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ABSTRACT

Vibrationally resolved photoelectron branching ratios and asymmetry parameters have
been determined for the two outermost molecular orbitals of methyl cyanide. The results
are discussed briefly within the context of similar studies on cyanogen and hydrogen
cyanide, and in relation to structures exhibited in the photoionization efficiency curve.

INTRODUCTION

In the last few years, there have been significant advances towards a
deeper understanding of molecular photoionization. The key to muech of this
progress lies in the successful interaction between experiment and theory.
Recent triply differential photoelectron studies — differential in incident
photon wavelength, photoelectron kinetic energy, and photoelectron
ejection angle — have provided the detailed information needed to assess
which of the various theoretical models [1] give an adequate description of
molecular photoionization dynamics. On the theoretical side, aid has been
given in interpreting the experimental data, and in defining the mechanisms
responsible for the observed effects.
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Recently, there has been considerable interest in studying the way in
which the photoionization process is affected by resonance phenomena
(see, for example, refs. 2 and 3 and references therein). The early success
in studying shape resonance phenomena both experimentally [4—61, and
theoretically [7, 8], in nitrogen has influenced much of the subsequent work
on such effects, and has led to extensive investigations being carried out on
the first row diatomics. In particular, molecules have been chosen that
possess a bond similar to the nitrogen N=N bond. Accordingly, the cyanide
group with a C=N bond has attracted some attention. We have performed
triply differential photoelectron studies on three cyanides: cyanogen {91,
hydrogen cyanide {10] and methyl cyanide, in order to investigate the
effect of placing the C=EN group in different chemical environments. Here
we present the results for methyl cyanide, CH;CN.

In a recent study on methyl cyanide using photoionization mass spec-
trometry, Rider et al. [11] have reported the photoionization efficiency
curves for the parent and various daughter ions from threshold to approxi-
mately 20 eV. Earlier investigations [12—14] using the same technique gave
values for the first ionization potential only. Electron impact energy-loss
spectroscopy {15, 16] has enabled analysis of the Rydberg series converging
to the ground and the first excited states of the ion. Photoelectron spectros-
copy at 21.2eV [17—201, 40.8eV [21], and in the X-ray region [22,
23] has been used to determine the valence and inner valence ionization
thresholds. Theoretical studies [24—26] on CH,CN (acetonitrile) are in
agreement with experimental observations in predicting that the molecular
orbital sequence in its electronic ground state (Csy symmetry) may be
written as

(1a1)?(2a,)%(3a1)*(4a,)? (5a1)? (6ay)* (1e)*(Tay )*(2e)*

The two lowest ionization potentials are well established and may be given
as [11, 27}« (2¢)"! X 2E = 12.194 ¢V, and (Ta;) ™' A 2A; = 13.133 V. The
next two ionization potentials, which fall within the photon energy range
covered in the present experiment, are not well known and the experimental
values show a considerable variation. The best values seem to be

(ley! B?E =15.13eV [19] and (6a; YL %A, =174V [21].

EXPERIMENTAL

The experiment was performed using a hemispherical electron analyzer
[28] coupled to a 2m normal incidence monochromator [29] connected
to the SURF-II storage ring at the National Bureau of Standards. The experi-
mental technique and method of data analysis have been described pre-
viously [30]. The spectrograde methyl cyanide sample was obtained from
the Eastman Kodak Company and was thoroughly degassed by repeated
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Fig. 1. Photoelectron spectra of methyl cyanide at photon energy 91.75¢eV and at § = 0°,

45° and 90°. The spectra are normalized so that the maximum count in the § = 0° spec-

trum equals 100. The data points (®) and the nonlinear least squares fit curve ( ) are
indicated.

freeze—pump—thaw cycles. A typical set of data, together with the result of
a least-squares fit to Gaussian lineshapes, is shown in Fig. 1. Under the con-
ditions appertaining to the present experiment, the differential cross section
in the dipole approximation may be written as

do — Utotat ?_ :
— = —=—[1+—(3Pcos 20 +1) (1)
d2 4n 4

where § is the photoelectron asymmetry parameter, 0 is the photoelectron
ejection angle relative to the major polarization axis, and P is the polar-
ization of the incoming radiation. Equation (1) was used to deduce the
asymmetry parameters and branching ratios presented in Fig. 2—8.
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RESULTS AND DISCUSSION

The experimental data were analyzed by incorporating the vibrational
energies from Turner et al. [19] into a Gaussian fitting routine. Turner et al.
observed the excitation of three vibrational modes in the ionic ground state,
and assigned these as Uy, (=N stretching; va, symmetrical CHj deformation;
and v,, C—C stretching. The vibrational energies were 0.249, 0.177 and
0.100 eV respectively. In analyzing the present data for the X-state band,
three vibrational progressions were used, and will be denoted as I, I1, and IIL
Series I: a progression in v;, with v, taking values 0,1,2,8v, =0,v3 = 0,
vy = 0. Series I1: a progression in vy, with v, taking values 0,1, 2;v;, =0,
vy = 1, vq = 0. Series III: a progression in v;, with v3 taking values 0, 1;
v, =0,v3 =0, v4 = 1. Hence, all three series are progressions in v, with
Series IT and III having additional single excitations in v3 and v, respectively.
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Fig. 2 Vibrational branching ratios for Series I (v = 0,0, = 0,1, 2 803 7 0,04 = 0) of
the X state.
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This interpretation is identical to that proposed by Turner et al., apart from
Series IT1, in which they managed to observe the v, = 2 member. The A -state
band, which can be attributed to photoionization of one of the nitrogen lone
pair electrons, consists of a simple progression in vy, with the first two
members being observed.

A further note of clarification regarding the fitting procedure is war-
ranted. The use of the nine Gaussians in Series I, 1I, and III to fit the poorly
resolved X state in Fig. 1 was reluctantly adopted, after observing that this
set of levels gave the best quality-of-fit for the overall spectrum and for the
strong Series 1. For instance, removing Series III noticably degraded the fit
of Series I and II and of the total spectrum. We therefore chose to analyze
and present the data in this way, although the results for the weaker

Series 111 should be recognized as less reliable than those for the stronger
series.
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Fig. 4. Branching ratios for the total intensities in Series [, Il and ITI of the X state.
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The vibrational branching ratios of the X and the A states are shown n
Figs. 2—5. Figures 2 and 3 illustrate the spectral variation in the vibrational
branching ratios for the two major progressions of the X state, that is,
Qeries 1 and II. Figure 4 shows the total intensities in the three separate
vibrational progressions, Series 1, I, and III, belonging to the X band.
Although it is difficult to make a precise comparison with the single photo-
electron spectrum obtained by Turner et al., it would appear that the two
sets of experimental data indicate similar total contributions from the three
series. In Fig. b the A-state vibrational branching ratio is displayed, and
Fig. 6 shows the electronic branching ratio between the X and A states: The
spectral variations in the vibrationally resolved asymmetry parameters for
Series I of the ground ionic state are shown in Fig. 7a, b and c, and the
vibrationally averaged asymmetry parameter for the entire X state is shown
in Fig. 7d. Figure 8 displays the A-state vibrationally resolved asymmetry
parameter.

In the photon energy region between the A- and B-state thresholds, that
is, approximately 13—15 eV, the parent-ion photoionization efficiency curve
is dominated by a single intense broad peak. Rider et al. [11] attributed this
feature to autoionization, as it falls within a Franck—Condon gap of the
photoelectron spectrum. Between 14.2 and 154 eV, weak Rydberg struc-
ture converging to the B state threshold is superimposed upon this peak.
The vibrationally resolved branching ratios for Series I and II of the X state,
(Figs. 2 and 3) and for the A state (Fig. 5) show weak energy-dependent vari-
ations from threshold to about 16 eV. At higher energies the branching ratios
remain approximately constant. These weak deviations from the Franck—
Condon values coincide with the energy region spanned by the broad peak in
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Fig. 6. Electronic branching ratios for the X and A states.
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the photoionization efficiency curve. It

is known [3] that autoionization

can produce energy dependent effects in vibrational branching ratios. The
theoretical work of Bieri et al. [26] predicts that the 8¢, and the 3e virtual

orbitals lie between 4 and BeV in the continuum.
have dipole allowed transitions
it is not inconceivable that, by allowing a slight shift in

energy levels, an intravalence

Both of these orbitals
from orbitals of a; ore symmetry. Hence,
the calculated
transition could account for the broad peak

in the photoionization efficiency curve and for the energy-dependent

branching ratios observed in the present experiment.
Another mechanism which has been shown

to influence the photo-

ionization dynamics of small molecules is shape resonance phenomena.
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Fig. 8. Vibrationally resolved asymmetry parameter of the A state.

However, in similar studies performed on cyanogen [9] and hydrogen
cyanide [10] it was suggested that shape resonant effects associated with the
C=N bond would not play a role until photon energies above those covered
in the present experiment. It is reasonable to expect that this also applies
to the present case of methyl cyanide. Unfortunately, K shell spectra,
which would help clarify this situation, are not available. Hence, it seems
prudent to save further comments on this matter until theoretical work
has been performed to investigate the possible influence of resonant effects
upon the photoionization dynamics of methyl cyanide.
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