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ABSTRACT

The He(l) and Ne(I) photo-ions translational energy spectra of CH;" from CH;F were measured. At both
wavelengths, the translational energy spectrum is made of two components. Their surprisal analysis shows two
distinct behaviours: (i) the low energetic and narrow component exhibits a positive slope, whereas (ii) the high
energetic and widely spread component is characterized by a negative slope. Furthermore, when the He(I) is
used, the high translational energy distribution shows a multimodal surprisal. These observations as well as the
origin of both distributions are discussed.

INTRODUCTION

One of the main problems related to chemical dynamics is knowledge of the energy disposal between
the products of a chemical reaction. In the unimolecular dissociation of molecular ions, two kinds of data are
experimentally accessible: (i) the appearance energy and (ii) the translational energy distribution of the fragment
ion produced in the process under investigation. Furthermore, the photo-electron-photo-ion coincidence
technique (PIPECO), using rare gas resonance lines, allows a univocal assignment of the molecular ions'
electronic states involved in the dissociation. It is also able, in some cases, to give important information about
unimolecular decay kinetics of ions. For preset total excitation energies, the translational energy distribution of
the fragment ions is derived from their time-of-flight (TOF) distributions. However, the analysis of the TOF
distributions is usually based on a number of assumptions concerning the ion trajectories, the use of discrete and
appropriately weighted translational energy values, the fit of the observed distribution by Maxwellian or
exponential distribution functions.

The translational energy distributions reported in this paper have been determined by a retarding
potential method, previously described [1] and used for the study of dissociative electro-ionization processes.
The observed translational energy distribution has been compared to statistical distributions calculated by using
the surprisal analysis reported by Levine and Bernstein [2]. As will be pointed out in this paper, the observation
of bi- or multimodal surprisals, together with all the available experimental informations, will help to get a
deeper view in the various mechanisms involved in the investigated dissociation process.

EXPERIMENTAL

In the present fixed wavelength photo-ionization experiment, a newly built set-up is used and will be
described elsewhere [3]. Briefly, the ions are produced by photo-ionization of molecules in the gas phase with
vacuum UV light. The ionized species are extracted from the ionization region by a 600 mV ¢m™ draw-out field.
After leaving the ion source and before entering the quadrupole mass filter, the ions are energy-analyzed by
means of a retarding lens, identical to that used in the electro-ionization experiment [1]. The retarding potential
Vr is scanned by applying a voltage ramp to the retarding lens. The first derivative of the retarding potential
curve is obtained numerically for energy intervals of typically 5 mV. However, the ion energy distributions, as
presented in this work, are smoothed by taking the average value of the first derivative over an energy range of
50 mV.

The maximum of the CH;F" parent ions energy distribution is used as the zero energy calibration point
for the ion translational energy scale.

RESULTS

The total translational energy distributions P(Er), as observed with the Ne(I) and He(I) resonance lines,
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were calculated from the observed CH;" ions energy distributions and are drawn in Figs. 1 and 2, respectively.

These distributions are compared to the a priori calculated statistical distributions PO(ET) evaluated by
the method described in Appendix A of ref. 4 where the surprisal is defined by ref. 2 as

P(Ex)

I(fT) =—In PO(ET)

The a priori P°(Ey) distribution is calculated in the Whitten-Rabino-vitch approximation for the density
of vibrational states of CH; ", using v(I) = 2400 cm™, vo(I) = 1380 cm™, v5(II) = 2560 cm™', and v4(IT) = 1190 cm’
!. These values are chosen by comparison with the wave numbers observed for the isoelectronic molecule BH;
[5]. For comparison, in BH; v, = (1560 + 50) cm™, whereas in the CH;" ion v, = 1380 cm™, as measured by He(I)
photo-electron spectroscopy [6].

Fig. 1. Translational energy distribution of CH;" + F from CH;F induced by the Ne(I) resonance lines.
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Fig. 2. Translational energy distribution of CH;" + F from CH;F induced by the He(I) resonance line.
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The surprisal is expressed as a function of the reduced variable fr = E1/E, where Ep is the total
translational energy and E is the maximum energy available for the considered process. I(fr) is generally
expressed by a straight line with a slope given by A. In the present experiment, £ is generally expressed by hv-
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AE where hv is the ionizing photon energy and AE is the lowest thermodynamically calculated appearance
energy for the dissociation process.

TABLE 1. Dissociation products of CH3F", resulting electronic states and thermodynamic appearance energies
used in this work

Dissociation products Calculated Resulting electronic states
AE. Cs, C,
(eV)
CH,"('4") + F(°P,) 14.58 ‘EA, A4 A
CH;(’4") + F'CP,) 22.12 2EYE’4,, %4,
CH,F'('4") + H(S,) 13.37 24
CH,F'(*4") + H(S,) 16.49¢ 424"
CH,"(*4;) + HE('Y) 14.10 24
CH,(’%,) + HF (T 20.20 ’E'E 24" A2

“ The energy between CH,F* (‘4" and CH,F" (*4”) is chosen as equal to that observed for the isoelectronic H,CO molecule [10].

Fig. 3. Translational energy surprisal plots calculated for the whole CH;'  ion energy distribution observed
with (a) the Ne(l) resonance lines and (b) the He(I) resonance line.
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However, in the He(I) photo-electron spectrum of CH;F [7], the photon energy of Av = 21.22 eV is
strongly in excess with respect to the highest electronic state appearing in this energy range. Therefore, the 4v
value is chosen as given by the highest energy value of the last populated electronic state of CH;F", i.e. 18.5 eV.
On the other hand, when the Ne(I) radiation is used, the energy value Av is 16.85 eV. Referring to Table 1, the
maximum available energy E for the process

CH,F + h» » CH; (X'4;) + F(2P,)

is 3.92 and 2.27 eV for the He(I) and Ne(I) radiation, respectively.

The surprisal curves /(fr) are given in Fig. 3. As was done for polymodal surprisals [8], the observed
surprisal curves are interpreted by a series of linear portions.
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The distributions 4 and 4’ in Figs. 1 and 2 are derived from the whole distribution by using the surprisal
plot obtained for the distributions B and B' shown in Fig. 3(a) and (b).

DISCUSSION

The results will be discussed with the help of a tentative correlation diagram, shown in Fig. 4, based on
the data collected in Table 1. The threshold energies given in this table have been calculated from the AH;” value
for each species as quoted in ref. 9.

Mechanisms for the appearance of CH;'. The horizontal lines in Fig. 4 shows the Franck-Condon
population of the successive CH;F" electronic states, as excited by the He(I) resonance line. The PIPECO
spectrum [11] shows that (a) the CH;F' (¥ 2E) ground electronic state decays into CH,F" ions only, and (b) the

CH,F' (:ﬁ XA, + R 2E) excited electronic states, populated over the energy range of 16.25-18.5 eV, dissociate
by CH;" ions production exclusively, with a rather wide translational energy distribution. Internal energy

conversion from the F ’E state to the A ’4, state is apparently total. Surprisingly, such internal energy
conversion, giving rise to a large CH;" ion abundance, results in a very small CH," ion intensity (below 0.5% of
the total ionization).

The second parts B and B’ of the translational energy distributions, observed in the present experiments
either with the He(I) or the Ne(I) lines, agree rather well with the translational energy values observed with
PIPECO spectroscopy [11] for excitation energies ranging from 16.25 eV up to 18.2 eV, i.e. close to the edge of

the Franck-Condon region for the CH;F" (E ’E) state population. Therefore, it will be considered that the
distributions B and B’ result from the direct population of the CH;F" (::1 A, + R ’E) electronic states.

Fig. 4. Correlation diagram relative to the successive dissociation limits of CH;F".
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The lowest translational energy parts 4 and A’ of the observed distributions are not observed in PIPECO
experiments. For this reason, it is suggested that these are not produced by a direct dissociative ionization
process giving rise to CH;" ions. The only alternative interpretation is the decay of CH;F into CH;™ + F
dissociation channel through the resonant excitation of suitable CH;F neutral states.

A good candidate for resonant excitation with the Ne(I) resonance Unes would be a Rydberg state R,

member of a series converging to the CH;F" ( R ’E) state (see Fig. 4). With the He(I) resonance line, a Rydberg
state R would be involved which would be a member of one of the series converging to the CHsF" (&4,) state
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appearing at 22.5 eV [12]. These situations are represented in Fig. 5, together with the distributions 4, A’, B and
B

The autoionization process is most often associated with the appearance of zero or nearly zero
translational energy electrons. If this is the case in the resonant population processes invoked for the 4 and A’
distributions, the total excess energy is distributed between the translational energy of CH;" and F and the
rovibrational energy of CH;". It has to be pointed out that, if this interpretation does not imply any difficulty for
the excitation with the Ne(I) lines, a problem arises when the resonant excitation through the He(I) line is
involved. Indeed, the available total excess energy, in the latter condition, is 21.22-14.58 = 6.64 ¢V when
Er(CH;" +F)=0¢eV and about 5.9 eV when Ef(CH;" + F) = 0.7 eV, which is the maximum translational energy
for the A" distribution. On the other hand, the maximum vibrational energy able to be stored in the CH;" ion up
to the dissociation limit CH;*—CH, ™+ H is 5.36 eV or CH;" — CH" + H, is 5.42 eV. Consequently, with the
He(I) line, the CH;" ions are thermodynamically allowed to decay at least to CH,” + H. However, the CH," ion
abundance is very low in the He(I) mass spectrum (less than 0.5% of the total ionization).

Owing to the total absence of any detailed quantum mechanical description of the hypersurfaces of the CH;F"
and the CH;F* systems, the explanation could only be conjectural. Either, for kinetic reasons, the dissociation of
CH;" into smaller fragments is a rather uneasy process or, the electron emitted through autoionization has non-
zero translational energy. Although no interpretation is put forward by the authors [7], an important and
continuously distributed electron signal is detected in the range 18.5-21.2 eV in the He(I) photo-electron
spectrum of CH;F. Besides an instrumental artefact, autoionization could be the origin of these electrons.

Fig. 5. Schematic correlation diagram showing the probable origin of the A, A', B and B' translational energy
distributions. The A distributions are due to the decay of resonantly excited neutral states of CH;F either by
Ne(l) (4 distribution) or by He(l) (A’ distribution). Therefore, they are not detected by PIPECO experiments. The

B distributions are produced by the direct excitation of the CH;F" ( A+ R ) states and are similar to those
observed in PIPECO experiments [11].
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Discussion of the surprisal plots. Figure 3(a) and (b) clearly show that the translational energy surprisal
for the distributions 4 and A4’ plotted vs. the reduced energy fr has a positive slope. The result displayed in Fig.
3(b), calculated for a maximum available energy E = 3.92 eV, does not differ appreciably for £ = 6.64 eV, the
slope remains positive.

Both distributions are interpreted as being due to the indirect population of the dissociation limit
through the resonant excitation of high-Rydberg states.
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If the rotational energy distribution is not too surprising, the positive slope found for the production of
low energy CH;" ions with either the He(I) or Ne(I) Unes, implies that a population inversion of the
simultaneously produced vibrational levels of CH;" is expected.

The surprisal plot for the B and the B’ distributions mainly shows a negative slope. These distributions
are ascribed to the CH;" ions production through the direct population and dissociation of the CH;F'( 4 %4, +
[ 2E) states.

When the Ne(I) lines are used, the measured translational energy has a maximum width corresponding
to the excess energy involved in the process. Only 20% of the Franck-Condon allowed population of the
CH;F'( A 24, + R E) states are involved. The surprisal plot shows only one negative slope of Az=-7.1 [see Fig.

3(a)].

However, when the the He(I) resonance line is used, 100% of the Franck-Condon allowed population of
these states is involved. The energy increase of 1.65 eV, between the maximum energy of the Ne(I) resonance

lines (16.85 eV) and the upper edge of the CH;F'( A+ ﬁ) band (18.5 eV), corresponds to a translational
energy increase of only 0.7 eV. Furthermore, this energy increment contributes to only a small part of the CH;"

ion intensity, whereas the CH3F'( A%, + R ?E) ionization cross-section is five times larger than with the Ne()
lines.

This additional part of the CH;" ions translational energy distribution corresponds to a zero slope (Azs =

0) in the surprisal plot. This would mean that when the whole CH;F'( A2, + R 2E) state is populated in the
Franck-Condon region, the time needed for the redistribution of the available total electronic energy is such that
at least a fraction of the process leads to a statistical redistribution of the excess energy.

Furthermore, this situation is also reflected in the remaining part of the translation energy distribution,
coinciding with that observed with the Ne(I) lines. Though being negative, the slope of the surprisal plot is
bimodal and less negative (Agq = -6.1 and Az,, = -3.4) than the monomodal surprisal observed with Ne(I) (A3 =
-71.1).

In a previous electro-ionization work on the dissociative ionization of CH;F [13], the onset energy of
CH;" as a function of its kinetic energy has been examined. This study unambiguously showed a jump from 16.5
eV to 17.1 eV for the appearance energy of CH;" for a translational energy of 1.4-1.5 eV. This latter energy

corresponds to about f; = 0.63 and was ascribed to the contribution of the CH;F"( R 2E) state.

The present surprisal analysis at least shows that the CH;" ions at the end of the translational energy
distribution observed with He(I) behave distinctly from those CH;" ions of lower energy and from those
observed with the Ne(I) resonance lines.

These differences evidence a change in the dissociation dynamics when the translational energy

distribution results from the entire Franck-Condon population of the CH;F'( A4, + R ?E) band. The negative
slopes in the surprisal plot will further evidence that the vibrational distribution of CH;" will not be statistical
and also not inverted.

CONCLUSIONS

The translational energy distributions of CH;" ions, induced in CH5F by either Ne(T) or He(I) resonance
lines, show two components.

The first distribution, not observed by PIPECO, peaks at zero translational energy and extends up to 1
eV with Ne(I) or 0.7 eV with He(I). The corresponding CH;" ions are produced by the indirect population of the
dissociation limit CH; (¥ '4") + F(°P,) through the decay of Rydberg states excited by both the He(I) and Ne(I)
resonance lines. Furthermore, to these distributions corresponds a positive slope of the translational energy
surprisal which correlates with a population inversion in the vibrational energy distribution of the CH; " ions.

The second distribution, identical to that observed by PIPECO, results from the direct population and

decay of the CH;F"( A2, + R ’E) states. The negative slope of the translational energy surprisal evidences a
non-statistical and non-inverted vibrational energy distribution of the CH;" ions. This slope is monomodal in the
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Ne(I) ion energy spectrum and multimodal in the He(I) spectrum. Although the exploration of a larger part of the
phase space does not appreciably modify the distribution when the He(I) line is used, the multimodal behaviour
has to be related to the more complex dynamics of the dissociation process.
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