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Abstract

The vibrations of the ground state cation ( ෨ܺ2B1) of para-chlorofluorobenzene (pClFB) have

been investigated using zero-electron-kinetic-energy (ZEKE) spectroscopy. ZEKE spectra

were recorded using different vibrational levels of the S1 state as intermediate levels, for which

assignments were put forward in an earlier paper [W. D. Tuttle, A. M. Gardner, and T. G.

Wright, Chem. Phys. Lett. 684, 339 (2017)]. These different intermediate levels dramatically

modify the Franck-Condon factors for the ionization step. The adiabatic ionization energy

(AIE) for pClFB was measured as 72919±5 cm-1, and analysis of the vibrational structure in

the ZEKE spectra allowed further interrogation of the assignments of the REMPI spectrum.

Assignment of the vibrational structure has been achieved by comparison with corresponding

spectra of related molecules, via quantum chemical calculations, and via shifts in bands

between the spectra of the 35Cl and 37Cl isotopologues. In this way it was possible to assign

twenty out of the thirty vibrational modes of the ground state pClFB+ cation. Additionally,

evidence for Fermi resonances between some vibrational levels was found, but no large-scale

intramolecular vibrational redistribution (IVR) was seen in the spectra here. Finally, we discuss

trends in AIE shifts for benzenes with one or two halogen atoms or methyl substituents.
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Introduction

In recent work from our group, we have focused on the study of vibrations of substituted

benzenes in the S1 state and cation, with a particular interest in identifying common activity

across related molecular species. We have recorded resonance-enhanced multiphoton

ionization (REMPI) spectra of the three lightest monohalobenzenes,1,2,3 toluene4,5, para-

fluorotoluene (pFT)6,7,8 and para-xylene (pXyl)9,10. The establishment of common activity

across a series of molecules requires the use of a consistent labelling scheme, which we have

noted is required to be different for monosubstituted benzenes, 11 ortho-12 meta-13 and the para-

disubstituted benzenes.14 We shall employ the latter scheme in the present work.

Very recently, we reported the REMPI spectrum of para-chlorofluorobenzene (pClFB)15 where

we made assignments based on expected activity and quantum chemical calculation of the

harmonic vibrational wavenumbers, together with shifts for the p35ClFB and p37ClFB

isotopologues. We have now completed a study of the corresponding cation, employing zero-

electron-kinetic-energy (ZEKE) (photoelectron) spectroscopy, which we have recorded via

different intermediate S1 vibrational levels.

As noted in our earlier work,15 there appear to be only a few studies on the spectroscopy of

pClFB, with the available S0 vibrational wavenumbers having been discussed in Ref. 14 (see

also, Refs. 16 and 17). With regards to the S1 state, the origin transition was analysed via UV

absorption spectroscopy by Cvitaš and Hollas.18 Pertinent to the present study would seem to

be a REMPI study from Numata et al.,19 but although the authors reported a number of band

positions, no assignments were made. In passing, we note that there has also been a REMPI

study of the pClFB-methanol complex by Riehn et al.,20 but the corresponding spectrum of the

monomer was not presented.

Finally, we note that the adiabatic ionization energy (AIE) of pClFB has been determined by a

number of workers, with three employing conventional photoelectron spectroscopy

(PES).21,22,23 None of the spectra in these studies showed clear vibrational structure for the ෨ܺ2B1

state, nor was there any such in an emission study of the cation.24 The most precise value for

the AIE appears to be that of Lias and Ausloos25 who employed mass spectrometric charge

transfer equilibrium measurements to establish the heats of formation and consequently AIEs

of a wide set of organic compounds, with a value for pClFB of 9.011±0.008 eV being reported.
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Experimental

The vapour above room temperature para-chlorofluorobenzene (98% purity, Aldrich) was

seeded in ~1.5 bar of Ar and the gaseous mixture passed through a General Valve pulsed nozzle

(750 μm, 10 Hz, opening time of ~200 μs) to create the free jet expansion. The focused, 

frequency-doubled outputs of two dye lasers were overlapped spatially and temporally and

passed through a vacuum chamber coaxially and counterpropagating, where they intersected

the free jet expansion between two biased electrical grids. These were located in the extraction

region of a time-of-flight mass spectrometer, which was employed in the REMPI experiments.

These grids were also used in the ZEKE experiments by application of pulsed voltages, after a

delay of up to 2 s, giving typical fields (F) of ~10 V cm-1. This delay was minimized while

avoiding contributions from the prompt electron signal. The resulting ZEKE bands had widths

of ~5-7 cm-1. The ionization laser was a dye laser (Sirah Cobra-Stretch) operating with C540A,

and pumped with the third harmonic (355 nm) of a Surelite III Nd:YAG laser. The excitation

laser was a dye laser (Sirah Cobra-Stretch) operating also with C540A, and pumped with the

third harmonic (355 nm) of a Surelite I Nd:YAG laser. The fundamental outputs produced by

each dye laser were frequency doubled using BBO crystals for the pump and probe lasers,

respectively. The REMPI spectra were recorded in the parent mass channel, with separate

spectra recorded for the 35Cl and 37Cl isotopologues. They were recorded as two-colour spectra,

with the ionizing photon being 37990 cm-1, as it is not possible to ionize via the S1  S0

transition in a (1+1) REMPI process in the first ~ 350 cm-1. (For convenience we continued

with the two-colour scheme for the range of the spectrum shown.) Calibration of the REMPI

spectrum has been achieved by setting the origin band position to that of Cvitaš and Hollas,18

with the uncertainty estimated from the width of the rotational profile. The calibration of the

ionization laser could be checked against “accidental resonance” electron signals, which

originate from S1  S0 transitions; these will be discussed further below.

Calculational details

We have employed the B3LYP density functional theory method, which we and others have

shown is reliable for calculating vibrational wavenumbers for the ground state cation, D0
+ of

substituted benzenes. For the S1 states, we have utilized the time-dependent B3LYP (TD-

B3LYP) method, as in previous work, but its performance is more variable (see below). The
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basis sets employed are aug-cc-pVTZ, which we have also used in previous work. The

Gaussian package26 was used for all calculations reported herein. We note that all calculated

wavenumbers have been scaled by 0.97 to correct both for anharmonicity and other weaknesses

in the method. Additionally, as we have commented on previously,3,6,9 the lowest wavenumber

a2 vibration (D14 here) of the S1 state does not appear to be described well for substituted

benzenes (note that the molecule lies in the yz plane) and we do not report values for this

vibration, instead relying on the appearance of the spectrum to assign transitions involving this

vibration. It is unclear what the cause is for the unreliability of this calculated value, but we are

undertaking a study of this using different functionals and other quantum chemical approaches.

Although not as stark, there are also issues with the calculation of the other out-of-plane modes

(a2 and b1 symmetry) in the S1 state, and we discussed these in Ref. 15, where the wavenumbers

of all but one of the out-of-plane modes of the S1 state were established experimentally. On the

other hand, the calculated values of the in-plane modes (a1 and b2 symmetry) were generally

reliable. These issues do not affect the calculated vibrational wavenumbers of the D0
+ state,

and hence we expect the wavenumbers of bands in the ZEKE spectrum to be predicted well by

the calculated values, and this will allow testing of the previous S1 state vibrational

assignments.15

We present calculated vibrational wavenumbers for p35ClFB in Table 1 for both the S1 and D0
+

states; in addition, we present the calculated 35Cl/37Cl isotopic shift for each vibration.

Results and Discussion

REMPI spectrum

In Figure 1(a) we show an overview of the REMPI spectra of p35ClFB up to ~1400 cm-1.

Excitations are almost exclusively from the zero-point vibrational level in the S0 state, and this

lower level is omitted when specifying transitions. The origin of the S1  S0 transition has

been established as 36275±2 cm-1,15,18 and is the same for both isotopologues, within 1 cm-1 as

judged from the position and band profiles. This spectrum has been presented in Ref. 15, and

its assignment discussed therein on the basis of quantum chemical calculations, isotopic shifts

in some bands, and by comparison with similar molecules. In almost all cases, the bands for

p35ClFB and p37ClFB overlap, and so contributions from both isotopologues will be present in
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the ZEKE spectra. Even in the few cases where the shifts are discernible, the REMPI band

profiles from both isotopologues are still partially overlapped, and so the ZEKE bands will still

generally arise from both isotopologues, but to varying extents. The main activity in the REMPI

spectrum is associated with Franck-Condon (FC) activity in a1 symmetry modes, including

fundamentals, overtones and combinations, but also Herzberg-Teller (HT) vibronically-

induced bands of b2 symmetry are observed.

ZEKE Spectra

ZEKE spectrum via S1 00

In Figure 2(a) we show the ZEKE spectrum of pClFB recorded via the S1 00  S0 transition.

As may be seen, it consists of a very strong band at the origin, consistent with the expected v

= 0 propensity rule, with a number of other bands to higher wavenumber. The first band can

be associated with the adiabatic ionization energy (AIE) and the sum of the wavenumbers of

the excitation and ionization lasers then allows the AIE to be derived as 72919±5 cm-1 (9.0408

± 0.0006 eV). This value agrees fairly well with the value from Lias and Ausloos25 of

9.011±0.008 eV (72680±60 cm-1), but the present value is clearly somewhat higher, with the

latter perhaps affected by thermal effects. The ZEKE features to higher wavenumber in Figure

2(a) can be associated with vibrational activity in the cation, and the assignments are based

upon the calculated cation wavenumbers in Table 1, and confirmed by activity in other ZEKE

spectra discussed below. We note that we expect the main ZEKE structure to arise from FC

activity in a1 symmetry modes, including fundamentals, overtones and combinations, but also

HT vibronically-induced bands of b1 and a2 symmetry, and possibly b2 symmetry. With these

points in mind, the assignments of the spectrum can be achieved, as indicated in Figure 2(a),

with the 111, 91, 81 and 71 bands being straightforwardly identified. To low wavenumber we

see bands from transitions to two b1 symmetry modes, 201 and 191, as well as to the a2 mode

141. The 191 and 141 bands are common in the ZEKE spectra of para-disubstituted

benzenes4,6,9,10 and appear to arise from vibronic coupling in the cation; the 201 transition has

also been observed in pFT6 and pXyl9 although in those cases vibration-torsion (vibtor) levels

have to be considered. Above the 111 feature, a number of weak non-FC bands are seen, with

the 281 notable as it is of b2 symmetry; again, this is likely vibronically induced – see Ref. 6

for further discussion on vibronic coupling in substituted benzene cations. Other bands are then
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relatively straightforward to assign, and the assignments can be cross-checked against those of

other spectra reported in the present work, to ensure internal consistency with the derived

wavenumbers for the fundamentals, and also expected good agreement with the calculated

wavenumbers. The derived wavenumbers are reported in Table 1.

“Accidental Resonances”

In recording the ZEKE spectra, it quickly became apparent that some very narrow bands

appeared, which do not arise from the standard (1+1) ZEKE process. These signals could be

quite intense and, frustratingly, quite often severely overlapped a ZEKE band. They are

indicated in the spectra, such as in Figure 2(a), by an asterisk or a dagger (†), as there are two

distinct routes for their formation, each facilitated by the fact that the S1 state lies half-way

between the S0 state and the ground state cation, D0
+, state.

The first route is via two-photon, one-colour resonant ionization and an example trace is seen

in Figure 1(b). It will be noticed that the positions of these accidental resonances are coincident

with REMPI bands, but the intensities are different. They arise since a second photon from the

excitation laser takes the resonant S1 state to a resonant or quasi-resonant level in the cation.

An “accidental resonance” signal will be produced if the two-photon energy takes the molecule

to high-lying Rydberg states just below an ionization threshold, which are then ionized by the

pulsed-field extraction, in the usual way for ZEKE spectroscopy. (Such a signal could also

arise when the two-photon energy is just above threshold, if the number of ions present at the

laser focus is sufficient to “trap” these slow electrons.) In both cases, we expect a narrow band,

since the production of the Rydberg states (or slow electrons) can only occur across a narrow

wavenumber range when the laser is resonant with a S1  S0 transition. These one-colour

accidental resonance signals appear across the ZEKE spectra, and are labelled with an asterisk

in each case.

Such spurious signals were seen in earlier work on para-difluorobenzene (pDFB) by Müller-

Dethlefs and coworkers.27,28 In that work, they attributed the signals to electrons produced in a

REMPI process. As the ionization laser is scanned, it is occasionally resonant with an S1  S0

transition, and when this occurs, a large increase in one-colour resonant ionization occurs and

this produces a large number of ions and electrons. It was suggested that the spurious electron
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signals arose as the result of trapping those electrons in the ion cloud, which then survived the

time delay until the pulsed electric field extraction occurs and so the signal appeared in the

same time gate as the ZEKE electrons. This occurs in pDFB because the S1 state is located

half-way between the S0 and D0
+ states. A similar situation occurs in pClFB, but as we have

noted, we believe the explanation is a little more subtle, since we do not see all REMPI

transitions appearing in the “accidental resonance” scan – compare Figures 1(a) and 1(b).

To give an example, we take the most intense feature in the accidental resonance electron

spectrum, which may be seen from Figure 1(b) to be resonant with the S1 291  S0 00 transition.

We also find that this photon wavenumber is coincidentally resonant with the D0
+ 291  S1

291 transition, and so gives rise to a signal in the ZEKE gate following one-colour, two-photon

(1 + 1) absorption, as described above. This can be seen in Figure 2(b), where we have shown

the two-photon, one-colour accidental resonance signals on a relative wavenumber scale that

matches that of the ZEKE spectrum; comparison of Figures 1 and 2 emphasise the fact that an

accidental resonance occurs in both the S1 and D0
+ states. The other accidental resonance

electron transitions may be deduced from Figures 1 and 2 to be:

D0
+ 111292  S1 91/292  S0 00

and

D0
+ 81111/161181  S1 182  S0 00

It is interesting to note that the first transition involves b2 symmetry levels, and retains the

vibrational excitation, i.e. is a v = 0 transition, perhaps explaining why its intensity is the

greatest. Similarly, the second case involves an S1 level that arises from a Fermi resonance

involving the overtone of D29, and then the second resonant transition is to 111292, also

expected to have a reasonable Franck-Condon factor (FCF). In the final case, there are two D0
+

levels that are very close in wavenumber and both are of a1 symmetry and both might be

expected to have reasonable FCFs from the S1182 level, 161181 and 81111, although the 161181

looks slightly more attractive based on quantum number changes.

A second, but related, mechanism also occurs that depends on both laser wavenumbers – i.e. it

is a two-colour process. In these cases, the scanning “ionization” laser in the ZEKE experiment

becomes resonant with the energy of an S1  S0 transition and, additionally, the fixed

“excitation” laser is then resonant with a transition from this S1 level, to a level in the cation.
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This then leads to the production of either high-lying Rydberg states (or perhaps very slow

electrons), as noted above. These signals are labelled with a dagger (†) in the ZEKE spectra

and will be discussed as they arise in the spectra.

In both cases, it is relatively straightforward to identify the “accidental resonance” bands in the

ZEKE spectra, because of their narrowness, and then to assign them on the basis of the laser

wavenumbers, as discussed.

ZEKE spectra via S1 202, 192 and 182

The three ZEKE spectra recorded when excited through the overtones of three vibrations each

of b1 symmetry are shown in Figure 3. These S1 vibrational levels are of overall a1 symmetry,

and the REMPI bands are consistent with activity in the S1  S0 excitation spectra of para-

disubstituted benzenes,6,9,29 with the assignment of these discussed in more detail in Ref. 15.

The ZEKE spectrum via S1202 in Figure 3(a) shows a strong v = 0 band at 204 cm-1, which

gives a value for D20 in the cation of 102 cm-1, and this is consistent with the weak band at this

wavenumber in the ZEKE spectrum recorded via the origin – see Figure 2(a). To higher

wavenumber we see a clear feature that is broader than the v = 0 band; this, and its

wavenumber, confirm it as the 111202 transition, with the breadth arising from contributions

from both 35Cl and 37Cl isotopologues. Transitions for these are overlapping in the S1  S0

transition, and this broadening is a clear signature of a ZEKE band arising from a vibration that

involves D11, since this vibration has the largest isotopic shift (see Table 1).

The ZEKE spectrum via S1192 in Figure 3(b) shows a clear v = 0 band at 554 cm-1, which

establishes a value for D19 in the cation of 277 cm-1, and again this is consistent with the

appearance of the weak 191 band seen when exciting via the origin. To higher wavenumber a

weak, broad feature is seen that is straightforwardly assigned as 111192.

Finally, for the last of these three overtone bands, the ZEKE spectrum via S1182 in Figure 3(c)

shows a rather unusual spectrum in that there is no dominant v = 0 band. The calculated

wavenumber for the cation D18, and evidence from other spectra, support the most intense
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ZEKE band at 1008 cm-1 as being due to 182, giving an experimental value for D18 in the cation

of 504 cm-1. The next intense band at 984 cm-1 is straightforwardly assigned to 81 while the

band at 962 cm-1 appears likely to be 161201, giving a D16 value in the cation consistent with

the calculated value and also with bands assigned in other spectra. Neither of the latter two

assignments are consistent with arising from a resonant S1  S0 overlapped transition. Hence,

since these are of the same symmetry as the intermediate 2D18 level, these likely arise from FC

activity or Duschinsky rotation of the corresponding vibrational coordinates between S1 and

D0
+. (We can rule out Fermi resonance in the cation since when exciting via 81, we do not see

the 182 ZEKE band – see later.) We note that the 161201 transition arises from a combination

of two out-of-plane b1 symmetry modes, and the 182 band itself is an overtone of an out-of-

plane b1 symmetry mode, which is a possible rationale for this induced activity. We also see

the 51 band at 1335 cm-1. The value for D16 in the cation is consistent with the band at 1726

cm-1 arising from 162 – a not unexpected band given the 182 intermediate transition.

To lower wavenumber, the weak band at 579 cm-1 is tentatively assigned to 281 as this band is

at the correct wavenumber, but its b2 symmetry makes it surprising that this is seen, albeit

weakly; another b2 symmetry band is the weak band at 1632 cm-1, assigned as 131161, which is

consistent with the calculated values in Table 1. The band at 609 cm-1 can be assigned to 181201,

which is consistent with the observation of 161201, noted above.

Lastly, we note that as well as one of the one-colour accidental resonances discussed above

(which is overlapped by a possible two-colour accidental resonance, as well as the 81111 ZEKE

band) a further weak accidental resonance feature appears to high wavenumber at ~1560 cm-1,

marked with a dagger (†). At this position, the “ionization” laser is resonant with the S161 

S0 transition, and the “excitation” laser then resonantly ionizes to the D0
+ 132 level.

ZEKE spectra via 301, 291 and 281

In Figure 4 we show three ZEKE spectra, each recorded via an intermediate S1 vibrational level

of b2 symmetry. These levels are active in the S1  S0 transition via HT vibronic coupling. We

first consider the ZEKE spectrum obtained when exciting via the 301 intermediate level, shown

in Figure 4(a). This shows a v = 0 band at 280 cm-1 consistent with being assigned to D30 in
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the cation, in good agreement with the calculated value in Table 1. In addition, in each case we

see a feature to higher wavenumber consistent with an assignment to 111301.

When exciting via the S1 291 intermediate resonance, we see a v = 0 band at 421 cm-1 in the

ZEKE spectrum in Figure 4(b), establishing the value for D29 in the cation; we also see the

expected band assignable to 111291. Interestingly we also see the symmetry-allowed band

corresponding to 111301, and although we might also have expected to see a band

corresponding to 301, this is outside the range of the scanned spectrum.

In this spectrum we note that the intensity of the “accidental resonance” band at just over 800

cm-1 is much more intense than expected – cf. Figure 1(b). The explanation for this is that at

this wavenumber, the ionization laser becomes resonant with the S1 292  S0 transition, but

also the “excitation laser” wavenumber is accidentally resonant with the D0
+ 111292 

S129291 ionization transition. Hence either the “ionization” or “excitation” lasers can excite

or ionize, leading to the enhanced intensity for this “spurious” band.

Further, we see another accidental resonance band at ~575 cm-1 in the ZEKE spectrum, marked

with a dagger (†). At this wavenumber, the “ionization” laser matches the S1281  S0

transition, the “excitation” laser then ionizes to the D0
+ 281 level in a v = 0 process.

Finally we recorded a ZEKE spectrum via 281, shown in Figure 4(c), which demonstrates a

clear v = 0 band at 581 cm-1, confirming the wavenumber for D28 in the cation, and also a

band to higher wavenumber consistent with 111281. The activity of 111301 in the ZEKE

spectrum recorded via 291 contrasts with the straightforward appearance of the spectra recorded

via 301 and 281, and may suggest small changes in the motion of the D29 vibration between the

S1 state and the cation.

ZEKE Spectra of pClFB via the 142/111 bands

In Ref. 15 we deduced that the 142 and the 111 bands lay very close to each other for p35ClFB

and were essentially coincident for p37ClFB – see the REMPI spectrum in the top trace in Figure

5. This behaviour was consistent with the D11 wavenumber shifting by ~5 cm-1 to lower
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wavenumber for the heavier isotopologue, while the 2D14 overtone shifted by ~ 1 cm-1 so that

both bands were essentially perfectly overlapped for the heavier isotopologue. In the lower part

of Figure 5, we show ZEKE spectra recorded at three positions indicated in the REMPI

spectrum. Based on the previous assignments,15 the ZEKE spectra should correspond to the

following. Position A: the centre of the band corresponding to overlapped 142 and 111 p37ClFB

bands. Position B: maximum overlap between the p35ClFB 142 band and the overlapped bands

of p37ClFB . Position C: the centre of the band corresponding to the 111 transition for p35ClFB.

The interpretation of the ZEKE spectra is less straightforward than would be hoped for, because

of overlaps with the strong accidental resonance signals in this region. However, one can

clearly identify the 142 band at 715 cm-1 on the basis of its wavenumber compared to the

calculated value, and the assignment in the ZEKE spectrum recorded via the origin (see above);

the band at 357 cm-1 is assigned as arising from 141. These latter bands are extremely weak

when exciting at Position C, as expected, with the observed activity likely due to HT activity.

We do not think Fermi resonance is present, since the 111 and 142 bands are overlapped for

p37ClFB and so not interacting to any great extent, which would have caused them to move

apart in the REMPI spectrum.

Unfortunately, the bands arising from 111 are almost coincident with the accidental resonance

band, and so cannot easily be discerned (see Figure 5). However, we can see the 112 bands to

higher wavenumber. These seem consistent with seeing a single band at 759 cm-1 when exciting

via the centre of the 111 transition for p35ClFB (Position C), while we see a single band at 749

cm-1 when exciting at the centre of the 111/142 overlapped feature for p37ClFB (Position A).

When exciting at Position B, signals are seen for both isotopologues of these in that ZEKE

spectrum, from FC activity. Thus, the ZEKE spectra confirm the assignments of these REMPI

features in Ref. 15. To higher wavenumber, other bands may be seen, most of whose

assignment can be deduced from wavenumbers already established. These are indicated on the

spectra in Figure 5.

Finally, we note that we did attempt to record a spectrum at the position of the weak REMPI

band at ~337 cm-1, see Figure 5, which is assigned as 191201 in Ref. 15. The resulting ZEKE

spectrum was weak and no band could be seen that was separate from the accidental

resonances. (A ZEKE band would be expected at ~379 cm-1.) Neither was such a band

discernible when exciting via the 111 or 142 intermediate levels. We are still comfortable with
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this assignment, however, but we cannot make any definitive comment on whether the D19D20

level is interacting with D11 or 2D14 levels (i.e. FR), and so stealing intensity, or whether it is

inherently bright.

In summary, although the accidental resonance electron signals are problematic, we are able to

unpick and confirm the assignments of the main REMPI bands here, with the aid of ZEKE

spectra via different intermediate levels and by reference to overtones in the ZEKE spectra that

are unaffected by these signals.

ZEKE spectra recorded via 151201 and 171191

In their LIF study on pDFB, Knight and Kable29 identified a number of combination bands that

were composed of two b1 symmetry vibrations, and so of overall a1 symmetry. We were also

able to identify a significant number of such bands in our REMPI and ZEKE study of pFT.6,7

Based on this, we assigned a number of bands in the REMPI spectrum of pClFB to such

combinations,15 where assignments in terms of fundamentals or overtones could not be found.

In principle, these assignments can be tested by recording ZEKE spectra using those bands as

intermediates; the spectra are usually quite definitive since shifts in b1 vibrations upon

ionization are usually substantial (see Table 1).

We note first that we were unsuccessful in recording ZEKE spectra via the bands assigned15 as

161201 and 131141 owing to their very low intensity – see Figure 1(a). We were, however,

successful with recording ZEKE spectra via the 171191 and 151201 bands, which are shown in

Figure 6. The first of these is quite simple, with only the v = 0 band seen alongside the

accidental resonance electron features. Since we have already established the wavenumber of

D19, this allows the value of D17 in the cation to be established as 718 cm-1, which is in good

agreement with the calculated value (see Table 1); this assignment also confirms the

corresponding S1 value in Table 1. The spectrum via 151201 has more structure in it. The

calculated values help to establish that the v = 0 band is at 1088 cm-1, and allows a value for

D15 in the cation to be established as 987 cm-1, in good agreement with the calculated value

(see Table 1). Some of the other assignments are straightforward, using the criterion that they

are likely to be totally symmetric, and based on wavenumber values already established. Two

bands are worthy of comment. First, the only reasonable assignment for the band at 996 cm-1
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appears to be 171191. We considered whether the D17D19 and D15D20 levels might be in Fermi

resonance – however, a 151201 band could not be seen in the ZEKE spectrum via 171191

although this was a significantly weaker REMPI band, and so it is possible such a band was

simply not seen. Secondly, a clear band was seen at 1343 cm-1, whose only viable assignment

appears to be 121141, i.e. a combination band arising from two a2 vibrations. We note that such

a transition was seen in pDFB29 and pFT7 from the S1  S0 transition, and these assignments

have been confirmed by ZEKE spectroscopy for pFT7 (and in unpublished work by ourselves

for pDFB). We were unable to identify a separate band corresponding to this transition in the

REMPI spectrum unambiguously, so cannot confirm this assignment. It is plausible that the

121141 REMPI band could be underlying the 151201 band, which would suggest a value for D12

in the S1 state of (770-172 =) 598 cm-1. This is plausible as the calculated wavenumbers for the

a2 vibrations in the S1 state were somewhat unreliable, with a “raw” calculated value of 619

cm-1 being in fair agreement with this derived value. An alternative value for D12 of 532 cm-1

reported in Ref. 15 (see Table 1 here) was obtained by a non-rigorous scaling of the calculated

values based on wavenumbers in pFT. Although this appeared to work well for D13 and the b1

modes, there is no prima facie reason that this should work for D12. We tentatively assume

there are overlapping bands in the S1 state, and so accept the 598 cm-1 value for D12 in the S1

state with reservations. In either case the ZEKE transition is symmetry-allowed, and the band

wavenumber allows a value for D12 in the cation of 984 cm-1 to be obtained, in good agreement

with the calculated value (see Table 1).

There is a (1+1) accidental resonance band in the ZEKE spectrum recorded via S1151201 at a

wavenumber of 949 cm-1. At this position, the “ionization” laser becomes resonant with the

S1281  S0 transition, and then the “excitation” laser ionizes this to the 111281 level in the

cation.

ZEKE spectra of pClFB via the 91/292 Fermi resonance bands

We now consider the close-lying pair of REMPI bands assigned to a Fermi resonance between

D9 and 2D29 in Ref. 15.

In Figure 7 we show the ZEKE spectra recorded at each of the two band maxima. In each case

we see an origin band, a 111 band and a weak 291 band. A weak feature is seen at 758 cm-1 that
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is tentatively assigned to 192202. The v = 0 region contains two ZEKE bands, but also present

is an intense accidental resonance electron band that is coincident with the lower ZEKE band

in each case. We can see from the spectra that the higher wavenumber ZEKE band of the pair

is relatively more intense when exciting via the higher wavenumber REMPI band. The

calculated wavenumbers, plus bands seen in other spectra, confirm the v = 0 ZEKE bands as

91 at 817 cm-1 and 292 at 842 cm-1. Note that when exciting via the origin, the 91 band is very

much more intense than the 292 band – see Figure 2(a) – and suggests that the D9 and 2D29

levels are not in FR in the cation. Thus, we can conclude from the ZEKE spectra in Figure 7

that the REMPI band to higher wavenumber arises from an eigenstate that is dominated by

2D29. Owing to the appearance of the spectra, and by analogy with pFT,7 some mixing between

these levels is expected in the S1 state and we can thus represent the higher wavenumber

transition as 29291
, while the lower one being dominated by D9, is represented as 91292.

Moving up in wavenumber, we see a weak 71 ZEKE band, a band at 1196 cm-1 assignable to

91111, and the 111292 band being seen at 1222 cm-1, but the latter is overlapped by an accidental

resonance electron band, again making it difficult to be conclusive regarding the relative

intensities. Overall, this behaviour appears to be consistent with the picture seen in the v = 0

region. Higher up in wavenumber, the “overtone” region is not affected by accidental resonance

electron bands, and the higher wavenumber ZEKE band confirms the dominance of 2D29

character for the higher wavenumber REMPI band (indeed essentially no 92 band can be seen

at 1642 cm-1). The ZEKE spectrum recorded by the lower wavenumber REMPI feature shows

clear 92 and 91292 bands, suggesting contributions from both of these levels to the S1

eigenstates. We note that there is no obvious 294 band at 1688 cm-1, and it seems unlikely that

anharmonicity moves this band to 1671 cm-1.

Various other bands are straightforward to assign. We highlight the 121141 combination band,

seen in other spectra, and the 132 and 172 bands that appear weakly. These are each symmetry

allowed and their wavenumbers are consistent with other assignments. A weak feature at 1488

cm-1 appears most likely to be 151181, which is totally symmetric, and we also see a band

assignable to 101182, which is more intense when exciting via the lower wavenumber band.

We also see another accidental resonance feature at ~1785 cm-1, at this position the “ionization”

laser is resonant with the S1152  S0 transition, and the “excitation” laser then ionizes this to
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a vibrational level in the D0
+ state, with 61101 being a possible assignment of this, but other

levels are also close to this wavenumber.

ZEKE spectra via 61, 81 and 101

When exciting via 101 just a single ZEKE band could be discerned on the high-wavenumber

side of an accidental resonance electron band (spectrum not shown), establishing the value for

D10 in the cation at 658 cm-1.

Spectra recorded via S181 and S161 are shown in Figure 8. When exciting via 81 a clear ZEKE

band is seen at 986 cm-1 to lower wavenumber than the first accidental resonance electron band,

and the 81111 band can be seen clearly at 1356 cm-1 – see Figure 8(a). We also see a band at

1223 cm-1, which we assign to 171181. (A possible assignment of this to 141161 is rejected on

symmetry grounds.)

Finally, we examine the ZEKE spectrum recorded via 61, which is presented in Figure 8(b).

This shows a strong v = 0 band at 1122 cm-1, confirming the value for D6 in the cation. The

other two close-lying bands to higher wavenumber are at 1138 cm-1 and 1175 cm-1 and can be

assigned to 131141 and 71. Neither of these bands can be resonantly ionized, suggesting these

are simply symmetry allowed.

To higher wavenumber we see weak bands at 1364 cm-1 and 1435 cm-1, the latter can be

assigned to 172. The former band can be assigned to 161181, but the observation of a weak band

corresponding to 81, means that this feature may also expected to have a small contribution

from 81111. There then follows a more intense set of bands, which have a contribution from

one-colour accidental resonance bands on the low- and high-wavenumber sides. The ZEKE

bands can be satisfactorily assigned as combinations of the intense bands in the v = 0 region,

but each in combination with D11 as indicated in Figure 8(b).

ZEKE Spectra via the 102/51 Fermi resonance

ZEKE spectra recorded via the peak positions of the two bands arising from a FR between 2D10

and D5 are shown in Figure 9. In the low-wavenumber, v = 0, region of each ZEKE spectrum,

two clear bands can be seen. The lower of these ZEKE bands may be associated with 102, while

the higher is 51. In the ZEKE spectrum in Fig. 9(b), a weak peak at 1345 cm-1 may be seen,

which has been assigned to 121141. It is the behaviour in the low wavenumber region that
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suggests that the 2D10 and D5 vibrations are in Fermi resonance (FR), and so we denote the

lower wavenumber REMPI band as 51102 and the higher wavenumber one as 10251.

In the higher wavenumber region of Fig. 9(a), we can see the main bands in combination with

D11, but interestingly these are not clearly seen in the other spectrum in Fig. 9(b). In that

spectrum, we see the additional band at 1763 cm-1. Its width suggests this is not an accidental

resonance, and the fact that it appears when exciting from one FR component and not the other

indicates that this is not a FC active band. We thus looked for an accidentally overlapping

transition in the S1  S0 step, and identified the 141151291 transition that is expected at 1245

cm-1 in the S1 state and 1766 cm-1 in the D0
+ state, thus matching well. We thus conclude that

the 10251 FR component overlaps the 141151291 transition, giving the observed ZEKE band

at 1763 cm-1. The latter band arises from a totally-symmetric vibration, but does not seem to

be interacting with the 2D10 nor D5 vibrations, likely as a result of the large difference in

quantum numbers.

A number of other interesting observations arise from these spectra. First, we note the intense

accidental resonance band at ~1940 cm-1 in Figure 9(b). This is not present in the other

spectrum, and arises as at this position, the “ionization” laser is resonant with the S161  S0

transition, while the “excitation” laser then ionizes to the resonant D0
+ 6191 level. We also note

that the broad band at ~ 1490 cm-1 in Figure 9(a) is not present in the lower trace, even though

the intermediate levels are in Fermi resonance. We noted that at this position, the “ionization”

laser is resonant with the S1171201  S0 transition, and then the “excitation” laser could ionize

to D0
+ 114, with the width of the band attributable to excitation and ionization of both

isotopologues. However, a more attractive assignment is to 111301 in the S1  S0 transition,

and then 111292301 in the cation, which we expect to have a better FCF in the ionization step;

the expected isotopic shifts also seem better in line with the width of the observed band.

Similarly, in the lower trace, Figure 9(b), we see a band at ~1685 cm-1, which is absent in the

upper trace. We find the “ionization” laser is resonant with the S1292  S0 transition, and then

the “excitation” laser ionizes to D0
+ 294.
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Further discussion

Ionization energy shifts

In the above, we have derived the adiabatic ionization energy (AIE) of pClFB as 72919±5 cm-1.

It is of interest to compare this to other related species; for example, to see whether shifts in

AIEs (AIEs) are additive for disubstituted species; and whether trends in AIEs make

chemical sense. To this end, we consider the monohalobenzenes, pDFB, p-dichlorobenzene

(pDClB) and pClFB, together with toluene (Tol, monomethylbenzene) and p-xylene (pXyl,

para-dimethylbenzene). We compare the AIE values (reported in Table 2) relative to benzene

(Bz) and each other.

The monohalobenzenes were studied by Kwon et al.30 using one-photon mass-analyzed

threshold ionization (MATI) spectroscopy, and who obtained AIEs of 74229, 73177, 72570

and 70638 cm-1, for fluorobenzene (FBz), chlorobenzene (ClBz), bromobenzene (BrBz) and

iodobenzene (IBz), respectively. We can compare these to the AIE of Bz, which has been

reported as 74555 cm-1 by Chewter et al.31, this then yields AIE values for the

monohalobenzenes of -326 cm-1, -1378 cm-1, -1985 cm-1 and -3917 cm-1. We note that both

fluorobenzene32,33,34 and chlorobenzene35,36 have been studied by other workers using ZEKE

or MATI spectroscopy, with similar values having been obtained. Toluene was studied by Lu

et al.37 yielding an AIE of 71200 cm-1, giving a AIE value of -3355 cm-1 compared to Bz.

Note that the monosubstitution stabilizes the cation relative to the neutral molecules in all cases.

We can put forward an explanation for these shifts as follows. In the case of the

monohalobenzenes, the halogen atom is electronegative, and so will destabilize the cationic

phenyl ring via inductive effects. This destabilization will decrease with the increasing atomic

number, and so decreasing electronegativity. However, there is also a mesomeric effect,

whereby the lone pairs from the halogen can effectively delocalize to stabilize the positive

charge in the phenyl ring. This mesomeric effect might be expected to be least for FBz and

highest for iodobenzene based on electronegativities, but it is also necessary to consider orbital

overlap; this leads to the electron releasing effects decreasing with increasing atomic number

for the halogens. Since the overall effect is a stabilization of the cation in all cases, this suggests

that the mesomeric effect dominates, with the overall (inductive+mesomeric) effect being

smallest for F, and largest for I. So, although the orbital overlap is best between F orbitals and

those of C, it is mitigated by the higher electronegativity of F and an approximate balance

between the inductive and mesomeric effects occurs. For I, the combination of a small
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mesomeric effect and also a small inductive effect, leads to a sizeable overall shift. We note

that this discussion on AIE values ignores zero-point vibrational energy (ZPVE) effects. The

ZPVE values between the S0 and D0
+ states are relatively small (~250 cm-1 for FBz and 146

cm-1 for IBz), and so these do not affect the above discussion significantly.

For Tol, the stablization is sizeable and suggests that the explanation does not lie with the small

inductive effect expected for methyl groups, but rather in terms of hyperconjugation, allowing

a stabilization of the phenyl positive charge via the effective delocalization of the electrons

from the methyl C-H bonds. Some comment on related trends has been made by other workers,

such as recently by Shivatare et al.38 and much earlier, Gounelle et al.22

Of interest is whether AIE values (see Table 2) are additive in disubstituted species or not

(see Figure 10). To test this we compare the AIE value derived from the AIE value obtained

in our ZEKE experiments for pClFB with those of FBz and ClBz. For pClFB the AIE value

compared to Bz is -1636 cm-1, while the sum of the AIE values for FBz and ClBz is -1704

cm-1. The agreement between the two derived values suggests that the AIE values are

approximately additive.

We can do a similar comparison for pFT, where the AIE has been reported by Ayles et al.39 as

70946 cm-1, giving a AIE value compared to benzene of -3609 cm-1. Summing the AIE

values from Tol and FBz, we get -3681 cm-1, again showing that these are approximately

additive.

Out of interest, we also look at the symmetric disubstituted species, pDFB, pDClB and pXyl.

These have AIE values of 73872 cm-1 (Ref. 27), 72191 cm-1 (Ref. 40) and 68200 cm-1 (Ref. 9),

and respective AIE values compared to benzene of -683 cm-1, -2364 cm-1 and -6355 cm-1. We

can compare these to twice the AIE from the respective monosubstituted species that are: -652

cm-1, -2756 cm-1 and -6710 cm-1. Although the pDClB values are over 10% different, the other

two values are approximately additive.

In summary the AIE results suggest that stabilization of the positive charge on the phenyl ring

in these species is largely additive, with the perturbations caused by one substituent to another

being minimal; an exception appears to be for pDClB, and it would be interesting to explore

the additivity further for different substituents and isomers.
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Conclusions

We have confirmed the assignments of the REMPI spectrum of the S1  S0 transition in pClFB.

The ZEKE spectra allow the wavenumbers of twenty out of the thirty vibrations in the ground

state of the cation to be obtained for the first time, as well as establishing a precise value for

the AIE. Evidence for the presence of two Fermi resonances has been presented: 91292 and

51102. Although in many cases the v = 0 propensity rule appears to hold, there were several

occasions where the activity suggested changes along vibrational coordinates between the S1

state and the cation. Of interest was that the 111 and 142 bands are very close/overlapped for

the two isotopologues; as such this suggests the D11 and 2D14 levels are not interacting. We

have looked at the changes in adiabatic ionization energies and rationalized trends in terms of

inductive and mesomeric electronic effects. We showed that for a number of disubstituted

molecules, the AIE values were approximately the sum of the shift of the corresponding

monosubstituted species (within ~5%); however, there was a divergence for pDClB (> 10%).

It would be of interest to study such trends more widely.
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Figure Captions

Figure 1: (a) (1+1) REMPI spectra of p35ClFB. The ionization laser was fixed at 37990 cm-1.

(b) Electron signal recorded in the time-delayed ZEKE gate while scanning one of the lasers,

with the other blocked. These signals arise from one-colour, two-photon accidental resonances

that occur at both the one- (S1  S0) and two-photon (D0
+  S1) level.

Figure 2: (a) ZEKE spectrum of pClFB recorded via S100 – see text for discussion of

assignments. To higher wavenumber, we have added a section of the ZEKE spectrum (in red)

that was recorded via S1 182 (see Figure 3), which shows the position of the last one-colour

accidental resonance in this region. Bands labelled with an asterisk are due to one-colour, two-

photon accidental resonances – see text and trace in Figure 1(b). (b) Electron signal recorded

in the time-delayed “ZEKE gate” while scanning one of the lasers, with the other blocked – see

Figure 1(b) and text – shown with the two-photon wavenumber relative to the adiabatic

ionization energy.

Figure 3: ZEKE spectrum of pClFB recorded via (a) 202; (b) 192; and (c) 182 – see text for

discussion of assignments. Bands labelled with an asterisk are due to one-colour, two-photon

accidental resonances – see text and trace in Figure 1(b). The bands marked with a dagger (†)

are two-colour accidental resonances where the “ionization” laser is resonant with an S1  S0

transition, and the “excitation” laser then ionizes – see text for further discussion.

Figure 4: ZEKE spectrum of pClFB recorded via (a) 301, (b) 291 and (c) 281 – see text for

discussion of assignments. Bands labelled with an asterisk are due to one-colour, two-photon

accidental resonances – see text and trace in Figure 1(b); the bands marked with a dagger (†)

arise from two-colour accidental resonances where the “ionization” laser is resonant with an

S1  S0 transition, and the “excitation” laser then ionizes – see text for further discussion.

Figure 5: ZEKE spectra of pClFB recorded via the 142/111 bands. Upper trace: section of the

REMPI spectrum showing the 142/111 bands for each of the isotopologues, with the 191201

bands also labelled. The letters indicate the positions at which ZEKE spectra were recorded,

and these are shown in the lower traces. See text for discussion of assignments. Bands labelled

with an asterisk are due to one-colour, two-photon accidental resonances – see text and trace

in Figure 1(b).
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Figure 6: ZEKE spectra of pClFB recorded via (a) 171191 and (b) 151201 – see text for

discussion of assignments. Bands labelled with an asterisk are due to one-colour, two-photon

accidental resonances – see text and trace in Figure 1(b). The band marked with a dagger (†)

is a two-colour accidental resonance where the “ionization” laser is resonant with an S1  S0

transition, and the “excitation” laser then ionizes – see text for further discussion.

Figure 7: ZEKE spectra of pClFB via 91/292 Fermi resonance bands – see text for discussion

of assignments. Bands labelled with an asterisk are due to one-colour, two-photon accidental

resonances – see text and trace in Figure 1(b). The bands marked with a dagger (†) are two-

colour accidental resonances where the “ionization” laser is resonant with an S1  S0

transition, and the “excitation” laser then ionizes – see text for further discussion.

Figure 8: ZEKE spectra of pClFB of (a) 81 and (b) 61 – see text for discussion of assignments.

Bands labelled with an asterisk are due to one-colour, two-photon accidental resonances – see

text and trace in Figure 1(b).

Figure 9: ZEKE spectra of pClFB via the 51/102 Fermi resonance bands – see text for discussion

of assignments. Bands labelled with an asterisk are due to one-colour, two-photon accidental

resonances – see text and trace in Figure 1(b). The bands marked with a dagger (†) are two-

colour accidental resonance where the “ionization” laser is resonant with an S1  S0 transition,

and the “excitation” laser then ionizes – see text for further discussion.

Figure 10: Schematic showing the lowering of the adiabatic ionization energy (AIE)

compared to benzene for mono- and disubstituted benzenes, as indicated (see text for

abbreviations). All values in cm-1.
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Table 1: Calculated and experimental vibrational wavenumbers (cm-1) for the S1 and D0
+

states of pClFB

Di
a S1 D0

+

Calcb Exptc b Calcd Expte d

a1

D1 3143 0 3122 0
D2 3130 0 3110 0
D3 1491 1489 0 1604 1624 0
D4 1411 0 1444 0
D5 1211 1231 0 1305 1334 0
D6 1037 1064 -1 1085 1122 -1
D7 1112 0 1158 1176 0
D8 963 962 0 965 986 0
D9 796 793 0 804 821 0
D10 617 623 -3 639 658 -3
D11 348 347 -5 370 373 -5

a2

D12 532 (619) (598)f 0 976 984 0
D13 482 (534) 538 0 773 782 0
D14 -g 172 -g 359 358 0

b1

D15 696 (669) 676 0 981 987 0
D16 653 (606) 611 -1 855 863 0
D17 558 (520) 519 0 702 718 0
D18 486 (437) 431 0 497 504 0
D19 254 (249) 244 0 270 277 0
D20 99 (96) 94 0 99 102 -1

b2

D21 3138 0 3121 0
D22 3125 0 3111 0
D23 1366 0 1400 0
D24 1303 0 1458 0
D25 1408 0 1295 0
D26 1225 0 1245 0
D27 1018 0 1100 0
D28 542 546 0 573 582 0
D29 394 397 0 412 421 0
D30 263 265 -2 268 280 -2

a See Ref.14. Note that a Di label is derived by considering the vibrational motion, with the energetic
ordering following that of the Mulliken procedure for pDFB; hence, the ordering of the Di vibrations
for other molecules, such as here, will not necessary be in energetic order. Also note that D5 and D6

evolve from symmetric and asymmetric stretches in pDFB into a C-F stretch (D5) and a C-Cl stretch
(D6) – see Ref. 14 for further details and discussion.

b TD-B3LYP/aug-cc-pVTZ calculated values for p35ClFB scaled by 0.97. Values in parentheses are
“pDFB-scaled” values based on the calculated/experimental ratio for pDFB – see Ref. 15. The  values
are the calculated isotopic shifts between p35ClFB and p37ClFB.

c From Ref. 15.

d UB3LYP/aug-cc-pVTZ calculated values for p35ClFB scaled by 0.97. The  values are the calculated
isotopic shifts (cm-1) between p35ClFB and p37ClFB.
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e Present work.

f Tentative assignment – see text.

g The TD-B3LYP/aug-cc-pVTZ calculated value for D14 is unreliable – see Ref. 15 and text.
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Table 2: Adiabatic ionization energy shifts for some substituted benzenes.

Molecule AIE (actual)a/ cm-1 AIE (sum)b/ cm-1 %DIFFc

pFT -3609 -3681 -2.0

pClFB -1636 -1704 -4.2

pDFB -683 -652 +4.5

pDClB -2364 -2756 -16.6

pXyl -6355 -6710 +5.6

a The experimental shift in the AIE compared to benzene.

b Obtained from the sum of the experimental shifts of the AIEs for the corresponding monosubstituted

species compared to benzene –see text.

c 100×[AIE(actual)-AIE(sum)]/ AIE(actual)
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