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ARTICLE INFO ABSTRACT

Keywords: Ethoxy-substituted benzene has several stable conformations as the single bond in the ethoxy group is capable of
2-ethoxybenzonitrile internal rotation. Ethoxybenzonitrile may has more conformers due to different orientations of ethoxy with
Conformer respect to the CN group. In this paper, the potential energy surface (PES) of 2-ethoxybenzonitrile in the ground
;;\1;; state was calculated at the level of B3LYP/cc-pvdz, and five different molecular conformers were found on the
MATI PES. Only the most stable conformer I (trans) was observed in the supersonic molecular beam experiments. The

resonance enhanced multiphoton ionization (REMPI) and mass analyzed threshold ionization (MATI) spectra of
2-ethoxybenzonitrile were measured and Franck-Condon simulations were performed, and the theoretical results
are in good agreement with the experimental measurements. The similar molecular structures in Sy, S;, and Dy
states imply the large Franck-Condon factors. The vibronic structures in S; and Dy states were analyzed in detail
and the vibronic features were assigned. The MATI spectra follow well the propensity rule Av = 0, indicating that
the molecular structures of the cationic and excited states are similar. Most of the observed vibrations are
associated with the ring in-plane distortion. The band origin of the S;«Sy transition and the accurate adiabatic
ionization energy of 2-ethoxybenzonitrile are determined for the first time to be 34 092 + 2 and 69 796 + 5

Franck-Condon simulation

em ™}, respectively.

1. Introduction

The ethoxy group has a longer chain relative to methyl, ethyl, or
methoxy, leading to the possibility of many different conformers for its
substituted benzene derivatives. Many researches on the derivatives of
ethoxybenzene (or phenetole) have been reported. In 2003, Cinacchi
and Prampolini calculated the internal rotational potential energy of
ethoxybenzene and ethylbenzene with the theory of B3LYP/6-311G(2d,
p), which shows that the molecular potential energy is minimal when
the chain is in the plane of ring, and in trans position with respect to the
O—CH,, linkage [1]. In 2006, the laser-induced fluorescence excitation
and dispersed fluorescence spectra of phenetole were measured by
Ramanathan et al. [2]. They combined with different theoretical cal-
culations to confirm that there is only one conformer existing in su-
personic jet. In 2010, Egawa et al. studied the conformational properties
of phenetole by laser-jet spectroscopy and performed the
quantum-mechanical analysis of the two-dimensional potential energy
surfaces (PES) for Sp and S; states [3]. It is proposed that in addition to
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the trans configuration, another configuration gauche maybe exist in
supersonic jet. In 2016, Ferres et al. measured and assigned the micro-
wave spectroscopy of phenetole in the supersonic molecular beam, and
combined with the quantum-chemical calculations to study the molec-
ular structure [4]. They also concluded that phenetole has two con-
formers: trans and gauche. The gauche conformer has the ethyl tilted out
of the phenyl plane by about 70°, but only the trans configuration was
observed in the gas phase. In 2019, the vibrational spectra of the first
electronically excited state and cationic ground state of phenetole were
measured by Helle et al. with resonance enhanced multiphoton ioniza-
tion (REMPI) and mass analyzed threshold ionization (MATI) tech-
niques, and the S;«Sy transition energy and the adiabatic ionization
energy (IE) of phenetole were determined to be 36 370 + 4 and 65 665
+7 em™, respectively [5]. Two signals at low frequency direction of the
0° band were observed in the REMPI spectrum, and considered to be two
other isomer’s origin bands probably. However, these two signals were
not as abundant and not be analyzed any further. They also analyzed the
effect of molecular side chains by comparing the experimental results
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Fig. 1. (a) Potential energy surface (PES) calculated at B3LYP/cc-pvdz level for the ground state Sy of 2-ethoxybenzonitrile. The dihedral angle 2C1C2013C14 ()
and «C2013C14C15 () are used as the scanning variables. (b) Five conformers corresponding to five different locate minimums as marked on the PES. The relative
energies of conformers I, II, III, IV, and V further calculated at the level of B3LYP/aug-cc-pvtz are 0, 600, 957, 1016, and 1306 em Y, respectively.

with anisole. less on 2-ethoxybenzonitrile researches. In this paper, the potential en-

At present, many molecules have been deeply studied by REMPI, ergy surface of the neutral ground state of 2-ethoxybenzonitrile was
MATI, and ZEKE spectroscopy, and there are also many reports on calculated at the level of B3LYP/cc-pvdz, and five different molecular
benzonitrile derivatives [6-13]. As far as we know, however, it is very conformers were found. The most stable conformer was confirmed at the
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Fig. 2. (a) Two-color REMPI spectra of 2-ethoxybenzonitrile. (b) Franck-Condon simulation at B3LYP/aug-cc-pvtz level.

supersonic molecular beam. The REMPI and MATI spectra of the
molecule were measured and simulated. The vibronic structures in Sy
and D states were analyzed in detail. The MATI spectra follow well the
propensity rule Av = 0, indicating that the molecular structures of the
cationic ground state and excited state are similar.

2. Experiment and computation
2.1. Experiment

The 2-ethoxybenzonitrile sample was purchased from Aladdin and
used without further purification. It is a colorless or faint yellow liquid
with a purity of 98%. The sample was heated to about 150 °C to obtain
sufficient vapor pressure. 3 bar krypton gas was used as the carrier gas
and carried the sample molecules into the beam source chamber through
a pulse valve of 0.5 mm diameter nozzle. And then, the molecule beam
entered the ionization chamber through a skimmer located 20 mm
downstream from the nozzle orifice. The vacuum pressures of the source
chamber and ionization chamber are ~10~% Pa and ~107° Pa,
respectively.

The laser system consists of two sets of YAG laser pumped dye lasers.
The first dye laser (CBR-D-24, Sirah) pumped by a frequency-doubled
Nd: YAG laser (Qsmart 850) was used as the excitation laser. The sec-
ond dye laser (Precision Scan-D, Sirah) pumped by another frequency-
tripled Nd: YAG laser (Qsmart 850) was used as the ionization laser
for REMPI or probe laser for MATI. The dyes of pyrromethene 597 and
coumarin 540A were used for the excitation and ionization laser,
respectively. The output wavelengths were calibrated by a wavemeter
(WS7-60 UV-I).

Due to the strong electron-withdrawing ability of the cyano group,
benzonitrile derivatives have higher ionization energies. For many of
them, the transition energy of S;«Sy is lower than that of Dg<S;. Such
an energy structure indicates that a two-color REMPI experiment is
required for the excited state spectrum. In this experiment, we fixed the
ionization laser at 261.25 nm, then scan the excitation laser from 283 to
293.5 nm to obtain the vibronic spectrum of the first electronically
excited state Sq.

In the MATI experiment, the molecule in ground state is resonantly
excited to specific vibronic levels in the S; state, then excited to the high

Rydberg state by the probe laser. A —0.5 V/cm pulsed electric field was
applied to remove the prompt ions. After a time delay of about 30 s, the
Rydberg molecules were ionized by a 140 V/cm pulsed electric field.
Newly formed threshold ions pass through a 48 cm field-free region to be
detected by a Microchannel plates (MCP) detector. The signal was
collected by SR430 and recorded by a computer. The time sequence of
the whole system is controlled by a pulse delay generator (SRS: DG645).
More details about the experimental system have been described in our
previous publications [14-17].

2.2. Computational method

All calculations were performed using the GAUSSIAN 16 program
package [18]. The Becke three-parameter functional with the Lee-
—Yang—Parr functional (B3LYP) was chosen to perform density func-
tional theory (DFT) calculations. The potential energy surface (PES) was
calculated at the level of B3LYP/cc-pvdz, which yield the best solution
for accuracy and computational costs. The geometry optimization,
vibrational frequencies of Sy, S;, and Dy states were calculated at the
levels of RB3LYP/aug-cc-pvtz, TD-B3LYP/aug-cc-pvtz, and
UB3LYP/aug-cc-pvtz, respectively. The vibrational frequencies calcu-
lated at the (TD)-B3LYP/aug-cc-pvtz level were scaled by 0.984 and
0.983 for S; and Dy states, respectively, so as to correct the deviations
resulting from the neglect of anharmonic effects, the incomplete treat-
ment of electron correlation, and the use of a finite basis set. Before the
experiments, we need to first estimate the approximate value of ioni-
zation energy (IE) in order to select the appropriate laser dye. G4 and
CBS-QB3 methods were used to predict the IEs, which yield more precise
IE than DFT. Generally, the relative error of G4 and CBS-QB3 method is
about one order of magnitude lower than that of DFT theory. The
spectral simulations were performed based on the above DFT calcula-
tions. Combining with the theoretical calculations and simulated
spectra, the vibronic spectra measured by REMPI and MATI experiments
were assigned.
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Fig. 3. Franck-Condon simulation spectrum and the band components near 1181 cm ™. The insert shows two modes with almost equal frequencies.

Table 1
Vibrational frequencies (in cm™') and assignments of the observed bands in the

two-color REMPI experiment of 2-ethoxybenzonitrile.

Exp.” Calc. Assignment ”
105 106 BOC,HE

168 166 10b2

209 212 BOC,H2

292 293 15'pOC,H
320 316 VOCoHE

384 378 10b2pOC,H2
389 389 9b!

428 423 VOC,HiPOC,HE
445 445 6b!

486 483 VOC,H10b?
549 551 6b!pOC,HLE
558 572 6al

579 591 BCN?

609 612 6b'10b?

639 633 VOC,H2

662 678 6a'pOC,H:
700 697 9b'vOC,H:
707 712 1!

750 762 6b'vOC,HL
764 778 9b?

795 797 12!

804 811 9b'vOC,HIPOC,HE
830 834 6b'ob!

890 890 6b?

898 902 121p0C,H:
909 911 vO—C,H2
918 921 6a'yCN'10b!
946 961 6a'ob!

972 998 18b!

1003 1017 6a'6b!

1075 1077 6b%15!
1115 1123 6a'6b'pOC,HE
1145 1157 1'6b!

1177 1181 13!

2 The experimental values are shifts from 34 092 cm™!, whereas the calculated
ones are obtained from the TD-B3LYP/aug-cc-pvtz calculation, scaled by 0.984.
by, stretching; p, in-plane bending; v, out-of-plane bending.

69 798 cm’”

69 796 cm’™ (b)
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Fig. 4. (a) PIE curve of 2-ethoxybenzonitrile, (b) MATI spectrum via the 5100
intermediate.

3. Results and discussion
3.1. Calculated conformers and ionization energies

2-ethoxybenzonitrile is formed by the substitution of two ortho-
position hydrogen atoms of the benzene molecule with ethoxy and
cyano groups, respectively. The cyano group is always located in the
ring plane in the stable configurations, and the ethoxy group probable
orientation determines the number of stable conformers. In previous
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Fig. 5. Franck-Condon simulation spectrum of the cationic ground state Dy at the level of B3LYP/aug-cc-pvtz (a), and the MATI spectra via $;0° (b), S;pOC,Hs (c),

and S;vOC,Hs (d) intermediate states.

studies on ethoxybenzene, there were many different conclusions about
the orientation of the ethoxy group with respect to the ring [3-5]. In this
paper we scan the two dihedral angles of «C1C2013C14 (a) and
£C2013C14C15 (p) with a step size of 10° to yield the potential energy
surface (PES) of 2-ethoxybenzonitrile in Sy state at the level of
B3LYP/cc-pvdz as shown in Fig. 1(a), and the atomic labels are shown in
Fig. 1(b). It is clear that at p = 0° the energy is high, there is not any
minimum. At « = + 180° there are two different local minimums I and
II, and at p = + 180° there are three different local minimums I, III, and
IV. At o« = 70°, p = 80° or a = —70°, p = —80° we can find the last
minimum V. These minimums have been marked in Fig. 1(a). As a result,
a total of five different local minimums were found on the PES, which
correspond to five conformers of 2-ethoxybenzonitrile, tentatively
named conformer I (trans), II (trans-gauche), IIL, IV (cis), V (cis-gauche),
respectively. The structures are shown in Fig. 1(b). The further geometry
optimizations at the level of B3LYP/aug-cc-pvtz show that the relative
energies of five conformations I, IL, III, IV, and V are 0, 600, 957, 1016,
and 1306 cm ™}, respectively. We can estimate the relative abundances
of the conformers according to the formula, D2/D1=exp(-AE/kT), where
AE is the relative energy between the conformer 2 and conformer 1, T is
the nozzle temperature in Kelvin, and Di is the Density of conformer i
[19-23]. So, we know that the relative abundances with a nozzle tem-
perature of 423 K (the experimental conditions for this paper) are 1,
0.13, 0.04, 0.03, and 0.01 for conformer I to V, respectively. It is clear
that except for conformer I, which has a Cs symmetry, other conformers
are very less. A lot of experiments show that if one conformer is ~300
cm ™! higher than the lowest conformer in energy, it would not be

observed in the supersonic molecular beam. This means that just one
conformer I (trans) can be observed in our experiment, because the other
four configurations are too high in energy and too less in molecular
density resulting in too weak signals to be detected. This is very similar
to the case of ethoxybenzene [1,2,5].

The theoretical IE is deduced from the energy difference between the
Dy and Sy states at T = 0 K. The calculated energies of Dy and Sy states by
CBSQB3 method are —477.186423 and —477.505503 hartree, respec-
tively, and it gives an IE value of 70 030 cm™!. Similarly, the calculated
energies of Dy and S states by G4 are —477.742629 and —478.061702
hartree, respectively, and it gives an IE value of 70 028 cm™!. The IE
relative deviations with CBS-QB3 and G4 theories from the experimental
value are 0.340% and 0.337%, respectively. The calculated results are in
good agreement with the experimental value, which provide an
important reference for selecting a suitable dye.

3.2. REMPI spectra

The excited state spectrum of the S; Sy transition of 2-ethoxybenzo-
nitrile measured by two-color REMPI experiment with the vibration
frequency range of 0 — 1228 cm ™ is shown in Fig. 2(a), and its Franck-
Condon simulation spectrum calculated at level of B3LYP/aug-cc-pvtz is
shown in Fig. 2(b). It can be seen that the experimental result is in good
agreement with the calculated one. The spectral simulation reveals the
components of spectral bands, and it is very helpful for the spectral
assignment. Fig. 3 shows the Franck-Condon simulation spectra near
1181 cm™. We can find that the band at 1181 cm™! is composed of
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Table 2
Experimental and calculated vibrational frequencies (in cm ') and assignments
of 2-ethoxybenzonitrile in the cationic ground state D.

Vibration frequency” Calc. Assignment "
0° BOC,HE VOC,H:
102 102 103 BOC,H:
177 179 15’
205 204 BOC,H2
281 282 15'BOC,H3
304 BOC,HE
327 329 YCN'yCoH2
340 340 311 VOC,H}
441 442 BOC,HiVOC,HE
444 447 6b!
499 16b'yOC,H2
548 BOC,HL6b!
578 583 6a’
679 VOC,H2
679 BOC,HL6a
720 720 1!
784 VOC,HE6b!
821 BOC,H1?
902 893 vO—C,H}
917 vOC,HE6a
977 968 VCH,—CH}
1001 1003 18b!
1004 BOC,HIVO—C,HE
1060 1060 VOC,HE1?
1239 VOC,HivO—C,HE
1278 1279 3!
1338 18b'vOC,HL
1379 BOC,HE3!
1451 19b!
1584 1583 8b!
1618 VOC,HL3!
1688 BOC,HL8b!

2 The experimental values are shifts from 69 796 cm ™!, whereas the predicted
ones are obtained from the B3LYP/aug-cc-pvtz calculation, scaled by 0.983.
by, stretching; p, in-plane bending; v, out-of-plane bending.

Table 3
Geometric parameters of rotamer I (trans) of 2-ethoxybenzonitrile in the S, Si,
and Dy states, calculated at B3LYP/aug-cc-pvtz level.

So S Do A(S1-So) A(Do-S1)
Bond length /;\
C1—Cy 1.411 1.454 1.456 0.043 0.002
Cy-Cs 1.395 1.401 1.423 0.006 0.022
C3—C4 1.39 1.415 1.366 0.025 —0.048
C4-Cs 1.389 1.403 1.419 0.014 0.016
Cs-Ce 1.386 1.408 1.395 0.022 —0.012
Ce-C1 1.396 1.42 1.383 0.023 —0.036
C1-C11 1.427 1.396 1.416 —0.030 0.020
C11-Np2 1.153 1.167 1.154 0.014 —-0.012
Cz-013 1.348 1.333 1.293 —0.014 —0.039
013-C14 1.433 1.441 1.484 0.008 0.043
C14-C1s 1.512 1.511 1.505 —0.001 —0.005
Ci14-Hie 1.094 1.092 1.089 —0.001 —0.001
Ci4-Hi7 1.094 1.092 1.089 —0.001 —0.001
Ci5-His 1.090 1.090 1.090 0 0
Ci5-Hyo 1.089 1.089 1.088 0 0
Ci5-Hao 1.089 1.089 1.088 0 0
Cs-Hy 1.078 1.078 1.079 0 0
C4-Hg 1.082 1.078 1.081 —0.003 0.003
Cs-Ho 1.08 1.082 1.081 0.002 0
Ce-Hio 1.081 1.079 1.080 —0.001 0.001
Bond angle /°
C2C1C11 120.1 120.8 118.9 0.7 -1.8
C1C11N12 178.4 178.2 179.6 -0.2 1.4
C1C2043 116.1 113.2 115.1 -3.0 2.0
C2013C14 119.6 122.1 123.7 2.5 1.6
013C14C15 107.6 107.7 107.4 0.1 -0.4
Dihedral angle /°
C3C2013C14 0 0 0 0 0
C2013C14C1s 180.0 180.0 180.0 0 0

Journal of Molecular Structure 1293 (2023) 136278

many vibrational modes, except for mode 13! which is the main
contributor for the band, others belong to the combined vibrations.
Some frequencies of them are almost equal, such as the two vibrational
modes enlarged in the insert of Fig. 3. The obvious feature of both
REMPI and its simulation in Fig. 2 is that the rate of signal-to-noise in
low frequency region is greater than that in high frequency region. The
simulation spectrum shows that the spectral band in high frequency
region is composed of many components, including fundamental,
overtone, and combination of various vibrations. So numerous weak and
dense components raise the spectral baseline and result in the bad rate of
signal-to-noise in high frequency region. For simplicity’s sake, we only
list the largest contributor to the observed bands in Table 1.

Based on DFT calculation, spectral simulation, and previous publi-
cation on 2-methoxybenzonitrile [8], we analyzed and assigned the
vibronic spectra of 2-ethoxybenzonitrile. The labeling convention of the
vibrational modes follows the Varsanyi’s system [24], which is based on
the Wilson’s notation [25]. The band at 34 092 cm ™ is assigned as the
origin of the S;«Sy transition. Many ring in-plane vibrations are
observed, such as the bands at 389, 445, 558, 707, 795, 972 and 1177
em ! are assigned to the ring deformations obl, 6b!, 6al, 11, 121, 18b!,
and 13!, respectively. Several in-plane vibrations of the ethoxy group
are active, such as OCyHs in-plane bending POCyHs and stretching
VOCoHs appearing at 105, and 320 cm™!, respectively. These fu
ndamental modes have greater Franck-Condon factors and stronger
signals in the REMPI spectrum. Other bands observed in REMPI spec-
trum are assigned to overtones and combination vibrations of several
modes. Such as the bands at 168, 209, 639, 764 and 890 cm ™' are
assigned as 10b2, [.’)OCZH%, VOC,HE, 9b?, and 6b2, respectively. The rest
of the bands are weak and assigned as the combined vibrations of several
modes. The experimental frequencies, calculated frequencies, and
possible assignments are listed in Table 1.

3.3. PIE and MATI spectra

To obtain the detailed information on the cationic ground state Dy,
we measured the PIE and MATI spectra. Fig. 4(a) shows the PIE curve of
2-ethoxybenzonitrile recorded via the 5100 (34 092 cm’l) intermediate
state. The rising step yields the approximate value of the adiabatic
ionization energy to be 69 798 cm ™! with an uncertainty of 10 cm™*. PIE
spectrum provides an important reference for MATI experiments. As a
comparison, we also show the MATI spectrum via $;0° intermediate
state in Fig. 4(b), which provides a more precise IE of 69 796 + 5 cm ™"

Fig. 5(a) is the Franck-Condon simulation spectrum of Dy«S; tran-
sition calculated at the level of B3LYP/aug-cc-pvtz, and (b), (c), (d) are
the experimental MATI spectra via the $,0°, SlﬁOCZH}; (105 cm™1) and
S1VOCHE (320 em™ 1) intermediate states, respectively. MATI spectra
provide more accurate cationic data with high signal-to-noise ratio than
PIE. Since the MATI experiment applied a pulsed electric field of - 0.5 V/
cm to remove the prompt ions, the measured IE is less 4*F!/2 than the
real value. This derivation due to Stark effect has been corrected for
present results.

In the MATI spectrum via 5100, most of the observed modes are due
to in-plane deformation of the ring. As shown in Fig. 5(b), the most
intense peak is assigned as the origin 0" of the Dy«<S; transition of 2-
ethoxybenzonitrile, and the adiabatic IE is determined to be 69 796 +
5cm L. The bands at 177,444,578,720,1001, 1278 and 1584 cm are
all due to the fundamental vibration of the benzene ring, which are
assigned as 15!, 6b!, 6al, 11, 18b', 3! and 8b?, respectively. The bands at
102, 340, 902, and 977 cm ™! are the vibrations from substituents, and
are assigned as ﬁOCZH%, vOCzH%, vO—CzHé, and vCH27CH§, respec-
tively. The bands at 205 and 499 cm ! are assigned to overtone OCyH2
and combination vibration 16b'yOC,HZ, respectively.

When the SﬂBOCgH% (105 em™1) is used as the intermediate state, the
most intense band appears at 102 cm_l, which is assigned as DoﬁoczHé.
Shifting the whole spectrum to the left to make the DopOC,Hz band in
Fig. 5(c) aligned with the origin 0" of the MATI spectra via 5100, it can
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Table 4

Measured excitation energies and ionization energies of several benzene derivatives (unit: cm H.2
Molecule E; AE; Ey AE, 1IE AIE Reference
Benzonitrile 36 512 0 41 978 0 78 490 0 [6,28]
2-methoxybenzonitrile 34176 —2336 36 482 —5496 70 658 —7832 [8]
2-ethoxybenzonitrile 34 092 —2420 35704 —6274 69 796 —8694 This work
Benzene 38 086 0 36 471 0 74 557 0 [29,30]
Anisole 36 383 —1703 30016 —6455 66 399 —8158 [31]
Phenetole 36 370 -1716 29 295 —-7176 65 665 —8892 [5]

2 AE;, AE,, and AIE are shifts of E;, E, and IE with respect to benzonitrile or benzene.

be found that all the vibrational bands of Fig. 5(c) align well with those
of Fig. 5(b) [13]. Therefore, MATI spectra via SlﬁoczHé can be assigned
as the combinations between POC,Hz and the corresponding vibrations
of MATI via S10°. No new fundamental mode was observed in MATI via
S1POC,HE.

Fig. 5(d) shows the experimental MATI spectra via S;vOC,HS (320
cm 1) and the most intense band appears at 340 cm ™}, which is assigned
as DovOC,HL. Similarly, shifting the whole spectrum to the left to make
the VOC,HS band in Fig. 5(d) aligned with the 07 of the MATI spectra via
S10°, it can be seen that the peaks in the higher frequency region than
340 cm™lin Fig. 5(d) aligned well with the peaks in Fig. 5(b). Therefore,
the spectra can also be assigned as the combinations between vOC,HS
and the corresponding vibrational modes of MATI spectra via $;0°. The
band at 327 cm™! is assigned to the combination vibration yCN'yCyH3
based on the spectral simulation.

All the vibrations found in the MATI spectrum are listed in Table 2.
Most of them are related to the in-plane motion. When the vibration
from OC,Hs is used as an intermediate state, a great deal of combination
vibrations between OCyHs and the ring vibration modes were observed.

3.4. Molecular structure in Sg, S1, and D states

Table 3 lists the geometric parameters of trans-2-ethoxybenzonitrile
(conformer 1) in the Sy, S1, and Dy states, calculated at B3LYP/aug-cc-
pvtz level. From Table 3, it can be seen that every C—C bond of the
ring become longer after the S;«Sy transition, and the circumference of
the ring (sum of the six bond lengths) is increased by 0.13 A. However, in
the Dy«S; transition, the C—C bond length of the ring do not change
consistently, some increase and some shorten, and ring circumference
shortened by 0.06 A. For all C—H bonds, bond length has no significant
change. These are similar to other benzene derivative molecules [10,26,
27]. The bond angle variation of the substituents is limited to the range
of —3.0° - 2.5°, but the dihedral angles of the substituents do not any
change. These indicate that there are great transition probabilities be-
tween the ground state Sy, excited state S; and ionic ground state Dy
owing to the similar molecular structures for these states, which is
supported by strong REMPI and MATI signals. The variation of the ar-
omatic ring during the transition leads to the activation of many in-plane
vibrational modes.

3.5. Excitation and ionization energy

We list the excitation energies and the ionization energies of ben-
zonitrile, 2-methoxybenzonitrile, 2-ethoxybenzonitrile, benzene, ani-
sole, and phenetole in Table 4. It can be seen that different substitutions
have a significant influence on the electronic transition energy. Both the
methoxy and the ethoxy groups lead to a red shift of E; and E;. The
ethoxy group causes a slightly larger red shift than the methoxy group. It
is known that the interactions between the substituent and the aromatic
ring involve the conjugation (resonance) effect through the r orbital and
the inductive effect through ¢ bond. The collective effect can give rise to
a decrease in the zero-point energy level of the electronic state. If the
interaction energy for the upper state is greater than for the lower state,
the transition energy yields a red shift, conversely, causes a blue shift.
The measured values in Table 4 indicate that the methoxy and ethoxy

group have a greater interaction with the upper state than the lower
state, and the interaction of the ethoxy group with the parent molecules
is greater than that of the methoxy.

In general, electron-withdrawing group substitutions increase the
ionization energy of parent molecule, while electron-donating groups
decrease the ionization energy. In Table 4, the substitution of methoxy
and ethoxy on ortho position of benzonitrile caused the IE to reduce by
7832 and 8694 cm’l, respectively, while the substitution of methoxy
and ethoxy of benzene caused the IE to reduce by 8158 and 8892 cm ™ ?,
respectively. So, we can conclude that methoxy and ethoxy groups are of
great electron-donating ability. Ethoxy is a stronger electron donor than
methoxy. The IE of benzonitrile is about 3933 cm ™! higher than that of
benzene, indicating that CN is an intense electron-withdrawing group.

4. Conclusion

The potential energy surface (PES) of ethoxybenzonitrile in the
ground state was calculated at the level of B3LYP/cc-pvdz, and five
different local minimums corresponding to five different molecular
conformers were found on PES. Further structural optimizations and
energy calculations for the ground state at the level of B3LYP/aug-cc-
pvtz were performed to obtain the relative energies of five conformers
included zero-point energy corrections to be 0, 600, 957, 1016, and
1306 cm™}, respectively. Only the most stable conformer I (trans) was
observed in the supersonic molecular beam experiment. The high-
resolution vibrational spectra of the first electronically excited state Sy
and cationic ground state D of 2-ethoxybenzonitrile were measured by
two-color resonance enhanced multiphoton ionization (REMPI) and
mass analyzed threshold ionization (MATI) spectroscopy. The band
origin of S;<Sy transition and adiabatic ionization energies of 2-ethox-
ybenzonitrile are determined to be 34 092 + 2 and 69 796 + 5 cm ™,
respectively. The density functional theory calculations and Franck-
Condon simulations were performed. The theoretical results are in
good agreement with the experimental observations. The vibronic
spectra for S; and Dy states were analyzed in detail and assigned. The
MATI spectra follow well the propensity rule Av = 0, indicating that the
molecular structure of the cationic ground is similar to that of the
excited states. A lot of vibrational modes associated with ring in-plane
distortion were observed.
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