mzuriCh ETH Library

The rotational structure of the
origin band of the pulsed-field-
lonization, zero-kinetic-energy
photoelectron spectra of propene-
he and propene-de

Journal Article

Author(s):
Vasilatou, Konstantina; Schafer, Mirko; Merkt, Frédéric

Publication date:
2010-10-28

Permanent link:
https://doi.org/10.3929/ethz-a-010782353

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
The Journal of Physical Chemistry A 114(42), https://doi.org/10.1021/jp101929d

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/10.3929/ethz-a-010782353
http://rightsstatements.org/page/InC-NC/1.0/
https://doi.org/10.1021/jp101929d
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

This article may be downloaded for personal use only. Any other use requires prior
permission of the author and The American Chemical Society (ACS).

The following article appeared in J. Phys. Chem. A 114, 11085-11090 (2010) and may be
found at http://dx.doi.org/10.1021/jp101929d.




The rotational structure of the origin band of the
PFI-ZEKE photoelectron spectra of propene-/ and

propene-d;

K. Vasilatou, M. Schéfer, and F. Merkt*
Laboratorium fiir Physikalische Chemie, ETH Ziirich, CH-8092 Ziirich, Switzerland

E-mail: merkt@xuv.phys.chem.ethz.ch

Abstract

The pulsed-field-ionization zero-kinetic-energy photoelectron spectra of the origin band of
the X+ 2A” « X' A’ transition of propene (C3Hg) and perdeuterated propene (C3Dg) have been
recorded at high resolution allowing for the partial resolution of the rotational structure. The
analysis of the spectra in the realm of the orbital ionization model for rigid-rotor asymmetric-
top molecules enabled the determination of the adiabatic ionization energy of propene and the
rotational constants of C3ng and Cng . The tunneling splittings resulting from the hindered
rotation of the methyl group could not be resolved and the analysis was therefore carried out
in the Cs molecular symmetry group. Angular momentum contributions of pz, d; and dg
character were included in the single-center expansion describing the molecular orbital out of
which ionization occurs, leading to the selection rules [AN| = [N* —N"| <2 and AK, = K —
KZ = #£1,4£2 and to photoelectron partial waves with angular momentum quantum number up
to £ = 3. The observation of a strong spectral feature associated with AK, = 0 indicates the

importance of vibronic interactions.

*To whom correspondence should be addressed



Introduction

Propene is the simplest molecule having a single methyl rotor adjacent to a carbon-carbon double
bond (see Figure 1). It represents a prototypical molecule with which to study hindered rotations
and has therefore been studied extensively in the past by various spectroscopic methods. Lide and
Mann! and Herschbach and Krisher? were the first to measure the microwave spectrum of propene
and to determine the tunneling splittings associated with the internal rotation of the methyl group.
The complete substitution structure of propene (rs) was derived by Lide and Christensen,®> who
studied seven singly-substituted isotopomers, and was further refined by Hirota and Morino* who
obtained and analyzed the spectra of several doubly-deuterated species. A full set of rotational
constants, centrifugal distortion constants and internal rotation parameters have been determined
from microwave and millimeter-wave spectra.>® High-resolution spectroscopic information on
several excited vibrational levels of propene has also been reported (see Ref. 7 and references
therein). Demaison and Rudolph”’ have calculated the equilibrium structure of propene ab initio
and compared it to the equilibrium structures derived from experimental results.

Whereas the spectroscopic properties of the electronic ground state of propene are known with
high accuracy, no high-resolution spectroscopic information is available on the propene cation.
Although the He(I) photoelectron spectrum of propene has been measured and compared to the
photoelectron spectra of other monosubstituted ethylenes® and several planar unsaturated aliphatic
compounds,’ the vibrational structure of the photoelectron spectrum of the ground state of the

propene cation was only resolved recently by Burrill and Johnson '°

using mass-analyzed threshold
ionization spectroscopy. Until the present study, no information on the rotational structure of the
propene cation was known.

Resolving the rotational structure in the photoelectron spectra of large asymmetric-top mole-
cules represents a considerable experimental challenge, but would be necessary in order to obtain
structural information on the cations and, in the case of molecules undergoing large amplitude

motions, to study how the removal of an electron affects these motions.

We present here a high-resolution pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) pho-



toelectron spectroscopic study of the origin band of the XT2A” — XA’ transition in propene-hg
and propene-dg that enabled us to derive the rotational constants of the cationic species and to

determine the adiabatic ionization energy of propene.

Experimental

A vacuum ultraviolet (VUV) laser system11 with a Fourier-transform-limited bandwidth of better
than 0.01 cm™! was used in combination with PFI-ZEKE photoelectron spectroscopy to measure
the origin bands of the photoelectron spectra of propene-hg and propene-dg at high resolution. The
laser setup and the procedure for the calibration of the tunable VUV radiation have been described
in Refs. 11,12 and only aspects specific to the present study are summarized here. The VUV
radiation was generated by resonance-enhanced difference-frequency mixing (Vyyy = 2V| — V»)
by locking the wave number Vv, of the tripled output of a first dye laser to the position 2v| =
94093.032 cm ™! located close to the maximum of the (4p)° (*P32) 5p[1/2] (J = 0) «— (4p)°® ('So)
two-photon resonance in krypton. The locking was achieved by stabilizing the fundamental fre-
quency of the dye laser to a neighboring hyperfine component of I,.!3 The VUV wave number was
scanned by tuning the wave number V; of a second dye laser which was calibrated by recording
the laser-induced fluorescence spectrum of I. The VUV wave number was determined with an
accuracy of better than 0.02cm™! as the difference 2v; — v».

Mixtures of about 20% propene-hg (Aldrich, purity >99%) or propene-dg (Aldrich, isotopic
purity of 99%) in Ar at a total stagnation pressure of 2.5 bar were introduced into the chamber
through a pulsed nozzle (General Valve) and cooled to a rotational temperature of ~ 8 K in a
supersonic expansion. The supersonic beam was skimmed and subsequently intersected the VUV

laser beam at right angles in the photoionization region. 14

To achieve high-resolution in the photoelectron spectra, a multipulse electric-field sequence, 116
delayed by 2.0 us relative to the time of photoexcitation and optimized to field ionize narrow slices

of the pseudo-continuum of high-n Rydberg states below each ionization threshold, was applied.



The electric fields also accelerated the electrons toward a microchannel-plate detector located at the
end of a magnetically shielded time-of-flight tube. In the case of propene-hg, the pulse sequence
consisted of nine electric field steps: a positive discrimination pulse of 167 mV/cm and 1 us dura-
tion, followed immediately by a series of 200-ns-long negative extraction pulses of —100 mV/cm,
—142 mV/cm, —167 mV/cm, —183 mV/cm, —208 mV/cm, —233 mV/cm, —500 mV/cm and
—1.67 V/em. A slightly less restrictive pulse sequence with consecutive negative extraction pulses
of —117 mV/cm, —150 mV/cm, —183 mV/cm, —217 mV/cm, —250 mV/cm, —283 mV/cm,
—500 mV/cm and —1.67 V/cm proved to be more suitable in the case of propene-dg because
of the weaker photoelectron signal. Eight time gates were set at the positions corresponding to
the times of flight of the electrons produced by the negative electric-field pulses and the integrated
electron signals were monitored as a function of the laser wave number. The best compromise
between high resolution and signal-to-noise ratio was reached in the spectrum obtained with the
—167 mV/cm (—183 mV/cm) pulse when measuring propene-hg (propene-dg). A correction of
+1.65 cm™! (+1.70 cm™ 1) was introduced to compensate for the field-induced shift of the ioniza-

tion thresholds, !> which can be determined with an absolute accuracy of +0.20 cm™!.

Results and discussion

The PFI-ZEKE photoelectron spectra of the origin band of the X* — X transition of propene-hg
and propene-dg are shown in Figure 2 and Figure 3, respectively. Because of the higher degree of
spectral congestion and the poorer signal-to-noise ratio of the spectrum of propene-dg, two PFI-
ZEKE photoelectron spectra obtained from two different field ionization pulses (—183 mV/cm
and —150 mV/cm) are presented (traces (a) and (c)) to give an impression of the reliability of
the measured spectral patterns. The corresponding calculated spectra based on the rovibronic
photoionization selection rules presented in Ref. 17 and the orbital ionization model described in

Ref. 18 are displayed for comparison below the experimental spectrum in Figure 2 and between



the two experimental spectra in Figure 3.

The rovibronic photoionization symmetry selection rules can be determined from '’

oLy o ()™, (1)

where / is the angular momentum of the outgoing photoelectron partial wave, I, (IJ) represents
the irreducible representation of the rovibronic state of the neutral (cation), and I"* the dipole mo-
ment representation of the molecular symmetry group, i.e. the representation which has character
—1 for all operations that contain the inversion E* and a character of +1 otherwise. N Eq. (1) can
be expressed in terms of the changes AK,, and AK,. in the asymmetric-top quantum numbers K, and
K.. The principal axis system chosen to classify the rotational levels of propene is depicted in Fig-
ure 1 (see also Ref. 3) and corresponds to the convention I".20 This choice results in the following
selection rules for the X (0, [[T = A”) — X(0°, I/ = A’) ionizing transition of propene in the
Cs molecular symmetry group:
AK, = K} — K, = even/odd, AK, = K;' — K, = odd for £ = odd
AK, =K} — K, = even/odd, AK, = K;" — K. = even for { = even.
The rovibronic symmetry selection rules depend on the parity of the outgoing electron partial wave
because even-/£ partial waves transform as A’ and odd-/ partial waves as A” (= I'* in the Cs(M)).
The experimental resolution of about 0.15 cm™! achieved in the present measurements allowed
for the partial resolution of the rotational structure of the photoelectron spectra (see Figure 2 and
Figure 3). To analyze the structure observed in the spectrum of C3Hg, the rotational constants
of the neutral ground state derived in Ref. 5 from a global fit of A and E lines observed in the
microwave and millimeter wave spectra were adopted. The adiabatic ionization energy and the
rotational constants of the cationic ground state were then optimized in an iterative procedure in
which the temperature and the relative intensities of the different branches were also modified.
Once a satisfactory agreement between observed and calculated spectra was reached, ten lines

of the experimental spectrum corresponding to single transitions were identified and used to refine



the rotational constants of the ion and the adiabatic ionization energy in a least-squares fit (see
Table 1). The fit yielded the results summarized in the fourth row of Table 2. A final slight
adjustment of the rotational constants was then undertaken which yielded the calculated spectrum
presented in Figure 2 (trace (b)) and the set of spectroscopic constants listed in the third row of
Table 2. The uncertainties in these parameters represent the range of parameter values for which
the agreement between the calculated and measured spectra is satisfactory.

The value of the adiabatic ionization energy of propene-/¢g determined here (78602.00(40) cm™ 1)
differs by approximately 15 cm~! from the value reported in Ref. 10. We have no explanation for
this discrepancy.

The assignment bar given above the experimental trace displayed in Figure 2 designates only
contributions arising from AN = N — N =0, namely *Q-type’ branches, while the associated
change in K, is given below the assignment bar in the notation Kg — K. In the case of a near
prolate top, the pattern-forming quantum number is K,. The calculated spectrum (trace (b)) was
therefore decomposed into groups of transitions that share the same values of KZ and K (traces
(d)—(h)). Traces (d)—(h) are related to a change in K, of +1 and exhibit characteristic branches for
all possible values of AN. As an illustration, the individual transitions have been grouped in trace
(e) according to the value of AN which represents the change in total angular momentum excluding
spins and further labeled below the assignment bar according to the quantum number N”.

The orbital ionization model described in Ref. 18 (specifically Eq. (7), of Ref. 18) was used to
calculate the rotational intensity distributions of the spectra. In this model, the angular momentum
of the photon is assumed to be fully absorbed by the outgoing photoelectron, creating a hole of the
same angular-momentum composition as the molecular orbital out of which ionization occurs. In
the present case, this molecular orbital has a nodal plane containing the three C atoms and is of a”
symmetry in the C; molecular symmetry group. Moreover, the C-C double bond is not aligned with
the principal axis (z = a-axis) and the center of mass is displaced with respect to the central carbon
atom (see Figure 1). This implies that the single-center expansion describing this molecular orbital

can have contributions from all atomic-like orbitals that conserve the nodal plane, i.e., orbitals that



have a quantum number |l,,| > ( for the projection of the angular momentum of the molecular
orbital onto the principal axis, denoted with the subscripts 7 (for A" =+1), § (for A" = £2),
etc. The single-center expansion was truncated to include only the most significant contributions
of /=1, A" =+1 (pp), £ =2, A = £1 (dy), and ¢" =2, A” = +2 (ds) angular momentum
character, leading to the selection rules |AN| = [N* —N"| <2 and AK, = K" — K, = +1,42.
However, to reproduce the intensity of the central prominent peak of the experimental spec-
trum an additional contribution corresponding to a fictive £/ = 0, A” = 0 component had to be
included in the simulations, leading to the AK, = AN = 0 contribution depicted as a dashed line in
Figure 2 and a dotted line in Figure 3. The necessity to include this contribution despite the fact
that the highest occupied molecular orbital does not possess any s character for symmetry reason
indicates the importance of vibronic mixing and/or configuration interactions. That configuration
interactions or vibronic mixing occur is also implied by the observation of vibrational bands of
A” symmetry in the photoelectron spectrum of the XT2A” state of Cg,H6+ (see Ref. 10). The best
agreement with the experimental spectrum of propene-Ag could be achieved for a rotational tem-
perature of ~ 8 K and by taking into account the following four angular momentum components:
(", A") = (0,0),(1,41),(2,41) and (2,42) with weights of 0.4, 0.3, 1.3 and 0.6, respectively.
The same weights with a rotational temperature of ~ 7 K were also used to calculate the in-
tensity distributions observed in the PFI-ZEKE photoelectron spectrum of the origin band of the
Xt « X transition in C3Dg displayed in Figure 3 (traces (a) and (c)). The rotational structure and
assignment are similar to those of propene-Ag with the main difference that the spectral congestion
is more pronounced. Perdeuterated propene has not been studied by microwave spectroscopy and
consequently the rotational constants of the neutral ground state had to be estimated in order to
reproduce the rotational structure of the cation in our calculations. Using the substitution structure
derived in Ref. 3, the differences in the moments of inertia Al;(i = a, b, c) between propene-hg and

its fully deuterated isotopomer could be calculated.?! The moments of inertia of C3Dg were then



determined according to the relation:

Ii(dg)(calc.) = Al + I;(he ) (expt.), )

where /;(he)(expt.) are the moments of inertia of C3Hg determined in Ref. 5. The calculated ro-
tational constants of neutral perdeuterated propene are listed in the lower part of Table 2. The
accuracy of these rotational constants is amply sufficient for the present purpose and their values
were therefore kept fixed in the analysis of the experimental spectrum. Following the same pro-
cedure as described above for C3Dg led to the values of the adiabatic ionization energy and the
rotational constants of the cationic ground state summarized in the last row of Table 2.

The calculated spectra presented in Figure 2 and Figure 3 capture the main features of the ex-
perimental spectra and reproduce the relative intensities of the transitions satisfactorily. At the ro-
tational temperature of 7 — 8 K assumed in the simulations, only ground-state levels with N "<10
and Kg < 4 contribute significantly to the spectrum. At our experimental resolution and at this low
rotational temperature, the centrifugal distortion terms can be neglected in the rotational Hamilto-
nian. The comparison of experimental and calculated spectra of the origin band of the X state of
C3Hg_ (Figure 2) reveals that several spectral features are broader in the former spectrum than in
the latter. Tunneling splittings arising from the internal rotation of the methyl group, unresolved

spin-rotation splittings and intensity perturbations by channel interactions 2>

are possible reasons
for the broadening of these peaks. The good overall agreement between experimental and calcu-
lated spectra shows that their effect is small and that the (unresolved) splittings must be less than

0.15cm™ !,

Conclusions

The present study of the origin band of the X+ « X transition of the photoelectron spectrum of
propene and its fully deuterated isotopomer has enabled the determination of the first adiabatic ion-

ization energy and the derivation of the rotational constants of both Cgng and C3D6+. The analysis



of the rotational structure in the photoelectron spectra was based on a rigid-rotor model because the
effects arising from the internal rotation of the methyl group and centrifugal distortions could not
be observed at our experimental resolution and at the low temperature of the sample. The molecu-
lar orbital out of which ionization occurs was described as a linear combination of py, dz, and dg
atomic-like orbitals with origin at the center of mass of the molecule. To successfully reproduce the
experimental intensity distributions, a contribution of s angular momentum character had to be in-
cluded in the single-center expansion of the highest occupied (a”) molecular orbital. The inclusion
of this angular momentum component, which is nominally forbidden in Cy symmetry, suggests that
vibronic interactions are important in the description of the photoionization dynamics of propene
and may even indicate a possible distortion from a C; structure. Further experimental and ab initio
investigations would be required to provide insight into these interactions.

The development of ZEKE photoelectron spectroscopy by Miiller-Dethlefs et al.?® 25 years
ago was an important step in the evolution of photoelectron spectroscopy toward a spectroscopic
method with which information on the rovibrational energy level structure of molecular cations
can be obtained. Thanks to the continual improvement of its resolution resulting from the ex-
ploitation of electric field ionization sequences, !>>*2 PFI-ZEKE photoelectron spectroscopy, ini-
tially applied to resolve the rotational structure in the photoelectron spectra of diatomic molecules,
has rapidly been applied to obtain information on the rovibrational photoionization of more com-

25,27

plex molecules: first symmetric-top molecules such as ammonia, 2® benzene and benzene-rare-

gas van der Waals molecules?® and then small asymmetric-top molecules such as H,0,% 03,3

31,32 3

ethene, and allene.?

The present results on propene illustrate the possibility of partially resolving the rotational
structure in single-photon photoelectron spectra of structurally more complex molecules. This pos-
sibility results in the following advantages: The rotational structure of a photoelectron spectrum
enables the determination of the vibronic symmetry of the cationic states by means of rovibronic

photoionization selection rules; it permits the distinction between different conformers of the neu-

tral or ionized molecule, it gives access to the rovibronic photoionization dynamics and provides



information on the electronic structure.
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Captions

Figure 1: Propene and its principal inertial axes in the I' convention for near-prolate asymmetric

tops.

Figure 2: Trace (a): PFI-ZEKE photoelectron spectrum of the origin band of the X+ 2A” «— X 1A’
transition of C3Hg. Trace (b): Calculated spectrum using a Gaussian instrument function of full
width at half maximum of 0.15 cm™~!. Trace (c): Estimated AK, = 0 contribution to the spectrum.
Traces (d)—(h): Calculated contributions to the overall intensity distribution associated with spe-

cific values of Kg and K as indicated above each trace.

Figure 3: Trace (a): PFI-ZEKE photoelectron spectrum of the origin band of the X 2A” — X 1A’
transition of C3Dg obtained by monitoring the electrons released by the —183 mV/cm field-
ionization step of the pulse sequence. The assignment bar designates only branches associated
with a change in the total angular momentum AN = 0. The change in K|, is given below the assign-
ment bar in the notation K/ — K. Trace (b): Calculated spectrum using a Gaussian instrument
function with a FWHM of 0.2 cm~!. The dotted line represents the estimated AK, = 0 contri-
bution. Trace (c): Spectrum obtained by monitoring the electrons released by the —150 mV/cm
step of the pulse sequence. The spectrum was recorded simultaneously with trace (a). Trace (c)
was shifted by —0.15 cm™! along the horizontal axis to compensate for the difference in the field-

induced shifts of the ionization thresholds (see text for more details).

Table 1: Observed (Vexpt.) and calculated (Vyic.) line positions of the well-resolved lines in the

PFI-ZEKE photoelectron spectrum of the origin band of the X 2A” — X 'A’ transition of C3H.
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Vg, represents the positions determined from the least-squares fit based on the ten well-resolved
lines only. The positions have not been corrected for the —1.65 cm™! field-induced shift of the

ionization thresholds (see text for details).

Table 2: Adiabatic ionization energies and rotational constants obtained from the analysis of the
rotational structure of the origin band of the Xt 2A” «— X 'A’ jonizing transition of C3Hg and

C3Dg.
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Table 1

77

N KZ K:.' N ;{;4’ K Vexpt. vcalc. - Vexpt. vﬁt - vexpt.
T16 505 78590.95 -0.05 0.00
413 20 78594.85 -0.03 -0.06
312 o1 78596.00 0.07 0.03
20 413 78605.80 0.00 -0.02
303 S14 78607.01 0.04 0.03
312 523 78609.09 -0.03 0.00
313 524 78609.25 0.01 0.05
S1a 25 78611.35 -0.12 -0.03
321 53 78611.55 -0.07 -0.02

32 533 78611.55 -0.06 -0.01




Table 2

E;/cm~! Alem™! B/cm™! Clem™!
C3Hg neutral 1.54377219(18) 0.310492638(37) 0.271196772(40) Ref. 5
CsH; 0° 78602.00(40) 1.508(10) 0.309(6) 0.267(6) This work ¢
78601.96 1.513 0.309 0.273 This work?
78587(4) Ref. 10
C3Dg neutral 0.9202 0.2395 0.2042 This work®
CsDf 00 78759.90(50)  0.903(7) 0.236(5) 0.201(5) This work?

“Values obtained from the analysis of the rotational structure of the origin band of the XT2A" —
XA’ transition of C3Hg. The value of the adiabatic ionization energy of C3Hg has been corrected
for the field-induced shift. The numbers in parentheses represent the estimated uncertainties.
bValues obtained from a least-squares fit of the spectroscopic constants to the positions of the ten
well-resolved lines of the PFI-ZEKE photoelectron spectrum of the origin band of the XT2A" —
XA’ transition of C3Hg.

“Parameters were kept fixed to the calculated values. B

‘iValues obtained from the analysis of the rotational structure of the origin band of the X ?A" «
XA’ transition of C3Dg. The value of the adiabatic ionization energy of C3Dg has been cor-
rected for the field-induced shift. The rotational constants are correlated with those of the neutral
molecule and therefore the values obtained and their uncertainties result from the values chosen
for the neutral ground state.



