
rock in plane vg (1370 cmt), C5-06 stretch in plane vi2 (1154 cm™?), C3-C2-06 symmetric
stretch vie (928 cm™), correlates to the bond changes of S, /S; conical point. We therefore
expect that the molecule in FC region getting into the conical intersection point before to
the S, state, as Fig. 6 shown.

4 Conclusions

RR spectra of 266.0 nm, 273.9 nm and 282.7 nm excitation wavelengths were acquired for
furfural in water solution. The RR spectra results indicates that the short-time So—S,
photorelaxation dynamics of furfural propanil have substantial multidimensional character
mainly along C=0 stretch vs, ring C=C antisymmetric stretch vs, ring C=C symmetric
stretch v7, C2-06-C5 symmetric stretch/C1-HS rock in plane vs, C3-C4 stretch/C1-H8 rock
in plane vy, C5-06 stretch in plane vi, ring breath vi3, C3-C4 stretch vis, C3-C2-O6
symmetric stretch vis. Strong electron state coupling was found between S; and S; states,
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and the S,/S; conical intersection can be predicted in Franck-Condon region by theoretical
and experimental analysis.
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