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We report the two-color resonance enhanced two-photon ionization (R2PI) and mass analyzed threshold
ionization (MATI) spectra of 2-methoxybenzonitrile. The origin band of S1 S0 transition and accurate
adiabatic ionization energy of 2-methoxybenzonitrile are determined to be 34,176 ± 2, and
70,658 ± 5 cm�1, respectively. The Franck-Condon simulations of the vibrationally resolved electronic
spectra for S1 S0 and D0 S1 transitions are calculated and used to assist the assignments of the vibro-
nic bands in the experimental spectra. The active vibrations in the S1 and D0 states are mainly associated
with the motions of the in-plane ring deformation and the in-plane ring-OCH3 bending. A propensity rule
of Dt ¼ 0, observed in the MATI spectra recorded via different intermediate states, suggests that the
molecular geometry of 2-methoxybenzonitrile in the D0 state resembles that in the S1 state. Comparing
the transition energies of 2-methoxybenzonitrile with those of anisole, benzonitrile and ortho substituted
derivatives provides insight into the substitution effect of CN and OCH3 groups on the transition energies.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Vibronic spectra of benzonitrile and its derivatives are impor-
tant for studying their photochemical and photophysical proper-
ties, such as the intramolecular charge transfer [1–4], hydrogen-
bonding interaction [5–7], and so on. In recent years, the vibra-
tional properties of benzonitrile and its derivatives in the first elec-
tronic excited state S1 and the cationic ground state D0 have been
studied by various spectroscopic technologies [8–13]. The laser
induced fluorescence (LIF) excitation, resonance enhanced multi-
photon ionization (REMPI), mass analyzed threshold ionization
(MATI) and zero kinetic energy (ZEKE) photoelectron spectroscopy
have been applied to benzonitrile, benzonitrile-Ar cluster [8,10,14],
tolunitrile [11], aminobenzonitrile [12,13,15,16], and fluoroben-
zonitrile [17,18] to obtain the excitation energies of S1 S0 transi-
tion, the ionization potentials and the vibrational features in the S1
and D0 states. In 2015 Arivazhagan group reported the Raman and
IR spectra of 2-methoxybenzonitrile for studying the vibrational
features in the neutral electronic ground state S0 [19]. Alvarez-
Valtierra and co-workers recently measured the rovibronically
resolved fluorescence excitation spectra and dispersed fluores-
cence emission spectra of 2- and 3-tolunitrile to analyze the inter-
nal rotation of methyl group and the geometry in the S1 state
[20,21]. To our best of knowledge, the detailed spectroscopic fea-
tures of 2-methoxybenzonitrile in the first excited state S1 and
the cationic ground state D0 are still unavailable in the literature.

In this paper, 2-methoxybenzonitrile molecule in the super-
sonic jet has been studied using two-color resonance enhanced
two-photon ionization (R2PI) and mass analyzed threshold ioniza-
tion (MATI) spectroscopy. High resolution vibrational spectra for
the S1 and D0 state are obtained. The observed vibronic bands are
assigned by comparing the experimental spectra with the
Franck-Condon calculations. With the aid of the quantum chemical
calculations, we also analyze the geometrical changes of 2-
methoxybenzonitrile induced by the electronic excitation and the
ionization processes. The substitution effect of CN and OCH3

groups on the transition energies is discussed.

2. Experimental and computational details

2.1. Experimental methods

2-methoxybenzonitrile was purchased from Sigma Aldrich (99%
purity) and used without further purification. The experimental
setup consists of two tunable UV lasers and a time-of-flight (TOF)
mass spectrometer as described in previous papers [15,17,22].
Briefly, the vapor of the sample, which was heated to 70 �C, was
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Fig. 1. Molecular structure and numbering of atoms of 2-methoxybenzonitrile in
the ground electronic state S0.

Fig. 2. Two-color REMPI spectrum of 2-methoxybenzonitrile measured by fixing
the ionization laser at 272 nm and scanning the excitation laser between 283 and
293 nm (a) and its Franck-Condon simulation (b).
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seeded in argon gas (2 bar) and then expanded into a high vacuum
chamber (�10�4 Pa) through a pulsed valve (Parker valve) with a
0.8 mm diameter nozzle and an opening time of 200 ls. The central
region of the generated supersonic jet was selected through a 1 mm
diameter skimmer located about 20 mmdownstream from the noz-
zle orifice. The pressure in the ionization chamber was maintained
at �10�5 Pa. Two tunable UV lasers used for excitation and ioniza-
tion lasers, were produced by the frequency-doubled output of two
tunable dye lasers (Sirah: CBR-D-24 and PrecisionScan-D) pumped
by the third harmonic of two Nd:YAG lasers (Spectra Physics: INDI-
40-10 and Quantel: Q-smart 850), respectively. These two counter-
propagating UV lasers were perpendicularly intersected with the
molecular beam, and their wavelengths were calibrated with a
wavelength meter (HighFinesse WS7-60 UV-I).

The two-color R2PI spectrum was obtained by scanning the
excitation laser in the 284–293 nm and fixing the ionization laser
to 272 nm. Prior to the MATI experiments, the photoionization effi-
ciency (PIE) measurement was performed to give an approximated
value for the ionization energy of 2-methoxybenzonitrile. In the
MATI experiments, the excitation laser was used to excite the neu-
tral molecules from the ground state S0 to a particular vibronic
level in the S1 state. Then, the ionization laser was scanned to
excite the molecule in the S1 state to high-n Rydberg states. About
180 ns after the laser pulses, a weak electric field pulse of �1.4 V/
cm was applied to remove the direct ions. The molecules in high-n
Rydberg state with a long lifetime [23] kept moving in the molec-
ular beam and then were ionized by a second electric field pulse of
140 V/cm. The formed MATI ions were accelerated by a voltage of
400 V, then go through a field-free region of about 48 cm long.
Finally, they are detected by a dual-stacked microchannel plate
detector. The signal from the detector was processed by a multi-
channel scaler (SRS: SR430) and recorded by a computer. The time
sequence of the entire system was controlled by a pulse delay gen-
erator (SRS: DG645).

2.2. Computational methods

In order to investigate the vibronic features in the R2PI and
MATI spectra of 2-methoxybenzonitrile, the quantum chemical
calculations and Franck-Condon simulations have been performed
using the Gaussian 09 program package [24]. The geometry opti-
mizations and vibrational frequency calculations of 2-
methoxybenzonitrile in the electronic ground state S0 and the
cationic ground state D0 were carried out using the density func-
tional theory (DFT) with the B3LYP functional and aug-cc-pVDZ
basis set. For the first electronic excited state S1, we performed
the time-dependent density functional theory (TD-DFT) calcula-
tions with the aug-cc-pVDZ basis set. The calculated vibrational
frequencies based on the harmonic approximation were scaled
by 0.9736 and 0.9880 for S1 and D0 states, respectively, to correct
the deviations resulting from the neglect of anharmonic effects,
the incomplete treatment of electron correlation and the use of a
finite basis set [25]. The vibrationally resolved electronic spectra
of 2-methoxybenzonitrile for both transitions of the S1 S0 and
D0 S1 have also been simulated based on quantum chemistry
calculations above and the Franck-Condon approximation (the
nuclear positions are nearly unaltered during electronic transition)
without considering the Herzberg-Teller coupling [26–28]. The
more details on this calculation can be found in Ref. [28].

3. Results

3.1. Two-color R2PI spectrum of 2-methoxybenzonitrile

The structure of 2-methoxybenzonitrile is shown in Fig. 1. Its
stable geometry will be discussed in Section 4. The two-color
R2PI spectrum of 2-methoxybenzonitrile near the origin of its
S1 S0 electronic transition was recorded by fixing the ionization
laser to 272 nm (36765 cm�1) and scanning the excitation laser in
the range of 284–293 nm (35211–34130 cm�1). The ionization
laser was spatially and temporally overlapped with the excitation
laser. The result is shown in Fig. 2a. The most intense band at
34,176 cm�1 is assigned to the origin 00

0 of the S1 S0 transition.
2-methoxybenzonitrile belongs to the Cs point group. It has 45 nor-
mal vibrational modes, which include 3 cyano, 12 methoxy and 30
benzenelike vibrations. According to the Franck-Condon approxi-
mation, only those vibronic transitions with large Franck-Condon
factors can be observed in the experiment [26,29]. The simulated
spectra can give insight into the vibrational components of the
vibronic transitions, and are useful for assigning the observed
bands in the experiment [27]. Therefore, the Franck-Condon simu-
lation of the S1 S0 electronic transition is performed, and the
results together with the measured R2PI spectrum are shown in
Fig. 2 for comparison. The main peaks at 129, 407, 534, 686, 796,
813 cm�1 in the experimental spectrummatch well with the calcu-
late bands at 131, 406, 542, 690, 788, and 812 cm�1, respectively.
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In addition, due to the limitation of the Franck-Condon approxima-
tion [27], some weak peaks in the experimental REMPI spectra are
not present in the FC simulation. Although the intensities of the
simulated bands in the range of 600–1000 cm�1 are somewhat
underestimated compared with the observed ones, the main spec-
tral profile of the R2PI spectrum is qualitatively reproduced by the
Franck-Condon simulation.

On the basis of the simulated spectrum and the previous results
on anisole [27,30] and benzonitrile [8,14], the vibrations of 2-
methoxybenzonitrile in the S1 state are assigned. The measured
vibrational frequencies in the R2PI spectrum are listed in Table 1
along with the calculated frequencies, possible assignments, and
the signal intensities normalized to the origin band.

The Varsanyi/Wilson mode labels [31,32] and the new labeling
system [33] are used to label the vibrational modes of 2-
methoxybenzonitrile. Most of the observed vibrations in the R2PI
spectrum are associated with the totally symmetric vibrational a0

modes. The strong bands at 129, 407, 534, 686, 796, and

968 cm�1 are assigned to the transitions 151
0, 6b

1
0, 6a

1
0, 1

1
0, 12

1
0,

and 131
0, respectively. Modes 6b, 6a, 1, 12, and 13 mainly involve

the in-plane ring deformation. Mode 15 is related to the
substitute-sensitive in-plane ring-OCH3 and ring-CN bending
motions. The bands located at 247 and 580 cm�1 correspond to
the in-plane ring-OCH3 bending b(OCH3) and ring-CN bending b
Table 1
Experimental and calculated vibrational frequencies (in cm�1), intensities and assignment

Cal.a Exp.a Exp. Rel. Int

0 0 100

131 129 35

152 155 32
246 247 8
262 257 10

283 8

325 14
338 335 16

390 375 17

406 407 74

416 41

482 493 18

536 529 15

542 534 26

553 12

558 563 12

581 580 11
587 14

670 658 12

690 686 59

697 701 16

715 13

732 12
758 747 26

780 784 15

788 796 65

812 813 37

827 18
843 19

918 906 17

930 924 19

948 941 25

981 968 72

986 975 16

988 988 15
a The experimental values are shifts from 34176 cm�1, whereas the calculated ones a
b m, stretching; b, in-plane bending; c, out-of-plane bending; s, torsion.
c The labeling scheme based on Wright’s method in Reference [33].
(CN), respectively. Some weak vibrations with a00 symmetry are
also observed in the R2PI spectrum. The low-frequency peak at
155 cm�1 is assigned to the OCH3 group torsion s2(OCH3). The
vibrational modes related to out-of-plane ring deformation appear

at 375, 563, 747 cm�1, which are assigned to 16a10, 4
1
0, and 17b1

0

transitions, respectively.

3.2. MATI spectra of 2-methoxybenzonitrile via different intermediate
states

Fig. 3 shows the photoionization efficiency curve (PIE) of 2-
methoxybenzonitrile via the S100 intermediate state. The ascend-
ing step gives the ionization energy (IE) of 70,660 cm�1 with an
uncertainty of 10 cm�1. In comparison with PIE, the MATI method
gives a sharp peak at the ionization threshold and yields a more
definitive value [34]. MATI spectroscopy provides information
about the active vibrations of the cation with a higher spectral res-
olution than the conventional photoelectron spectroscopy. The
MATI spectrum of 2-methoxybenzonitrile via the S100 is shown
in Fig. 4a. The most intense peak corresponds to the origin of the
transition D0 S1 of 2-methoxybenzonitrile. Therefore, the adia-
batic IE, including the correction for Stark effect [35], is determined
to be 70,658 ± 5 cm�1 (8.7605 ± 0.0006 eV). The calculated vibra-
tionally resolved electronic spectrum of the transition D0 S1 is
s of 2-methoxybenzonitrile in the first electronically excited state S1.

Assignment and approximate descriptionb Di
c

00
0, band origin

151
0, b(CACN), b(CAOCH3) D21

s2(OCH3)
b(OCH3)

16b1
0, c(CCC) D28

151
0s

2(OCH3)
s(OCH3)b(OCH3)

16b1
0s(OCH3)

16a10, c(CCC) D27

6b1
0, b(CCC) D19

151
0s

2(OCH3)

6b1
0s(OCH3)

6b1
015

1

6a10, b(CCC) D18

6b1
0s

2(OCH3)

41
0, c(CCC) D26

b(CN)

16b1
0s(OCH3)b(OCH3)

6a1015
1

11
0, breathing D17

6a10s
2(OCH3)

b(CN)151
0

b(CN)s2(OCH3)

17b1
0, c(CH) D23

16a20
121

0, b(CCC) D16

6b2
0

b(CN)b(OCH3)

b(CN)16b1
0

121
015

1
0

6b1
016b

2
0

6b1
06a

1
0

131
0, b(CCC) D12

18b1
0, b(CH) D15

b(CN)6b1
0

re obtained from the TD-B3LYP/aug-cc-pVDZ calculation, scaled by 0.9736.



Fig. 3. Photoionization efficiency curve of 2-methoxybenzonitrile recorded via the
S100 intermediate state.
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shown in Fig. 4b for comparison with the experimental result. It
can be seen that the Franck-Condon simulation reproduces the
main spectral features of the experimental spectrum, which is used
as a good reference for assigning the observed cationic vibrational
bands of 2-methoxybenzonitrile. Similar to the experimental
results, the spectral profile of the simulated spectrum is dominated
by the vibrationless band 0þ. The MATI peaks at 123, 417, 559, 711,
956, and 1589 cm�1 correspond to the simulated bands located at
128 cm�1 (151), 417 cm�1 (6b1), 565 cm�1 (6a1), 712 cm�1 (11),
953 cm�1 (131), and 1589 cm�1 (8b1), respectively, which involve
Table 2
Experimental and calculated vibrational frequencies (in cm�1) and assignments of 2-meth

Intermediate level in the S1 state

00 s2(OCH3) 6b1 11

96
123

195
227

236
315

338
400 399
417 418

436
444
502

540
559
568 564

700
711 711

755
785
796

838
904

956
974

1001
1113

1122
1129

1150
1268

1278
1374

1422
1589

a The experimental values are shifts from 70658 cm�1, whereas the predicted ones ar
b m, stretching; b, in-plane bending; c, out-of-plane bending; s, torsion.
c The labeling scheme based on Wright’s method in Reference [33].
the motions of the in-plane ring deformation. The MATI bands at
236 and 1278 cm�1 assigned to the in-plane OCH3 bending b
(OCH3) and OACH3 stretching m(OACH3), are in line with the calcu-
lated ones at 237 and 1276 cm�1, respectively. These vibrations are
in-plane bending or stretching motion and belong to the totally
symmetric a0 modes, [36,37]. The experimental and calculated fre-
quencies and assignments of the cationic vibrations are summa-
rized in Table 2.

The MATI spectra of 2-methoxybenzonitrile recorded via the
S1s2(OCH3), S16b1, and S111 intermediate states are shown in
Fig. 5. The notable features of these cationic spectra are that the
most intense bands are assigned to the same vibrational modes as
their corresponding intermediate states. This Dt ¼ 0 propensity
rule maintains a correlation between the excited and cationic
vibrations, which has been reported for other benzene derivatives
[38–40]. Therefore, in the MATI spectra, a lot of observed bands
could be assigned as the combination containing the same mode
as the intermediate state [41], as listed in Table 2. When the 6b1

and 11 modes (which involve the in-plane ring deformation) are
used as the intermediate states, the prominent peaks have the a0

symmetry.

4. Discussion

4.1. Structure and vibrations of 2-methoxybenzonitrile in S1 and D0

states

The ortho-substitued anisole derivatives may have different iso-
mers depending on the relative orientation of the methoxy group
oxybenzonitrile in the cationic ground state D0.a.

Assignment and approximate Di
c

Cal.a Descriptionb

99 s (OCH3)
128 151, b(CACN), b(CAOCH3) D21

198 s2(OCH3)
s (OCH3) 151

237 b(OCH3)
s2(OCH3) 151

s (OCH3)b(CAOCH3)
401 9b1, b(CACN), b(CAOCH3) D20

417 6b1, b(CCC) D19

s2(OCH3)b(OCH3)
450 16b1s (OCH3)

9b1s (OCH3)
6b1151

565 6a1, b(CCC) D18

583 b(CN)
b(CN) 151

712 11, breathing D17

s2(OCH3) 6a1

790 121, b(CCC) D16

803 6a1b(OCH3)
6b2

s2(OCH3) 11

953 131, b(CCC) D12

6b16a1

1005 18b1, b(CH) D15

1117 18a1, b(CH) D14

116b1

6b111

s2(OCH3) 131

116a1

1276 m(OACH3)
6b1131

12

1589 8b1, b(CCC) D6

e obtained from the B3LYP/aug-cc-pVDZ calculations, scaled by 0.9880.



Fig. 4. The MATI spectrum of 2-methoxybenzonitrile recorded via S100 intermedi-
ate state (a) and its Franck-Condon simulation (b).

Fig. 5. MATI spectra of 2-methoxybenzonitrile recorded via the s2(OCH3) (a), 6b1

(b), and 11 (c) levels in the S1 state, respectively.
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with respect to the substituent. The calculated potential energy
curve for the rotation of the methoxy group at the B3LYP/aug-cc-
pVDZ level indicates that the planar trans form of 2-
methoxybenzonitrile is the most stable conformation in the
neutral ground state S0, which is shown in Fig. 1. The other stable
conformation is the non-planar isomer, where the methoxy group
is out of plane of the phenyl ring, and its energy in the S0 state is
higher than that of the trans isomer by 1158 cm�1. Therefore, the
population of the non-planar isomer would be negligibly small in
the sample so that it cannot be observed in present experiments.
We have also performed geometry optimizations for
2-methoxybenzonitrile in the first electronic excited state S1 and
in the cationic ground state D0. However, trans isomer is the only
stable conformation in the S1 state, and the planar trans and cis
isomers are stable in the D0 state. The calculated results suggest
that only the trans conformer of 2-methoxybenzonitrile involves
in the S1 S0 photoexcitation and the D0 S1 photoionization
processes. This case is similar to those of 2-chloroanisole and
2-fluoroanisole, in which only one trans isomer was found in the
LIF, R2PI, and MATI spectra [42–44].

To investigate the changes in the molecular geometry
induced upon transitions, the geometry optimizations of
2-methoxybenzonitrile are performed in S0, S1 and D0 states at the
B3LYP/aug-cc-pVDZ level. The equilibrium geometries of
2-methoxybenzonitrile in the S0, S1, and D0 states have a Cs symme-
try. The optimized geometrical parameters are given in Table 3,
together with the displacements upon excitation and ionization
compared with the geometry of 2-methoxybenzonitrile in the S0
state.

The remarkable changes in the molecular geometries induced
on the 1A0S1 1A0S0 electronic transition are the elongations of
all CC bonds on the phenyl ring, while the C1AO9 and C2AC7 bond
lengths decrease by 0.014 and 0.030 Å, respectively. Other geomet-
rical changes are the increases of the bond angles \C6C1C2, \C3C4C5

and \C1C9C10, and the decrease of the bond angle \C1C2C3. In the
previous studies for anisole [27,45] and benzonitrile [9], the
similar structural changes upon electronic excitation have also
been reported. The first electronic excited state S1 of
2-methoxybenzonitrile, according to TDDFT calculation, arises
from the LUMO HOMO transition with a pp* character. On the
transition, the decrease of the electronic density on the methoxy
group and the p electron excitation on the aromatic ring induce
the corresponding changes in the molecular structures. In princi-
ple, it might be also interesting to study the time propagation of
electron density upon electronic excitation [46,47]. Such geometri-
cal displacements upon electronic excitation could be further
responsible for the prominent vibronic bands in the R2PI spectrum
associated with the motions of the in-plane ring deformation as
well as the methoxy torsion.

The D0 S1 transition of 2-methoxybenzonitrile involves the
removal of one electron, which may lead to the changes in molec-
ular geometry. The Dt ¼ 0 propensity in MATI spectra mentioned
in Section 3.2 indicates that the molecular geometry of
2-methoxybenzonitrile does not significantly change upon ioniza-
tion, which can be further confirmed by comparing the calculated
geometries of 2-methoxybenzonitrile in the S1 and D0 states. The
ionization-induced structural displacements mainly include the
decreases of the C2AC3, C5AC6 and C1AO9 bond lengths, implying
a small contraction of the aromatic ring in size. It should be noted
that some vibrational frequencies related to the in-plane ring
deformation in the cationic ground state D0 are slightly higher than
those in the first electronic excited state S1, although the molecular
geometries for both states are similar. For example, the 6b, 6a, and
1 vibrational modes appear at 407, 534, and 686 cm�1 in the S1
state, which are less than the corresponding vibrational frequen-
cies of 417, 559, and 711 cm�1 in the D0 state, respectively. This
is similar with previously reported molecules [15,22,43]. Because
the vibrational frequency could approximately reflect the rigidity
of the chemical bond, the increase of the vibration frequencies
maybe impliy that the bond strength of the aromatic ring in the
D0 state is slightly stronger than that in the S1 state resulting from
the removal of one electron.



Table 3
Geometrical parameters of 2-methoxybenzonitrile in its electronic ground, first excited and cationic ground states.

S0a S1b D0
a D(S1-S0) D(D0-S1)

Bond length (Å)
C1AC2 1.417 1.458 1.461 0.041 0.003
C2AC3 1.404 1.427 1.391 0.023 �0.036
C3AC4 1.394 1.416 1.402 0.022 �0.014
C4AC5 1.397 1.411 1.428 0.014 0.017
C5AC6 1.398 1.422 1.375 0.024 �0.047
C6AC1 1.402 1.409 1.427 0.007 0.018
C2AC7 1.434 1.404 1.422 �0.030 0.018
C7AN8 1.163 1.177 1.165 0.014 �0.012
C1AO9 1.354 1.340 1.302 �0.014 �0.038
O9AC10 1.427 1.433 1.461 0.006 0.028

Bond angle (deg)
\C1C2C3 119.9 116.1 119.3 �3.8 3.2
\C2C3C4 120.6 120.3 119.6 �0.3 �0.7
\C3C4C5 119.3 122.8 121.1 3.5 �1.7
\C4C5C6 121.1 118.4 121.0 �2.7 2.6
\C5C6C1 119.9 119.4 118.9 �0.5 �0.5
\C6C1C2 119.3 123.0 120.2 3.7 �2.8
\C1O9C10 118.7 121.0 122.6 2.3 1.6

a B3LYP/Aug-cc-pVDZ calculation.
b TD-B3LYP/Aug-cc-pVDZ calculation.
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4.2. Excitation and ionization energies of 2-methoxybenzonitrile

Table 4 lists the excitation energies (E1s) of the S1 S0 elec-
tronic transition and the ionization energies (IEs) of anisole
[27,30,45], benzonitrile [8,10] and their ortho-substitued deriva-
tives obtained by REMPI, LIF, MATI, ZEKE spectroscopy [15,42–
44,48,49]. Generally, the substituent can interact with the aromatic
ring by the conjugation (resonance) effect through the p orbital
and by the inductive effect through r bond [50,51]. Therefore it
has a profound effect on the transition energy of benzene deriva-
tives. If the interaction between the substituted group and the aro-
matic ring in the upper electronic state is stronger than that in the
lower electronic state, a red shift would occur for the transition
energy of the derivative compared with that of the parent molecule
[51,52], and vice versa.

In Table 4, the excitation energies (E1s) of ortho-substituted ani-
sole, 2-chloroanisole, 2-methoxybenozitrile, 2-methoxylphenol
and 2-methoxylaniline show the red shifts of 638, 2207,
471, and 2508 cm�1 with respect to anisole, respectively.
The ortho-substituted benzonitrile, 2-methoxybenzonitrile and
2-aminobenzonitrile also show the red shifts of 2342 and
Table 4
Measured transition energies (cm�1) of anisole, benzonitrile and their ortho-substitued de

Molecule E1(S1 S0) DE1

anisoleb 36,383 0
2-fluoroanisolec 36,609 226
2-chloroanisoled 35,745 �638
2-methoxybenzonitrilee 34,176 �2207
2-methoxylphenolf 35,912 �471
2-methoxylanilineg 33,875 �2508
benzonitrileh 36,518 0
2-methoxybenzonitrilee 34,176 �2342
2-aminobenzonitrilei 31,265 �5253

a DE1, DE2, and DIE are shifts of E1, E2 and IE with respect to anisole or benzonitrile.
b Reference [27,30,45].
c Reference [42,44].
d Reference [43].
e This work.
f Reference [48].
g Reference [49].
h Reference [8,10].
i Reference [15].
5253 cm�1 with respect to benzonitrile in the E1, respectively.
Usually the S1-S0 transition of benzene derivatives is subject to
p* p excitation, leading to an expansion of the ring. The sub-
stituent has a greater p-electron overlap with the ring in the elec-
tronic excited state than in the ground state, which leads to the
stronger interaction between the substituent and the aromatic ring
in electronic excited state [48–50,53], and results in a red shift in the
E1. However, the E1 of 2-fluoroanisole is higher than that of anisole,
which is due to the fact that the small F atom has a weaker conjuga-
tion effect with the aromatic ring than the Cl, CN, OH and NH2

substituted groups [53–55]. Similar observations have also been
found in the 2-fluoroaniline, 2-fluorophenol, 3-fluorophenol, and
3-fluoroanisole molecules [48,56].

As shown in Table 4, the E2 of 2-methoxylphenol and
2-methoxylaniline are lower than that of anisole by 1933 and
5213 cm�1, respectively. Meanwhile, 2-methoxybenzonitrile and
2-aminobenzonitrile have much smaller E2 compared with that
of benzonitrile (DE2 = �5490, �6584 cm�1). The OH, OCH3, and
NH2 groups are commonly referred to as the electron-donating
groups. The D0 S1 transition likely involves the removal of one
electron of the oxygen or nitrogen atom of the OH, OCH3, and
rivatives.a

E2(D0 S1) DE2 IE DIE

30,016 0 66,399 0
30,745 729 67,354 955
31,237 1221 66,982 583
36,482 6466 70,658 4259
28,083 �1933 63,995 �2404
24,803 �5213 58,678 �7721
41,972 0 78,490 0
36,482 �5490 70,658 �7832
35,388 �6584 66,653 �11837
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NH2 groups. The observed red shifts in the energy associated with
the D0 S1 transition (E2) indicate that the OH, OCH3, and NH2

substituted groups cause an increase of the electron density nearby
the oxygen or nitrogen atom [49]. In contrast, the CN, F and Cl sub-
stituents with the electron-withdrawing nature can decrease the
electron density nearby the oxygen of 2-methoxybenzonitrile,
2-fluoroanisole and 2-chloroanisole, and therefore the E2 of
2-methoxybenzonitrile, 2-fluoroanisole and 2-chloroanisole are
greater than that of anisole. The similar cases are also observed
in 2-fluorophenol [48] and 2-chloroanisole [43]. The ionization
energy IE is given by the sum of the E1 and E2. The IE of
2-methoxybenzonitrile is larger than that of anisole, and lower
than that of benzonitrile, which indicate that the shift on ioniza-
tion energy is related to the nature of substituents.

5. Conclusion

The R2PI and MATI spectra of 2-methoxybenzonitrile are mea-
sured under the supersonic molecular beam condition. The vibra-
tional features in the S1 and D0 states and the geometrical
changes upon excitation and ionization are investigated. The band
origin of the S1 S0 electronic transition and adiabatic ionization
energy of 2-methoxybenzonitrile are determined to be 34,176 ± 2
and 70,658 ± 5 cm�1, respectively. The Franck-Condon simulations
of S1 S0 and D0 S1 transitions reproduce qualitatively the main
profiles of the experimental spectra, and therefore are used as an
aid to assign the observed vibronic bands. Most of active vibrations
of 2-methoxybenzonitrile in the S1 and D0 states correspond to the
motions of the in-plane ring deformation and the in-plane ring-
OCH3 bending. The MATI spectra recorded via different intermedi-
ate states show a propensity rule of Dt ¼ 0. Thus, there is no
remarkable change in the molecular geometries upon ionization.
However, some normal vibrational frequencies related to the in-
plane ring deformation in the cationic ground state D0 are higher
than those in the first electronic excited state S1, implying the
stronger p bond in the D0 state. The excitation energy E1 of 2-
methoxybenzonitrile are lower than those of anisole and benzoni-
trile, which is caused by the dominant conjugation effect. As for the
substitution effect on the ionization energy, the electron-
withdrawing group CN increases the ionization energy, whereas
the electron-donating group OCH3 reduces the ionization energy.
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