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HIGHLIGHTS

® 2C REMPI and MATI spectra of 4-fluorobenzonitrile are obtained.

® Vibronic spectra of 4-fluorobenzonitrile in S; state are analyzed and assigned.
® Cationic vibrationic features of 4-fluorobenzonitrile are analyzed and assigned.

® Most of the active vibrations are related to the in-plane ring deformation.
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The vibrational features of 4-fluorobenzonitrile in the first electronically excited state S; and cationic ground
state Do have been studied by two-color resonance enhanced multiphoton ionization and mass analyzed
threshold ionization spectroscopy. Most of observed vibrations in the S; and Dy states are related to in-plane ring
deformation and CN bending motions. The band origin of the S; < S, transition and adiabatic ionization energy
of 4-fluorobenzonitrile are determined to be 36,616 = 2 and 78,000 + 5cm™?, respectively. These data
provide insight into the substitution effect of fluorine atom and cyano group on the transition energy.

1. Introduction

Fluorinated organic molecules have been a subject of great interest
due to their important applications in the agrochemical, medicinal,
biological and material sciences [1-4]. In recent years, the chemical
and physical properties of fluorinated aromatic compounds are in-
vestigated by various spectroscopic methods. The geometric changes of
fluorination on fluorine-substituted compounds of benzene, benzoni-
trile, and pyridine have been studied by the high resolution microwave
spectroscopy [5-7]. The vibrational features of fluorine-substituted
derivatives of phenol, anisole, and aniline in the first electronically
excited states S; and cationic ground states D, have also been studied
by laser induced fluorescence (LIF), resonance enhanced multiphoton
ionization (REMPI) and mass analyzed threshold ionization (MATI)
spectroscopy [8-12]. Jiang and Levy performed the laser induced
fluorescence and dispersed fluorescence experiments of 4-fluor-
obenzonitrile to analyze the internal vibration relaxation [13]. Ar-
ivazhagan et al. measured the vibrational properties of 4-fluor-
obenzonitrile in the electronic ground state Sy by infrared and Raman

spectroscopy [14]. To our best of knowledge, the detailed spectroscopic
information of the S; and D, states of 4-fluorobenzonitrile are still
unavailable in the literature.

In this paper, we study the two-color REMPI and MATI spectra of 4-
fluorobenzonitrile. With the help of density functional theory (DFT)
calculations, the active vibrations of 4-fluorobenzonitrile in the S; and
D, states are assigned. The band origin of the S; < S transition and the
adiabatic ionization energy are determined. Comparing these experi-
mental data with those of benzonitrile and para-fluoro substituted de-
rivatives provides a better understanding of the substitution effect of
fluorine atom and cyano group on the transition energy.

2. Experimental and computational details
2.1. Experimental method
The experimental apparatus consists of a time-of-flight (TOF) mass

spectrometer and two tunable UV lasers as described in previous pub-
lication [15]. The sample of 4-fluorobenzonitrile, purchased from
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Sigma-Aldrich (99% purity) without further purification, was heated to
60 °C in order to obtain sufficient vapor pressure. A molecular beam
was produced by expanding the vapor, seeded in 3bar of argon,
through a pulsed valve of 0.5mm diameter nozzle into the vacuum.
After passing through a 1 mm diameter skimmer, the molecular beam
was crossed with the laser beams in the ionization region. The excita-
tion and ionization lasers were generated by the frequency-doubled dye
lasers (Sirah: CBR-D-24 and PrecisionScan-D), which were pumped by
the third harmonics of two independent Nd:YAG lasers (Spectra Phy-
sics: INDI-40-10 and Quantel: Q-smart 850). The wavelengths of the dye
lasers were calibrated using a wavemeter (HighFinesse WS-7). The
REMPI spectrum was measured by scanning the excitation laser in the
260-274 nm range and fixing the ionization laser to 241 nm. The re-
lative time between the two laser systems was controlled by a pulse
delay generator (DG645) with 8 delay outputs.

For the MATI spectroscopy, molecules were excited to long-lived
high n Rydberg states by the two tunable UV lasers. A weak pulse
electric field of —1.3 V/cm was switched on about 200 ns after the laser
pulses to reject the prompt ions. This field resulted in the lowering of
ionization energy, which can be estimated by 4.0F/2 cm~! (F is electric
field in unit of V/cm). After a time delay of 21 ps, a second pulse electric
field of 140 V/cm was switch on to field-ionize the Rydberg neutrals.
The produced threshold ions were accelerated and detected by a dual-
stacked microchannel plates detector (Changcheng Microlight
Equipment Co., 25 mm diameter) located at the end of a field-free flight
tube. The mass spectra were collected and analyzed by a multichannel
scaler (Stanford Research Systems, SR430), then transferred to a com-
puter.

2.2. Computational method

In order to assign the observed bands in the REMPI and MATI
spectra, we used the Gaussian 09 program package [16] to perform the
geometry optimizations and frequency calculations of 4-fluor-
obenzonitrile. For the electronic ground state S, and the cationic
ground state Dy, the density functional theory (DFT) calculations using
the B3LYP functional were carried out with the 6-311 + + G (d,p) basis
set. The first excited state S; was calculated using the time-dependent
density functional theory (TDDFT) with the 6-311 + + G (d,p) basis set.

3. Results
3.1. Two-color REMPI spectrum of 4-fluorobenzonitrile

We recorded the vibronic spectrum of 4-fluorobenzonitrile in the S;
state by two-color REMPI experiment. No fragments were observed in
the mass spectrum. Fig. 1 displays the two-color REMPI spectrum of 4-
fluorobenzonitrile near the origin of the S; <— Sy transition. The result is
in good agreement with the fluorescence excitation spectrum of 4-
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Fig. 1. Two-color REMPI spectrum of 4-fluorobenzonitrile obtained by fixing
the ionization laser at 241 nm and scanning the excitation laser. The spectrum is
shifted by 36,616 cm™'. The insert shows the molecular structure and atom
labels.
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Table 1

Observed vibrational frequencies (cm™?) of 4-fluorobenzonitrile in two-color
REMPI spectrum and their assignments.” The predicted values obtained from
the TD-B3LYP/6-311G + +(d,p) calculation are scaled by 0.9766.

Ref. [34] This work Assignmenth
Exp. * Exp. Rel. Int. Cal.
0 100 09, band origin
145 22 151 155, B(C-CN)
360 61 350 6ag,B(CCC)
497 497 86 496 6bd,B(CCC)
506 15 523 4%, v(CCQ), y(C-F)
597 15 608 B(CN)
792 792 20 792 13, breathing
878 5 6aj4y
938 8 15513
1011 6 82
1151 29 6ad1}
1176 1176 44 1186 13}, W(C-CN)
1288 20 6b3 1)
1299 9 1302 18b¢, B(CH)
1588 1586 56 1584 13
1674 8

6b3 13}

2 The experimental values are shifts from 36,616 cm ™.

by, stretching; (3, in-plane bending; vy, out-of-plane bending.

fluorobenzonitrile measured by Jiang and Levy [13]. The intense peak
located at 36,616 cm ™' is assigned as the origin of the S; < S, elec-
tronic transition. 4-fluorobenzonitrile is a planar molecule with 33
normal modes. Only the vibronic transitions with lager Franck-Condon
factor can be observed in the REMPI spectrum [17,18]. Table 1 lists the
frequencies of the observed vibronic bands of 4-fluorobenzonitrile,
along with the computed values and their assignments. The assignments
are based on the previous results [13] and our TDDFT calculation at
B3LYP/6-311+ + G (d,p) level. The Varsanyi’s numbering system [19]
was adopted to approximately describe the normal modes of benzene-
like vibrations, and the vibrational modes are expressed by Wilson’s
notation [20]. Most of active vibrations of 4-fluorobenzonitrile in the S;
state are related to the in-plane deformation of aromatic ring. The
pronounced bands at 145, 360, 497 and 1176 cm ™! are assigned to the
transitions of 15§, 6a4, 6bg, and 13}, respectively. Modes 6a and 6b
mainly involve the in-plane deformation of aromatic ring. Modes 15
and 13 are related to the substitute-sensitive in-plane ring-CN bending
and ring-CN stretching vibrations, respectively. The bands at 792 and
1586 cm ! result from the ring breathing vibration 1! and its overtone
12. The out-of-plane ring deformation vibration 4! appears at
506 cm ™~ '. The weak band at 597 cm ™! corresponds to CN in-pline
bending B(CN). The high-frequency bands at 1151 and 1288 cm ™" are
assigned to the combination vibrations 6a'1l' and 6b'1}, respectively.

3.2. PIE and MATI spectra of 4-fluorobenzonitrile

The photoionization efficiency (PIE) and MATI experiments are
performed to determine the adiabatic ionization energy (IE) of 4-
fluorobenzonitrile. The PIE curve (available on request) recorded by
ionizing via the S;0° intermediate state indicates the IE of 4-fluor-
obenzonitrile to be 78,000cm™! with an uncertainty of 10cm™®.
Because the MATI experiment only detects the threshold ions resulting
from the field ionization of the high Rydberg molecules, it leads to a
sharp peak at the ionization limit and yields a more precise IE. Figs. 2
and 3 show the MATI spectra of 4-fluorobenzonitrile recorded via the
0%, 15", 6a', 6b*, B(C-CN), and 1' levels of the S; state. The most in-
tense band 0% in Fig. 2a corresponds to the origin of the transition
Do <= S;. The resulting adiabatic IE, including the correction for Stark
effect due to the pulsed electronic field, is determined to be



Y. Zhao et al.

+

0 . 0
78,000 cm” ! (@) via 5,0
6a’
1
B(CN) L 1 13’ 10a
l 19a' l

. 1
(b) via S 15

6a° 1 (c) via Sléa1

0 6a'13'
16a'
N
0 400 800 1200 1600

Ion Internal Energy / cm’

Fig. 2. MATI spectra of 4-fluorobenzonitrile recorded via (a) $,0°, (b) S;157,
and (c) S;6a! intermediate states.
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Fig. 3. MATI spectra of 4-fluorobenzonitrile recorded via (a) S;6b*, (b)
$1B(CN), and (c) S;1! intermediate states.

78,000 += 5cm ™! (9.6708 = 0.0006 eV). This result is in agreement
with that measured one by our PIE experiment. Comparison with the
previously reported IE value of 9.74 eV by Palmer et al. on the basis of
the photoelectron spectroscopy [21], the MATI experiment provides a
more precise value of IE.

129
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Table 2

Observed vibrational frequencies (cm™') in the MATI spectra of 4-fluor-
obenzonitrile and their assignments.” The predicted values obtained from the
B3LYP/6-311G+ + (d,p) calculation are scaled by 0.9856.

Intermediate level in the S, state Cal. Assignment”

0° 15' 6a' 6b! [HEY .

139 141 150
358
400

444

15!, B(C-CN)
16a’, y(CCC)
6a’, B(CCC)
10b?
11'6a’

6b’, B(CCC)
15'6a’
15'10b?
B(CN)
10b’6a’
121, B(CCC)
15'B(CN)
6a

15'12!

1!, breathing
111!
6b'6a’
15'6a”
6b'10b?
151!

18a'

B(CN) 6a’
6b?

6a'12!
B(CN) 6b’
14', B(CH)
9a', B(CH)
B*(CN)

6a°

6b'12!
1'6a’

13', U(C-CN)
1'10b?
B(CN)12!
6b'6a”
15'9a’
6a'1!
15'13!
B(C-CN)6a>
6b%6a’
BCcN1*
19a’, U(CC), UC-F)
6b'18a*
10a’, y(CH)
B(CN)18a’
6a*
6b'6a'12!
1'6a®

12

6a'13'

8a', u(CC)

348
394
436

350
394 393
446

463

508 532
533

574

587 590

624

598

682 681 684

725
789 789
821
822

820 813

895

819

899

940
961

937
959
978 975 972
981
1014
1078
1094

1100 1097

1124 1120
1166 1169
1174
1180 1180
1190
1208
1216 1213 1224
1246
1253 1252
1293 1289
1303
1329 1327
1358
1371
1407
1418 1415

1468 1467 1469
1486
1560 1567
1568
1573
1583
1612 1612 1603
1621
1623

1645

1623

1645 1642 1640

@ The experimental values are shifts from 78,000 cm ™.

by, stretching; (3, in-plane bending; vy, out-of-plane bending.

The measured vibrational frequencies of 4-fluorobenzonitrile in the
D, state are also summarized in Table 2 together with the calculated
frequencies and possible assignments. When the $;0° is used as the
intermediate state, the intense transitions at 394, 789, 824, and
1216 cm ™! are assigned to the in-plane ring deformation vibrations
6a', 6a% 1' and 13 of 4-fluorobenzonitrile cation, respectively. The
weak bands at 587 cm ™! results from the in-plane CN bending vibration
B(CN). In Fig. 2b, when the S;15' is used as intermediate state, the
MATI spectrum displays a strong band at 139 cm ™' corresponding to
the cationic vibration 15! with the same vibrational pattern as the in-
termediate state, and other four strong MATI bands at 533, 927, 959
and 1358 cm™! are tentatively assigned to the combination bands
15'%6a', 15'6a% 15'1' and 15'13', respectively. Therefore, the
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Table 3
Calculated and measured geometrical parameters of 4-fluorobenzonitrile in the
So, S1 and Dy states.

Exp.’ So” SN Do’ AS1-S0)  ADoS1)
Bond length A
C;-Cy 1.400 1.403 1.434 1.436 0.031 0.002
Cx-C3 1.377 1.389 1.423 1.366 0.034 —0.057
C3-Cy 1.378 1.388 1.408 1.420 0.020 0.012
C4-Cs 1.375 1.388 1.408 1.420 0.020 0.012
Cs-Ce 1.379 1.389 1.423 1.366 0.034 —0.057
Ce-Cy 1.400 1.403 1.434 1.436 0.031 0.002
Cy4-F, 1.364 1.349 1.342 1.300 —0.007 —0.042
C;-Cg 1.445 1.431 1.404 1.403 —-0.027 —0.001
Cg-No 1.143 1.156 1.165 1.164 0.009 —0.001
Angle(deg)
C;CoCs 119.9 120.2 119.4 119.5 -0.8 0.1
C2C3Cy 118.6 118.6 118.1 118.0 -0.5 -0.1
C3C4Cs 123.0 122.6 124.0 123.8 1.4 -0.2
C4CsCs 118.7 118.6 118.1 118.0 -0.5 -0.1
CsCeCy 119.8 120.2 119.4 119.5 -0.8 0.1
CeC1Cs 120.0 119.9 120.8 121.2 0.9 0.4

@ Experimental data from Reference [22].
> B3LYP/6-311G + +(d,p) calculation.
¢ TD-B3LYP/6-311G + + (d,p) calculation.

spectrum has a similar profile as the MATI spectrum via the $;0° in-
termediate state. This similarity can be also observed in the MATI
spectra via the 6b*, B(CN), and 1' vibrations of the S, state, as shown in
Fig. 3. The MATI spectrum via S;6a’ intermediate state is presented in
Fig. 2c. A weak transition at 394 cm ™~ ! is assigned to mode 6a, and the
intense peaks at 789, 820, 1180, 1213, 1623cm ™! to the vibrations
6a%, 1', 6a> 13, and 6a'13", respectively.

4. Discussion
4.1. Structure and vibrations of 4-fluorobenzonitrile in S; and D, states

The molecular structure and atom labels of 4-fluorobenzonitrile are
showed in the inset of Fig. 1. Table 3 lists the calculated geometrical
parameters of 4-fluorobenzonitrile in the neutral ground S, first ex-
cited S; and cationic ground Dy, states. For the S state, it is obvious that
the theoretical bond lengths and bond angles are in good agreement
with the experimental values measured by the X-ray crystallography
[22]. During the S; <= Sy transition, the C-C bond lengths of the aro-
matic ring increase by 0.028 Aon average, whereas the C;-Cg and C4-F,
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bond lengths decrease. The bond angles of 2C¢C;Cs and £C3C4Cs as-
sociated with substitutions also increase. On the basis of TDDFT cal-
culation, the first excited state S; has a sut* character, which is domi-
nated by the LUMO <~ HOMO transition. These structural changes upon
electronic excitation result from the m electron excitation of aromatic
ring and the decrease of electron density on cyano group and fluorine
atom. Thus, the observed vibrations in the REMPI spectrum of 4-
fluorobenzonitrile are mainly associated with the in-plane ring de-
formation modes 6a, 6b, 13 and 17 and in-plane CN bending vibration
B(CN). In previous studies on benzonitrile [23], 4-fluorophenol [12],
and 4-chloroanisole [24], similar geometrical changes are also been
observed.

According to the natural population analysis (NPA), the Dy < S;
ionization process of 4-fluorobenzonitrile mainly involves the removal
of the st* electron on the aromatic ring. The resulting major changes of
molecular structure are the decrease of the C,-Cs, C5-C¢ and C4-F, bond
lengths, which indicates a small shrinkage in size of aromatic ring upon
ionization. Thus, it leads to a remarkable change in the vibrational
frequencies. The measured frequencies of in-plane ring deformation
modes 6a, 6b, and 1 are 360, 497, and 792 cm ! in the S; state, and
394, 508, and 820cm ™! in the D, state. It is obvious that these vi-
brational frequencies in the D state are higher than ones in the S; state.
Because the vibrational frequency reflects the rigidity of the chemical
bond related to the vibration, the increase of the vibrational frequencies
suggests that the bond strength of the ring is stronger in the D, state
than in the S; state.

4.2. Excitation and ionization energies of 4-fluorobenzonitrile

It is known that the interactions between the substituent and the
aromatic ring involve the conjugation (resonance) effect through the 5
orbital and the inductive effect through o bond [9]. The collective effect
can cause a change on the electron density around the aromatic ring,
and gives rise to a decrease in the zero-point energy (ZPE) level of
electronic state. If the magnitude of the decrease in the ZPE level of the
upper electronic state is greater than that in the lower electronic state,
it leads to a red shift in the transition energy. Conversely, it causes a
blue shift in the transition energy.

Table 4 lists the excitation energies of S; < S, transition and adia-
batic IEs of phenol [25], anisole [26], aniline [27], benzonitrile [28]
and their para-fluoro substituted derivatives from the LIF, REMPI,
MATI, and ZEKE spectroscopy [9,10,27,29]. The E; of 4-fluorophenol,
4-fluoroanisole, and 4-fluoroaniline are red-shifted by 1232, 1237, and
1377 cm ™~ ! with respect to phenol, anisole, and aniline, respectively.

Table 4

Measured transition energies (cm ') of phenol, anisole, aniline, benzonitrile, and their their para-fluoro substituted derivatives.”
Molecule E1(S1 < So) AE, E>(Dp < S1) AE, IE AIE
Phenol” 36,349 0 32,276 0 68,625 0
4-Fluorophenol® 35,117 —-1232 33,460 1184 68,577 -48
Anisole? 36,383 0 30,016 0 66,399 0
4-Fluoroanisole® 35,146 —-1237 31,291 1275 66,437 38
Aniline 34,029 0 28,242 0 62,271 0
4-Fluoroaniline’ 32,652 —-1377 29,891 1649 62,543 272
Benzonitrile® 36,518 0 41,972 0 78,490 0
4-Fluorobenzonitrile” 36,616 98 41,384 —588 78,000 —490
4-Methylbenzonitrilei 36,222 —296 38,933 —3039 75,155 —2845

o ®

Reference [25].
Reference [9].

4 Reference [26].
¢ Reference [10].
f Reference [27].
& Reference [28].
" This work.

I Reference [29].

I

AE,, AE,, and AIE are shifts of E;, E, and IE with respect to phenol, anisole, aniline, and benzonitrile.
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The previous studies reported that the red shift probably result from the
dominant conjugation effect upon S; <= Sy transition [8,24,30]. When
the CHj; substituent locates at the para position on the aromatic ring of
the benzonitrile, 4-methylbenzonitrile also shows a red shift in the E;
due to the dominant conjugation effect. Inversely, the E; of 4-fluor-
obenzonitrile is slightly greater than that of benzonitrile. This blue shift
in the E; for 4-fluorobenzonitrile indicates that the inductive effect is
likely dominant during S; < Sy transition. Similar observations also are
found for the molecules 2-fluorophenol, 3-fluorophenol, 2-fluoroani-
line, 2-fluoroanisole, and 3-fluoroanisole [10,31,32].

As shown in Table 4, the E, of 4-fluorophenol, 4-fluoroanisole, and
4-fluoroaniline are greater than those of phenol, anisole, and aniline by
1184, 1275, and 1649 cm ™!, respectively. Because the Dy <= S; process
involves the removal of one electron, the blue shift indicates that the
substitution of fluorine atom causes a slight decrease in the electron
density around the aromatic ring [8,10,27]. Therefore, fluorine atom
plays an electron-withdrawing role in this process. In contrast, the E; of
4-methylbenzonitrile and 4-fluorobenzonitrile are less than that of
benzonitrile by 588 and 3039 cm™?, respectively. This red shift in-
dicates that fluorine atom and CH; group increase the electron density
near the ring. Fluorine atom shows the same substitution effect as CHs
group and plays an electron-donating role in the Dy < S; transition. So
it can be seen that fluorine atoms play two different roles in different
molecules. This can be also observed for chlorine in the chlorobenzene
and 3-chlorostyrene [33]. These results suggest that the energy shift of
electronic transition is associated with the nature of substituents as well
as parent molecules.

As for substitution effect on ionization energy, generally, the elec-
tron-donating group reduces the IE of the parent molecule, and the
electron-withdrawing group increases the IE. The OH, OCH3;, and NH,
groups are regarded as the electron-donating groups, whereas the CN is
the electron-withdrawing group. As a result, the IE of 4-fluor-
obenzonitrile is higher than those of 4-fluorophenol, 4-fluoroanisole,
and 4-fluoroaniline, as showed in Table 4.

5. Conclusion

We have applied the two-color REMPI and MATI spectroscopy to
record the vibrational features of 4-fluorobenzonitrile in the S; and Dy
states. The band origin of the S; <= Sy electronic transition and adiabatic
ionization energies of 4-fluorobenzonitrile in the gas phase are de-
termined to be 36,616 *+ 2 and 78,000 + 5cm”}, respectively. The
observed vibrations of 4-fluorobenzonitrile in the S; and D, states are
mainly related to the in-plane ring deformation and in-plane CN
bending vibrations. Their vibrational frequencies in the D, state are
greater than in the S; state. The para-fluoro substitution on benzonitrile
leads to a blue shift in the E; and a red shift in the E,. These results
suggest that the inductive effect may be dominant in the S; < So
transition, and fluorine atom plays an electron-donating role in the
Dy < S; ionization process.
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