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lonization Energy of p-Fluoroaniline and Vibrational Levels of p-Fluoroaniline Cation
Determined by Mass-Analyzed Threshold lonization Spectroscopy
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Mass-analyzed threshold ionization (MATI) and two-color resonant two-photon ionization (2C-R2PI) methods
were used for detailed studies of the adiabatic ionization energyflabroaniline (PFA) and the vibrations

of this molecule in the cationic ground state. The threshold ion spectra were recorded for PFA \ia the 0
vibrationless and the 6al', 12%, 6&l%, and 6412! vibrational levels of the Sstate. The adiabatic ionization
energy of PFA is found to be 62 548 4 cn! by the MATI spectroscopy and 62 558 7 cntt by the
2C-R2PI spectroscopy. Results show that the active modes are mostly related to in-plane ring vibrations of
the ion. All of these experimental data are presented for the first time. Ab initio and density functional theory
calculations were also performed for predicting the ionization energy and vibrational frequencies. Comparative
studies show that the measured and calculated results are in very good agreement.

1. Introduction ring and the NH planes was determined to be°48hus, PFA
belongs to thé&s point group. Rotational band contour analysis

usﬁecggﬂvgn?i%izlri Oéé?:)lseccgl?é 'g;i;ﬁ th:Sn ggggrt]rt'\gzlvfnsgesuggested that in the State this molecule becomes planar with
9 P P ques. %zy, symmetry and contracts along the axis containing the N,

in the spectroscopy of ions have focused on the developmentcl C4, and F atoms. The corroborating measurements on dipole
of zero-kinetic energy (ZEKE) photoelectron spectroscbpy. moment& suggested that PFA in the, State has a quinoid-

This method involves the excitation of long-lived high Rydberg -like resonance structure. The results of ab initio calculations

states and their subsequent ionization in a delayed pulsed electric . . .
field, leading to production of threshold ions in well-defined are found to be in good agreement with those of experimédts.

energy states. This high-resolution spectroscopic technique can ]'She ground setate vibrations of PFA have been studied using
provide a precise determination on the ionization threshold of IR _and far-IR® spectroscopy. The_ ,UV absorption spectrum
molecules as well as vibrational levels of ions. Since ZEKE ©f this molecule near the,S- S transitions has been reported.
technique is subject to the detection of electrons, it has no mass”Urthermore, the S— S transition in PFA has been investigated
information. In a similar approach, mass-analyzed threshold PY one-clglﬁrlgesonant two-photon ionization (1C-R2PI) spec-
ionization (MATI) method involves detection of ions rather than troscopy-*** “Results from these stu@es_have mcreased our
electrons and thus can provide an unambiguous mass resoweéfnowledge about the structgres.and vibrations of FhIS molecule
spectral informationt:€ These methods have been adopted in N the S and S states. But, little is known about this molecule
the spectroscopic and dynamic studies of molecules, van derin the ionic state.

Waals Comp|exes’ and clusters. Recenﬂy, threshold ion_pair In this paper we report the first determination of the adiabatic
production spectroscopy (TIPPS) which is conceptually analo- ionization energy of PFA and the vibrational levels of the PFA
gous to the ZEKE and MATI methods has been developed for cation by using two-color resonant two-photon ionization (2C-

the determination of bond dissociation energy of HCI in an R2PI) and MATI spectroscopy. Ab initio and density functional
accuracy as high as 0.8 cif theory (DFT) calculations were also performed for comparison

Aniline and its derivatives are of great industrial importance, With the experimental results. It was found that the B3LYP/6-

particularly in the pharmaceutical and chemical industries. To 311+G** calculations predicted the ionization energy in an
the best of our knowledge, experimental data on the ionization @ccuracy of about 2.3%. In addition, the vibrational frequencies
energy and many properties of substituted anilines in the ionic obtained from the UHF/6-3tG* calculations are in very good
state are rare in the literatung-Fluoroaniline (PFA) can serve agreement_wnh the measured _values for the PFA ion. The_ results
as a model system for studying the substitution effects on from experimental and theoretical approaches help us gain more
chemical properties of aromatic molecules, because the F atomNSights into some ionic properties of PFA.

withdraws electrons from the ring whereas the Ngtoup

donates its lone pair electrons to the ring. Previous investigations2. Experimental and Computational Details

on PFA have focused on the electronic and vibrational properties ] ) )

in the ground and excited states. Microwtstudies showed ~ 2.1. Experimental Section.The major components of the
that PFA in the § state is nonplanar with a pyramidal time-of-flight (TOF) mass spectrometer used for these experi-

configuration for the NH part. The angle between the phenyl Ments are shown in Figure 1. Detailed description on the
vacuum, molecular beam, laser, ion optics, and detection systems
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xcitaion ) ) ns). The visible radiation was frequency doubled using a
d Biazel MCE jon wavelength extension system (Quanta-Ray WEX-2) to produce
skimmer Fl 2B the UV radiation. The UV laser output was focused by a
ﬁﬂ_ cylindrical lens and directed perpendicularly into the molecular
pulsed e Y fpoms T . beam. The second tunable UV laser (Lambda-Physik, Scanma-
valve \ teUV with BBO-IIl crystal; DCM and LDS 698 dyes) was
UUH pumped by a frequency-doubled Nd:YAG laser (Quantel,
gggfulaf Brilliant B: 532 nm; repetition rate 10 Hz; pulse width, 4 ns).

fonization A Fizeau-type wavemeter (New Focus 7711) was used to
faser calibrate the wavelengths of both dye lasers. The respective UV
Figure 1. Schematic diagram of TOF mass spectrometer for 2C-R2PI |aser outputs were monitored with two separated photodiodes
and MATI experiments. See text for experimental details. (Hamamatsu 1722S) and fed into a transient digitizer (LeCroy

9450).
() The spatial widths of the counterpropagating excitation and
threshold ionization UV laser beams were held at about 0.5 mm and 1.5
16.64 mm, respectively, in the interaction zone. The excitation laser

was fixed to a particular vibronic transition to the, @nd the
ionization laser was scanned from several hundreds wavenum-
bers above to a few wavenumbers below the adiabatic ionization
______ - N energy. The intensities of the excitation and ionization laser
outputs were adjusted in such a way that the ratio of the two-
(b) threshold P direct color to one-color RZEI signals was greater Fha_n 5_0:1. The

1756 17.64 respective pulse energies of the excitation and ionization lasers
were kept at about 80 and 404, respectively.

In the MATI experiments, both the highRydberg neutrals
and the non-energy-selected prompt ions were formed simul-
taneously in the laser and molecular beam interaction zone.
Initially, both species traveled with the initial molecular beam

Ton intensity

© velocity towards plate P2. About 50 ns after the occurrence of
direct the laser pulses, a pulsed electric field-ef.0 V/cm (duration
18.76 = 10 us) was switched on in region |. Under these conditions,
threshold the ions were decelerated but still traveled in same direction as
1812 that of the Rydberg neutrals. After a certain time delay (e.qg.
o 8.4 us), another pulsed electric field éf525 V/cm (duration
5 10 15 20 25 30 = 10 us) was switched on in region Il to field-ionize the
Flight time / microsecond Rydberg molecules. If this field is switched on before the

Figure 2. TOF spectra of-fluoroaniline ions obtained at the delay promptly produced ions reach plate P2, these non-energy-

time of the second electric pulse of (a) 8.40, (b) 9.30, and (c) 890 selected o_lirect ions will t_)e rejectegl. It follows that_ a pure
respectively. threshold ion spectrum will be obtained, as shown in Figure

2a. The threshold ions were created by field-ionizing the

non-energy-se|ected prompt ions in the present MATI experi- Rydberg neutrals in region Il. The ions were then accelerated
ments, the ion optics system was modified as follows. The and passed a 1.0 m field-free region before being detected by
spacing between plates P1 and P2 became 2.3 cm (region I)a dual-stacked microchannel plate detector. The ion signal from
whereas that between P2 and P3 remained 1.9 cm (region Il).the detector was collected and analyzed by a multichannel scaler
Proper control on the delay time, amplitude, and duration of (Stanford Research Systems, SR430). The multichannel scaler
the two pulsed electric fields allows us to select the pure and the transient digitizer were interfaced to a personal
threshold ions for these experiments, as shown in Figure 2. computer. Mass spectra were accumulated at 1.2 spacing

The molecular beam was produced by bubbling helium for 300 laser shots. Composite optical spectra of intensity versus
through a reservoir of liquid PFA (Aldrich, 99% purity), that wavelength were then constructed from the individual mass
was kept at room temperature. A total pressiRg) 0f 2 bar spectra. As the detected ion signal is proportional to the photon
with ~0.2% PFA was applied behind a pulsed valve (General intensities of the excitation and ionization lasers for a two-color
Valve Corp. Series 9) with 0.15 mm diameter orifice. The pulsed two-photon proces$,the obtained optical spectra were normal-
valve was operated at 10 Hz with pulse duration ou80The ized to the laser power in order to avoid spurious signals due
molecular beam was collimated by a skimmer located 15 mm to shot-to-shot laser fluctuation.
downstream from the nozzle orifice. During the experiments, 2.2. Computational Section.Ab initio calculations on the
the gas expansion and the ionization regions were maintainedionization energy of PFA and structure and vibrational frequen-
at a pressure of & 1074 and 6x 1076 Pa, respectively. cies of its cation were performed using the GAUSSIAN 94

The two color (H-1') resonant two-photon excitation/ioniza- program packag® The unrestricted HartregFock (UHF)
tion process was initiated by utilizing two independent tunable procedure using the 6-31G* basis set was performed for
UV laser systems controlled by a pulse delay generator (Stanfordpredicting structure parameters and vibrational frequencies of
Research Systems, DG 535). The first tunable dye laser (Quantathis molecule in the cationic ground state. All calculated
Ray PDL-3; Rhodamine 610, 640, and Kiton Red dyes) was vibrational frequencies quoted in this paper were scaled by a
pumped by a pulsed frequency-doubled Nd:YAG laser (Quanta- factor of 0.95 to approximately correct for the combined errors
Ray GCR-3: 532 nm; repetition rate, 10 Hz; pulse width, 6 stemming from basis set incompleteness and negligence of
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electron correlation and vibrational anharmonicity. In order to -
provide a comparison with the measured ionization energy, we P (@)
have performed the HF, MollerPlesset (MP) perturbation, and i
DFT calculations with the optimized structure at the HF/6- [ .
31+G* level. The ionization energy was obtained as the S N

) : ; : X L o
difference in total energies of the cation and the corresponding :
neutral. Fe

e (b)

3. Results

3.1. TOF spectra.MATI spectroscopy is based on ionization
of molecules in the long-lived high Rydberg states. Thus, the
separation of threshold ions from the strong background of i o (c)
directly produced ions is crucial for such experiments with
energy-selected ions. Neusser and co-wofRéfsucceeded in

Ion intensity

two different experimental approaches by using pulsed electric [ cococos g ‘f"°‘*m

fields in a reflectron TOF mass spectrometer to achieve this .

task. Here, we demonstrate that the separation of ions formed 1 M (d)

via threshold and direct ionization processes can also be I °%

accomplished by careful setting on the delay time, amplitude, . o Y*%%

and duration of the pulsed electric fields in regions | and . mmmm& B .
When the wavelengths of the excitation and ionization lasers 10 20 30 40

were tuned to 306.26 nm (32 652 cHhand 334.58 nm (29 888 Flight time / microsecond

_ - X
cm™), respectively, both the high-Rydberg neutrals and the Figure 3. TOF spectra op-fluoroaniline beams with the carrier gas

non-energy-seleqted pro_mpt (direct) !ons were formed simul- ¢ (a) He at 1.1 bar, (b) He at 2.3 bar, (c) At 2.3 bar, and (d) Ar at
taneously in the interaction region. Figure 2a shows the TOF 2.3 par.

spectrum of pure threshold ions of PFA at a delay time of 8.40 o N
us of the second pulsed field (amplituge+525 V/cm, duration ~ TABLE 1: Characteristics of the p-Fluoroaniline Beam

= 10us). Under this experimental condition, only the Rydberg carrier gasRq/bar) Umfm s1 Avlvmp
neutrals entered region I, whereas the direct ions were rejected.: He (1.1) 1300 017
The peak of threshold ion signal has a maximum at 1&64 He (2.3) 1400 0.07
and width of 0.08s (fwhm). It is noted that the flight time of N2 (2.3) 670 0.08
the detected threshold ions includes (1) the time for the Rydberg Ar(2.3) 540 0.08

neutrals to travel from the lasemolecular beam interaction
zone to plate P2 and (2) the time for the threshold ions to travel and the direct ions is about 0.9 mm, which is consistent with
from the field ionization region to the ion detector. Thus, the that reported by Grebner and Neus%er.
time for the threshold ions to travel from the field ionization Since the detected flight time of threshold ions includes the
region to the ion detector is 8.24. time for Rydberg neutrals to travel from the lasenolecular
As the delay time of the second pulsed field increased to beam interaction zone to plate P2, the present experimental
9.30 us, the peak in the TOF spectrum became broader, asmethod can also be used to measure the velocity of the molecular
shown in Figure 2b. This indicates that the detected ions beam containing Rydberg neutrals. This was done by recording
originated from both the threshold and direct ionization pro- the signal of threshold ions as a function of delay time of the
cesses. The peak at 17 b§ corresponds to the threshold ions, pulsed electric field in region II. All other experimental
whereas the peak at 17.64 corresponds to the direct ions. In  conditions remain the same as those for obtaining Figure 2a.
principle, high field can enhance the separation of the ionic and Figure 3a-d shows the TOF spectra of PFA observed in a PFA/
neutral species. However, Schlag and co-worfRgrsinted out He seeded beam By = 1.1 bar, a PFA/He seeded beanPat
that the strength of the pulsed field affects the density of the = 2.3 bar, a PFA/Nseeded beam &, = 2.3 bar, and a PFA/
ZEKE states. Since the electric field in region | is also expected Ar seeded beam @& = 2.3 bar. Since the distance from the
to deplete the higim-Rydberg species, a small field favors the laser-molecular beam interaction zone to plate P2 is 1.2 cm,
production of the threshold ior#82” It was found that a pulsed  the velocity of the molecular beam can be obtained from the
electric field of —1 V/cm in region | not only warranted the ~ TOF spectrum. The most probable velocitiesgf and the ratio
separation of the Rydberg neutrals and the direct ions but Av/ump for these seeded molecular beams determined by the
allowed Rydberg neutrals to survive for being converting to spectra are summarized in Table 1. Hefe, represents the
threshold ions in region II. velocity spread (fwhm) of the beam. It is clear that the lighter
When the delay time in the second pulsed field increased to carrier gas yields the faster beam. In addition, a higher stagnation
9.90us, both Rydberg neutrals and direct ions reached region pressure in the nozzle gives rise to a fast beam and a small
Il. The detected signal contains both the threshold and direct Av/ump. This observation of the characteristics of molecular
ions, as seen in Figure 2c. A similar observation has beenbeams is consistent with those found by using the chopper wheel
reported in the literaturé2°Under this experimental condition, ~ method and laser hole burning spectrosc#fy. order to have
the number of the threshold ions is estimated to be less thana good molecular beam quality, a PFA/He seeded beam at a
5% of the direct ions. The maximum locations of the signal total stagnation pressure of 2.3 bar was applied for all of the
due to the threshold and direct ions are separated by64 2C-R2PI and MATI experiments presented in this paper.
The velocity of the PFA/He seeded beam is measured to be 3.2. 2C-R2PI Spectrum. Figure 4 shows the 2C-R2PI
1400 m s?, which will be presented in the next section. spectrum of PFA, which was recorded via the vibrationless level
Therefore, the spatial separation between the Rydberg neutral€® (32652 cnt?) of the lowest electronically excited; State.
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TABLE 2: Levels of p-Fluoroaniline in the S; State, Used as L (e)
Intermediate States in the MATI Experiments o° 6t 6a'6b’ Ga'l2 Soi.(NHy)
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Figure 5. Threshold ion spectra gffluoroaniline recorded by MATI
method via the (a) §°, (b) S6&, (c) S1%, (d) S12, (e) S6at1t, and
(f) S16a112! intermediate states.

A step which corresponds to the ionization threshold of PFA is
clearly seen at a total photon energy of 62 550 cnr! (ca.
7.755 eV). This measured value is in good agreement with the
estimated value 0£8.18 eV on the basis of molecular orbital  threshold should consider the value in the high-energy side of
calculations and 7.87& 0.1 eV on the basis of the charge- the @ band of the molecular iofl:3"It is found that the midpoint
transfer experiment$: 33 It is worth mentioning that we have  of the sharp-rising slope locates at a photon energy of 29 888
also performed the ab initio and DFT calculations for predicting cm~! of the ionization laser. This leads to a two-photon energy

the ionization potential of PFA. The B3LPY/6-3tG** of 62 540 cntl. In addition, to obtain accurate ionization energy,
calculation yields a value of 61084 cim(7.573 eV), which one has to take into account the Stark shift for the applied
deviates from the measured one by about 2.3%. electric field. The lowering of the adiabatic ionization potential

3.3. Threshold lon Spectra.Table 2 lists the vibronic levels  (AIE) can be estimated by 442, whereF is the applied pulsed
of PFA used as intermediate states in the MATI experiments. electric field in the unit of V/cn#® This suggested that the
Figure 5a-f shows the MATI spectra recorded via th8 0 measured value be increased by 4-énirhe field-corrected
vibrationless and the 6a1?, 12!, 6al1%, and 6412 vibrational adiabatic ionization energies obtained by investigating the 0
levels in the $state, respectively. Assignments to the observed bands in Figure 5af are listed in Table 4. Therefore, the AIE
bands were made mainly on the basis on our ab initio determined by the MATI experiments is 62 543 4 cnTl,
calculations and conformity with the available data of this which is in very good agreement with the value determined by
molecule in the $and § statest®141834The possible assign-  the 2C-R2PI spectroscopy, presented in the previous section.
ments to the observed bands in the MATI spectra of PFA are  The intense band shifted from th& Band by 836 cm! is
listed in Table 3, along with the calculated frequencies. The assigned to the in-plane ring deformation ibration of the
Wilson numbering systefhis used for approximately describing ~ PFA cation. The corresponding value of this vibration in the S
the benzene-like vibrational modes. Some normal vibrations of state has been reported to be 829 &#4%1417.18The other 968
the PFA ion related to the observed bands in the MATI spectra and 1165 cm?! bands are assigned to 1&mnd 188, which are
are illustrated in Figure 6. related to the in-plane ring CH bending vibration. The bands

3.3.1. MATI Spectra via $0°. The MATI spectrum of PFA corresponding to the in-plane ring deformatiort 8ad 68 and
recorded via the vibrationless level of the Sate is shown in the breathing 1vibrations appear at 452, 634, and 763¢ém
Figure 5a. The width of the threshold ion bands is about 10 respectively. The combination band of thé 6& motion shows
cm1 (FWHM), which is due to the long-lived ZEKE states up at 1283 cm® It is interesting to note that the substituent-
and some convolution of molecular rotation in the intermediate sensitive in-plane CN bending 4,5CN stretching 18 and CF
state?829 Although this value is about 3 times of that obtained stretching 7avibrations are also clearly seen at 371, 1471, and
by ZEKE technique for aniliné® it is adequate for us to resolve 1352 cnv?, respectively. The 1512 crh band is assigned as
the vibrational features of the PFA ions. The strongest band the 198 mode, which is related to the in-plane ring CC
appears at photon energy of 29 881 ¢rof the ionization laser  stretching vibration. A weak band, which appears at 737%cm
and corresponds to the production of vibrationless ions. Sinceis tentatively assigned to the Niwagging (inversion) motion.
MATI spectroscopy involves ionization of molecules in the high 3.3.2. MATI Spectra via §6a. Figure 5b displays the MATI
Rydberg states by a delayed pulsed electric field, the corre- spectrum of PFA obtained by ionizing through thé Gébra-
sponding ion signal occurs at energy slightly below the tional level (33 086 cm?) in the § state. Pronounced bands at
ionization threshold. The determination of the ionization 451 and 901 cm! are assigned to the fundamental and the
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TABLE 3: Observed Bands (in cn?) in the Threshold lon Spectra of p-Fluoroaniline and Assignments
intermediate level in the;$tate

assignmenttand approx description

° 6a 1t 12 6a1t 6a12 calcd*
371 388 354 15 X-sensB(CN)
452 451 451 449 455 450 455 Y6aing S(CCC)
502 502 16b ring y(CCC)
634 638 637 626 Bbring B(CCC)
737 735 748 aminoy(NH) (wagging)
763 760 761 772 1 breathing
836 819 820 841 818 835 826 12ing B(CCC)
867 853 17b ring y(CH)
901 903 903 64 ring S(CCC)
939 951 969 5 ring y(CH)
968 1010 184 ring S(CH)
1089 6a6bt ring S(CCC)
1165 1138 1170 1188 1164 18hing A(CH)
1215 641! ring (CCC)
1283 1285 1282 1285 1271 1286 162 ring S(CCC)
1352 1356 1358 1314 1342 7 -sensy(CF)
1417 1396 1391 1423 1407 1 3ing A(CH)
1471 1472 1494 1443 13X-sen.v(CN)
1512 1504 1487 19bring ¥(CC)
1617 1612 1616 1593 1628 Baing v(CC)
1650 1672 1671 2ring S(CCC)
1732 1726 1731 1728 1757 aming(NH) (scissoring)
a At UHF/6-31+G* level of calculations? X-sens, substituent-sensitive; stretching;3, in-plane bendingy, out-of-plane bending.
TABLE 4: Experimental and Calculated lonization Energies The weak band at 502 crhis assigned to the out-of-plane
of p-Fluoroaniline ring vibration 16B. A slightly narrower band shows up at 638
vibronic level for cm™, which corresponds to the frequencies of the 6b vibration
the MATI expts IE (cn1?) of the ion. We did check the experimental conditions for
o° 62 544 eliminating the possibility of the direct ions resulting from the
6at 62 544 R2PI processes. However, the reason for the narrowness of this
11l 62 545 MAT!I band still remains unclear. The out-of-plane CH bending
églll gg g‘g‘g vibration 5 appears 939 cr, whereas the in-plane CH bending

vibrations 18 and 3 occur at 1138 and 1396 cr respectively.

1

612 62541 While the 1358, 1472, and 1612 cfnbands are assigned to
computational method IE (cm) dev (%) the in-plane CF, CN, and CC stretching vibrations, respectively,
HE/6-31H-G** 51421 ~178 the 1726 cm* band is assigned to the amino scissoring motion.
MP2/6-3HG* 65 948 5.4 3.3.4. MATI Spectra via §12L. Figure 5d shows the MATI
B3PW91/6-31-G* 60 567 —3.2 spectrum of PFA obtained by ionizing through thel3
B3PW91/6-314 G 61 142 2.2 vibronic level (33481 cm?). Active in-plane deformation
ggtﬁ;g:giﬁe** gf 3862 :g:g vibrations involving patterns 6a and 12 appear at 449, 841, 1285,

and 1672 cm?, which are assigned as %d 2!, 6a12!, and
progression of the in-plane ring deformation mode 6a of the 12° respectively. Pronounced bands shifted from tﬁ@@“d
PFA ion. The other two ring deformation modes 1 and 12 appear Py 867 and 1170 cnit correspond to the out-of-plane ring CH
at 760 and 819 cri, respectively. The strong band at 1285 and the in-plane ring CH bending vibrations 1&nd 188 of
cmLis then due to the combination mode'62. The band at ~ the PFA ion, respectively.

1417 cm! corresponds to the in-plane ring CH bending It is interesting to note that bands related to the substituent-
vibration 3, whereas that at 1617 crhis related to the CC  sensitive and CH bending vibrations are absent in this MATI
stretching vibration 8a The CF stretching vibration occurs at ~ Spectrum. This implies that the transition from this intermediate
1356 cntl, and the scissoring vibration of the MHjroup vibronic state to those vibrational levels of the ionic ground

appears at 1732 crh. The weak band at 735 crhcorresponds state is Franck Condon limited. However, the in-plane ring CC
to the NH, wagging motion. Many of these modes are also Stretching vibrations 19and 84 are observed at 1504 and 1616

observed in the MATI spectra recorded via other intermediate Cm ™, respectively.
vibronic states. 3.3.5. MATI Spectra via §6a1l. It was found that the
3.3.3. MATI Spectra via $1%. The MATI spectrum of PFA  combination bands @d; and 6g 12; are quite pronounced in
obtained by ionizing through the; 8 vibronic level (33426 the one-color R2PI spectrutl8 Thus, they were chosen as
cm 1) is shown in Figure 5¢c. Weak bands at 451 and 761cm intermediate levels for the present MATI experiments. The
are assigned to the ring deformationt @ad breathing motion  threshold ion spectrum of PFA recorded by ionizing through
11, respectively. This indicates that the transition from the the 6&1'level (33 858 cm?) in the § state is shown in Figure
electronically excited Sstate to the ionic ground state is 5e. It is interesting to note that the most intense band (1731
Franck-Condon unfavorable along these normal coordinates. cm™) is related to the amino scissoring motion. All noticeable
Vibrations corresponding to the in-plane CCC bending modes bands observed are related to the inplane ring deformation
12! and 12 are observed at 820 and 1650 Tinrespectively. vibrations. The 455, 637, 818, 903, 1089, 1215, and 1271 cm
The noticeable band appearing at 1282 ¢éns related to the bands are assigned to the'pabt, 12, 6&, 6a6bt, 6al1l, and
coupled motion involving 6a and 12 modes. 6a12! vibrations of the PFA ion, respectively. The substituent-
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TABLE 5: Calculated Structure Parameters of
p-Fluoroaniline at RHF/6-31+G*, CIS/6-31+G*, and
UHF/6-31+G* Levels of Calculations for the §, S;, and
lonic States

S S ionic

Bond Lengths (A)
Ci—C; 1.392 1.433 1.439
C—Cs 1.386 1.364 1.372
Cs—Cy 1.377 1.394 1.407
Ci—Ny 1.402 1.314 1.309
C,—F 1.339 1.310 1.307
C—H 1.075 1.073 1.074
N—H 0.998 1.006 1.002
Cyo+Cy 2.771 2.755 2.765

Bond Angles (deg)
0CeCiCo 118.5 119.0 120.0
0CiCCs 120.9 120.1 119.5
0C,CsCs 119.1 118.9 119.1
0C3C4Cs 121.4 123.1 122.8
dFCC 119.3 1185 118.6
OHNH 110.0 116.9 116.4

sensitive in-plane CN bending 1&ppears at 388 cm. Weak
bands at 951, 1391, and 1593 thtorrespond to 5 3%, and
8al ring vibrations, as listed in Table 3.

3.3.6. MATI Spectra via §6a'12%. Figure 5f shows the
MATI spectrum of PFA obtained by ionizing through the'6a
12t vibronic level (33 914 cm?). The pronounced bands at 450
and 1314 cm! are assigned to the ring-deformation! @and
substituent-sensitive CF stretching! %ébrations, whereas the
1286 cnt! band is due to the coupled motion'sa! vibration.
The band related to the NHcissoring motion is seen at 1728
cm L. Weak bands at 835, 903, and 1671 ¢@rare assigned to
the 12, 6&, and 12 vibrations of the PFA ion, respectively.
The in-plane ring CH bending vibrational modes 18ind 3
are observed at 1188 and 1423 dpnwhereas the substituent-
sensitive CN stretching vibration 18 seen at 1494 cm.

4. Discussion

4.1. Molecular Structure. PFA in the ground electronic state,
So(*A1), is known to have a nonplanar structure with the
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formed for predicting the structure of PFA in the cationic ground
state. The calculated results show that the neuy@Af state

has a (§3(d")3(a)? configuration, whereas the cationic ground
state2B;, has a (82(l)2(by)! configuration. The transition from
the neutral to the ionic state corresponds to the removal of one
of the lone-paired electrons of the nitrogen. The remaining
nonbounded electron on the nitrogen conjugates with one of
the r electrons on the ring forming a=€N double bond and
causing the PFA ion to be planar. A similar finding has been
reported for anilingé40

4.2. lonization Energy.lonization of a molecule by photo-
ionization is governed by the FranelkCondon principle. Thus,
when the equilibrium geometries of an ion and its corresponding
neutral species are closely similar, the energy dependence of
the onset of ionization will be a sharp step function. Spectro-
scopic studies using short-pulse lasers with well-defined photon
energy can provide highly accurate ionization energy values.
As shown in Figure 4, a sharp step appears at a two-photon
energy of about 62 550 cm in the 2C-R2PI spectrum. This
result also indicates that the geometry of PFA cation is quite
similar to that of the neutral species in thesate. In a different
approach, highly accurate determination of ionization energy
was achieved by the detection of the threshold ions. Table 4
lists the ionization energy determined by analysis of the
threshold ion spectra shown in Figure-5aThe mean value
of the AIE is 62543 cm! on the basis of the MATI
experiments, which is in very good agreement with that
measured by using the 2C-R2PI method.

Recently, Curtiss et &t pointed out that the ionization
potentials could be computed by using the Gaussian-2 (G2) and
density functional theories to an accuracy of an absolute
deviation of about 0.06 and 0.18 eV, respectively, for a set of
146 molecules. In order to provide a comparison with the present
experimental results, we have performed the HF, MP2, and DFT
calculations. The computed ionization energies were obtained
at the geometries optimized at the RHF/6+33* and UHF/6-
31+G* levels of theory for the §and ionic states, respectively.
As shown in Table 4, the HF/6-3%1G** method predicts an
ionization energy of about 17.8% lower than the measured value.

hydrogen atoms of the amino group bent out of the aromatic When the electron correlation is taken into consideration for
plane by 48.1° When it is excited to the $'B,) state, this the energy calculation, the MP2/6-BG* procedure leads to
bending ang|e vanishes as the hydrogen move to the p|ane ofan overestimated value of 5.4%. A|th0ugh the G-2 calculations
the aromatic ring!2 The delocalization of the lone-paired ~May provide more accurate results, they are quite costly for a
electrons of the amino group over the aromatic ring causes themedium size molecule like PFA. The density functional methods
molecule in the $state to have a planar structure. Although require about the same amount of computation resources as HF
no experimental data are available, a similar planar structure theory, but they account for the instantaneous interactions of
due to electron delocalization might be expected for PFA in pairs of electrons with opposite spin. It was found that both the

the cationic ground state.
The optimized geometry parameters of PFA in the &,

Becke three-parameter functional with the PW91 correlation
functional (B3PW91) and the hybrid B3LYP density functional

and cationic ground states predicted by using the RHF, CIS, methods improved the deviation to 3.2%. When a larger basis

and UHF methods, respectively, with the 6-13%* basis set

set is used, the B3PW91/6-3t6G** and the B3LYP/6-

are listed in Table 5. Although the HF/6-31G* calculations (not 311+G** calculations underestimate the ionization energy by

listed) give a correct prediction for the State, the CIS/6-31G*

only 2.2%. These findings are consistent with those reported

calculations do not correctly predict the angle between the ring by Curtiss et af!

and the NH planes (referred to as the angle) and other
parameters for PFA in the;States. Since diffuse functions

It was found that the presently determined ionization energy
of PFA is greater than that of aniline (62 271 ¢h¥° by 283

allow orbitals to occupy a large region of space, they become cm. As shown in Table 5, the bond lengths of-€ and C-N

important for calculations involving molecules with lone-paired
electrons in the electronically excited and the ionic stétds.
was found that the RHF/6-31G* and the CIS/6-3+G*

in the ionic state are shorter than the corresponding ones in the
ground state. This suggests that the delocalization of the lone-
paired electrons of the nitrogen atom to the aromatic ring also

calculations successfully predict the optimized geometry pa- enhances the covalence character of theFCbond. As

rameters which include the angle, dipole moment, and
rotational constants for PFA in the &nd S states, respec-
tively.1® Therefore, the UHF/6-3&#G* calculation was per-

mentioned previously, the ionization of FPA as well as aniline
corresponds to the removal of one of the lone-paired electrons
of nitrogen. The presence of the F atom in the para position of
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A 5 UHF/6-31+G* level. The results also show that the CN bond
> r*<—</. is stronger than the CF bond. The frequencies of the corre-
\ H€Q L/ \ sponding modes 7a and 13 have been reported to be 1229 and
VRN \ t> 1278 cnt?, respectively, for PFA in the ground st&feThese
452 e findings are in good agreement with the result of the investiga-
Ve 13 < vig, 268 om! tion on the bond lengths, discussed in the previous section.
Only a few out-of-plane vibrations were observed in the ion
’\7 M_}gﬁ spectra of PFA. Mode 16b is an out-of-plane ring deformation,
e_.,,] é AN whereas modes 17b and 5 are the CH bending vibrations. The
Y respective frequencies of modes 16b, 17b, and 5 are found at
502, 867, and 939 cm for the ion, whereas the corresponding
values are 512, 828, and 916 chior the neutral in the ground

v}, 763 cm! v, 1352 cmt ! . L K

e state. The deviation in the vibrational frequency of these out-
- ; of-plane vibrations may result from the change in the density

p= of the z-electron clouds in the phenyl ring upon ionization.
e *—<<{ o € The wagging vibration of the amino group is observed at 737
and 735 cm? in the threshold ion spectra which are obtained
' ’ by exciting the PFA molecule via the vibrationless and the 6a
vy 836 ol Voo 1471 cin! levels in the $state. The corresponding frequency of this amino

Figure 6. Some normal vibrations related to the observed bands in vibration in gnd Sstate has been repor_ted to be _748%%14’18'34
the threshold ion spectra pffluoroaniline. The reduction in the frequency of this mode indicates that the

) o ) ) B CN bond of PFA in the ionic state is slightly stronger than that
the ring of PFA somewhat prohibits this electronic transition, in s, state. This observation is consistent with the predicted

leading to a higher ionization potential. o shorter CN bond length of the PFA ion, as shown in Table 5.

30 benzene-like and 6 amino modes. Calculated results showppa s excited via the 8a1l, 6a1%, and 6a12! levels of the

that the planar PFA cation has tlig, symmetry with 13A + S, state, as seen in Figure 5. Since the transition from the neutral
12B, + 4A; + 7B, normal vibrations. The observed band 5 the cationic ground state corresponds to the removal of one
intensity in the threshold ion spectra is related to the oscillator of the lone-paired electrons of nitrogen, the observation of the

strength corresponding to the S-  transition, the transition N, vibration implies a great change in the electron density
cross section from the;State to the Rydberg state, and the ground the nitrogen.

pulsed field ionization efficiency. Analysis of the band intensity
is beyond_ the scope of the present work. Here, we only di_scuss5_ Conclusion
the vibrations, which are related to the observed bands in the
threshold ion spectra. lonic properties of PFA have been studied by using both the
Most of the observed bands in the threshold ion spectra MATI and 2C-R2PI spectroscopy. The adiabatic ionization
correspond to the in-plane vibrations, as listed in Table 3. energy of this molecule determined by the former method is
Among the totally symmetric modes, 6a and 12 represent the 62 543+ 4 cni !, whereas that determined by the latter one is
in-plane ring deformation, whereas mode 1 is the ring breathing 62 550+ 7 cn ™. In addition, the vibrations of the PFA in the
vibration, as seen in Figure 6. The vibrational frequencies of cationic ground state are observed in the threshold ion spectra
modes 6a, 1, and 12 of PFA ion were measured to be 452, 763 recorded via the vibrationless @nd the 63 1%, 12!, 6a1?,
and 836 cm?, whereas the corresponding ones of aniline ion and 6&12! vibrational levels in the Sstate. The results show
were reported to be 522, 814, and 984 énrespectively?® that most of the active vibrations of the PFA ion mainly involve
Since the F atom has a very large electron negativity, it can in-plane vibration. All these experimental data are presented
withdraw electrons from the ring. The present finding indicates for the first time for this molecular system.
that the interaction between the F atom and the ring has reduced In order to justify the applicability of our coaxial type
the electron density in the phenyl ring of the PFA ion. For the molecular beam TOF mass spectrometer for the MATI experi-
neutral PFA in the Sstate, the frequencies of modes 6a, 1, and ments, detailed studies on the molecular beam containing
12 are 434, 744, and 829 c respectivelyt31418.3%As shown Rydberg neutrals, spatial separation between the Rydberg
in Table 5, the structure parameters of the PFA in ther®l neutrals and direct ions were conducted. The most probable
ionic states are quite close to each others. Thus, frequency ofvelocity of the 0.2% PFA beam seeded in 2.3 bar of helium
each normal vibration of the ion is expected to be close to that was measured to be 1400 m'sby the threshold ionization
of the corresponding neutral in the Sate. Since the vibrational ~method with variable delayed electric field. With the known
patterns are similar, the progression and combination bandsspacings in our ion optics components, the spatial separation
involving these modes may appear in the spectra of the PFA between the Rydberg neutrals and direct ions was estimated to
ion. These bands include $d 2, 6a1;, and 6a12%, as shown be 0.9 mm under normal experimental conditions. This spatial
in Table 3. separation will vary with the magnitude of the applied pulsed
The in-plane substituent-sensitive CN bending vibratioh 15 field in the ion optics elements. In addition, we demonstrated
of the PFA ion is observed at 371 ct The frequency of this  that judicious control on the magnitude and delay time of the

mode for aniline ion has been reported to be 3901 Thus, separation and extraction pulsed electric fields could yield a
the strength of the CN bond may be slightly reduced by the F clean signal of threshold ions in a coaxial type TOF mass
atom in the para position of the ring. The CF {yand CN spectrometer. The above-detailed procedures warrant the success

(13Y stretching vibrations appear at 1352 and 1471°%km  of the MATI experiments.
respectively, in the threshold ion spectra. These measured values We have also performed computations for the prediction of
match very well with those of calculated ones obtained at the the ionization energy of PFA, and the structure and vibrational
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(18) Tembreull, R.; Dunn, T. M.; Lubman, D. Mepectrochim. Acta A
1986 42, 899.
(19) Wang, C. R. C.; Hsu, C. C.; Liu, W. Y.; Tsai, W. C.; Tzeng, W.

frequencies of the PFA ion. The B3PW91/6-31G** and the
B3LYP/6-31H-G** density functional calculations with the
optimized structure at the HF/6-35* level underestimate the g Rg, Sci. Instrum 1994 65, 2776.

ionization potential of PFA by about 2.2%, which corresponds  (20) Tzeng, W. B.; Narayanan, K.; Chang, G. C.; Tsai, W. C.; Ho, J. J.
to an absolute deviation of 0.18 eV. The calculated frequenciesJ. Phys. Cheml996 100 15340. .

at the UHF/6-3% G+ level are in very good agreement with ¢ () U5 1 s, 1 Nevsser, 1.9 i Sy
the measured ones in the threshold ion spectra. The results from ™ (22) Gaussian 94Revision E.2; Frisch, M. J.; Trucks, G. W.; Schlegel,
experimental and theoretical approaches help to gain moreH. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;

insights into the ionic properties of PFA.
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