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Two-Photon Photoelectron Spectrum of Methyl lodide through a Dissociative Intermediate
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The two-photon photoelectron spectrum of methyl iodide was recorded in a magnetic bottle time-of-flight
spectrometer. As absorption of the first photon is resonant with the dissociative A-state continuum of methyl
iodide, the experiment corresponds to a boufrde—bound transition. A progression in the-Cstretching

vibration is observed, which corresponds, in a simplified picture, to the dissociation coordinate. The results
agree well with recently published two-photon ZEKE spectra ofICH his similarity has impact on an
ongoing discussion about discrepancies between calculated and measured intensities in two-photon ionization
spectra.

Introduction intermediate state. This, however, requires the extraction of
reliable line intensities from the spectra, which have to reflect

interesting and fascinating area of physical chemistn- the intermediate state dynamics. In a recent paper by Abrash-

though time-domain techniques are successfully applied to manyk€Vich and Shapiré; (from hereon referred to as AS) a theory
problems of chemical dynamics, frequency-domain techniques of two-photon |on|zat|on_V|a a dissociative intermediate state
continue to provide considerable insight into the dissociation Was developed and applied to the one-color two-photon ZEKE
process. A well-known method is resonance Raman scattering. SPectrum of CHL.> Interestingly the calculated line intensities
Here the molecule is excited into a dissociative state. During differ drastically from the experimental values obtained by
the dissociation process, a photon is spontaneously emitted andbtrobelet al> The experimental spectrum is dominated by an
a spectrum of the ground state is obtained with a rich vibrational intense progression in the-& stretching vibratiorws, which
structure, which reflects the intermediate state dynamics. It was peaks at the third overtone?.3In comparison, in the resonance
shown recently that the dynamics of a continuum state can alsoRaman spectra recorded at an excitation wavelength of 266 nm
be projected onto the ground state of the ion when the second(ref 2) the progression is peaked & 30n the other hand, in
photon is absorbed rather than emitteds selection rules are  the calculations, a progressiomigcontributes only to a minor
less stringent for ionization and charged particle detection is degree to the spectrum, which is instead dominated by combina-
more sensitive than photon detection, considerable insight into tion bands ofv; and the CH umbrella modey,. In addition,

the photodissociation dynamics can be obtained, as shown foras also calculated most of the intensity for the origin band,
several alkyl iodided.® In those experiments, the molecules \yhereas in the ZEKE experiments the third overtone appeared
are excited into the dissociative A-state band by absorption of yjith aimost the same intensity. To account for the differences,
the first photon. In the secopd at_)sorptlon step the moleculesi; a5 suggested that the line intensities in the ZEKE spectra
are further excited into very high-lying Rydberg states converg- depend on the concentration of external ions, and ionic
ing onto the vibratio_nal states .Of the ion. . Aft_er field ionization correction factors were introduced. It can indeed be shown that
of these statea high-resolution zero kinetic energy photo- external ions affect the intensities in ZEKE spedfrd by

electron (ZEKE) §pectru?rbf the ion is obtained. The wave inducing m-mixing in high-lying Rydberg states, leading to a
function of a continuum state has considerable Frat@éndon - . Y
lifetime enhancement. Nevertheless it would be surprising if

overlap with a large number of ionic states. Thus the two- that effect should introduce mode-specific order-of-magnitude
hoton ionization spectra of GH®~> CDzl,®> and GHsl® show X ) -
D P 3 GHs gffects in the ZEKE spectra of GH

large and intense progressions that are absent in the one-photo
ZEKE-* and photoelectrdti® spectra. The progressions can  In order to test the hypothesis, an experiment has to be
be attributed to modes that are involved in the dissociation performed which excludes the influence of Rydberg states. Such
process. an experiment is possible if kinetic electrons are detected instead
The effect of a dissociative intermediate resonance modulatingof ZEKE electrons. In the next sections we report the one-
electronic spectra was reported already a decadé'agiaerest color two-photon photoelectron spectrum of methyl iodide,
in the technique renewed because important spectroscopicCHsl. As in the ZEKE experiments, absorption of the first
information on regions of the potential energy surface inacces- photon excites the molecule into a dissociative state. The second
sible directly from the ground state can be obtained this way, photon of the same frequency ionizes the molecule, and a
as shown, for example, in the Rydberg states gf b, '2 HI,*3 photoelectron spectrum is recorded, which shows significant
and CHl.1 vibrational structure. We discuss the relevance of the photo-
From our prospective, the most interesting feature of two- glectron spectra with respect to the difference between the
photon ionization through dissociative states is the possibility experimental and the calculated two-photon spectra. Although
to obtain information on the dissociation dynamics in the e experiment was originally motivated by those differences,
- — we feel that it is interesting in its own right. It describes an
* Corresponding author. Fax, 41-1-632 1280; email, fischer@ . . . .
org.chem.ethz.ch. independent and particularly simple experimental approach to
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. the problem of photodissociation dynamics, also based on two-

The dynamics of the photodissociation process are an
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photon ionization, which complements ZEKE spectroscopy as
well as resonance Raman spectroscopy.

Experimental Section

The experiments were carried out in a magnetic bottle time-
of-flight photoelectron spectrometer described previolfsly.
In this technique an inhomogeneous magnetic field is applied
to collect and collimate the electrons. A collection efficiency
of >30% is achieved this way. Typically an energy resolution
of 15 meV can be obtained for low-energy electrons. Methyl
iodide, CHl, was purchased from Aldrich and used without
further purification. It was diffused into the ionization chamber
through a small orifice. Typical pressures during operation were
on the order of several 18 Torr in the ionization region and
around 108 Torr in the flight tube.

The laser system employed was a 10 Hz picosecosd(5
ps) Ti:sapphire laser with a tuning range from 7830 nm,
regeneratively amplified to a millijoule energy level. The details
of the setup are published elsewhé&te.The output was
frequency doubled and mixed in KDP crystals to produce
radiation with a wavelength close to 250 nm. In order to
minimize intensity effects, the energy was attenuated to a few
microjoules. The light was focused into the ionization region

by means of a 500 mm lens. The wavelength was determined

in a Jarrell-Ash 0.25 m monochromator. Its accuracy for the
third harmonic is estimated to k0.3 nm. Although a short-
pulse laser was used in the studies described in this paper, w
want to point out that the experiment itself is a pure frequency-
domain experiment.

Electrons were collected in a microchannel plate detector for

2000 shots. The data were acquired and averaged in a LeCroya
9450 digital storage scope and transferred to a personal

computer. Typical count rates were on the order eflb
electrons per shot.
Time-of-flight spectroscopy is linear in time rather than

energy. When the spectra were converted to Iinear-in-energyiS
it was ensured that the area under the peaks is maintained by

using the appropriate Jacobians in the transformation.

Results and Discussion

Before we discuss the experimental results we want to point
out an important difference between the conventional photo-
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Figure 1. Two-photon photoelectron spectrum of gHecorded at
252.5 nm. The upper trace shows the experimental spectrum while the
lower trace shows a simulation. The values for the intersitf the
different contributions are represented as sticks. The spectrum is
dominated by a progression i, the C-1 stretching vibration.

electron spectrum of Ci recorded at 252.5 nm. Besides an
intense B-0 transition, it shows a rich vibrational structure. In
order to check if we identified the important contributions to
the spectrum, a simulation was performed (lower trace). The
energies of the vibrational states of the ion are knéwall
relevant transitions were assigned an interigignd folded with

a Gaussian. Thelg was varied to achieve optimum agreement

Swith the experimental spectrum. The optimizgdsalues are

given as sticks in Figure 1. In principle the spectral resolution
depends on the total kinetic energy of the electron. An accurate
expression can be found in ref 18. For simplicity we assumed
constant fwhm. A comparison with ref 18 shows that this
assumption is reasonable for the energy raige € 300 meV)
studied here. It turned out that the experimental data could be
fitted well with a fwhm of 15 meV. A progression ir, the

C—I stretching vibration with a frequency of 478 cén(ref 5),
evident. In the simulations it can be identified as the most
important mode. Interestingly the intensity of the members of
the progression is rising with the vibrational quantum number,
maximizing at 3. This peak corresponds to an electron kinetic
energy of 50 meV, which is close to the detection limit in our
spectrometer. The fundamentaligf the CH umbrella mode
also shows up in the spectrum. Only if it was included in the

electron spectra and ZEKE spectra. In a photoelectron spectrumsimulation could the shape of the band around 160 meV internal

the excitation energy is fixed and all energetically accessible
final ionic states are recorded for this fixed energy. Ina ZEKE

energy be reproduced. The lowest combination bari@$aad
2132 appear in the shoulders of thél@and. Although the shape

spectrum, on the other hand, the laser is scanned over all finalof the band could not be fitted without taking the combination
states. Therefore in the one-color ZEKE experiment discussedbands into account, they are smaller thdnvéhich is also the
in ref 5, the excitation energy is scanned at the same time aspeak dominating the ZEKE spectrum of Strobel etalSo,

the probe energy. Thus the absorption cross section for thedespite the differences between ZEKE and PES-spectra dis-
first step is continously changing. This is the reason why a cussed above, the PES spectrum agrees qualitatively well with
comparison between ZEKE and photoelectron spectra has tothe experimental ZEKE spectrum. In conclusion, the simulation

be restricted to a qualitative rather than a quantitative discussion.

On the other hand, this also shows that additional information

shows that taking into account only thg progression, the
fundamentals of’, and vs, and thev,vz combination bands,

can be obtained from photoelectron spectra that is not availableone can reproduce the spectrum very well.

from one-color ZEKE spectra. It would be possible, however,
to get this information from a two-color ZEKE spectrum, in
which both lasers are scanned independently.

It is important to establish that the photoelectron spectrum
presented below is indeed the one of methyl iodide. This was

done by recording mass spectra in our magnetic bottle spec-

trometer, which is possible with low mass resolution/¢ ~

We also identified a3 hot band around-60 meV internal
energy. The small size of this band indicates that hot band
contributions are of minor importance in the present experiment.

Another interesting peak is the fundamentabgf6!, at 106
meV. It appears only with a small intensity but is reproducible.
This peak, which correspond to thg-HC—1 bending vibration,

was already observed in the ZEKE spectrum. Excitation of this

80) and sensitivity. The focusing conditions were adjusted in vibration is introduced by the coupling of thH€; and 3Qq

such a way that the molecular ion @H dominates the mass
spectrum and fragmentation was minimized.
The upper trace of Figure 1 shows the two-photon photo-

surfaces in the intermediate stdtand is probably responsible
for the unusual distribution of rotational excitation observed in
photodissociation experimer?s. The coupling leads to a
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Figure 3. Two-photon photoelectron spectrum of gHecorded at

251 nm. Due to the inferior resolution and signal-to-noise ratio, the
assignments of the bands at the low-energy side have to be considered
with care. A simulation of the spectrum is given in the lower trace.
The appearance of the spectrum compared with the one recorded at
252.5 nm is surprisingly different, showing how small changes in the
intermediate state potential can affect the spectrum.

0 < : | . :
0,1 0,0 o:1 0:2 013 0,4 appear with similar intensity, like in the spectrum recorded at
252.5 nm.
Fiaure 2. comparison of the bhotoelectron sbectrum from Figure 1 In the following section we will discuss several issues that
wi?h the stick pintensities extFr)acted from thg experimental gZEKE are relevant for the quahte_ltlve comparison between the ZEKI.E
spectrum (upper trace, divided by a factor of 2, see text for details) @1d the PES results. A difference between the ZEKE experi-
and the calculations (lower trace). ments and the photoelectron spectra described here lies in the
bandwidth of the laser system employed. While the ZEKE
symmetry reduction in the intermediate st&ehus allowing spectra were recorded with narrow-band nanosecond lasers, the
this non-totally symmetric vibration to appear in the spectrum. photoelectron spectra were recorded with a picosecond laser
The observation of this mode in the PES spectrum highlights with a bandwidth on the order of 20 cihfwhm, so an influence
again how dynamical features of the photodissociation processof pulse duration or bandwidth is conceivable. The calculations
that are apparent in ionization can be absent in emission, of AS were performed for both the cw case and a pulse duration
although the reason for the absence#ih the emission spectra  ranging fromr = 10 fs to 1 ps. The calculations showed that
is not clear yet. It also confirms that the appearance of this for a pulse duration of more than 50 fs the ionization probability
mode in the ZEKE spectrum is not due to effects in the Rydberg hardly changes, indicating that neither the duration nor the
state but reflects true molecular dynamics. bandwidth of the pulse is expected to have a large effect on the
A comparison of the spectrum with the band intensities experimental results.
extracted from the ZEKE-spectrum and from the calculations  Short-pulse experiments are inherently high-intensity experi-
by AS is given in Figure 2. When compared to the origin band, ments. The typical laser intensities in the present experiment
the intensities for the bands in the progression are consistentlyare estimated to be 10W cm™2. Thus a Rabi period of several
larger in the ZEKE spectrum than in the photoelectron spectrum. 100 fs can be estimated, which is not too different from the
However, if the ZEKE intensities are divided by a factor of 2 time scale of dissociation<(50 fs) in the intermediate state of
the relative intensities of the bands in the progression are fitted CHzl. In order to check for intensity effects, the laser intensity
very well (Figure 2, upper trace). An explanation for this factor at 252.5 nm was increased over an order of magnitude. This
of 2 is given below. A comparison of the photoelectron lead to a poorer energy resolution, probably due to Coulomb
spectrum with the band intensities calculated by AS for a laser effects. It was also observed that the relative intensity of the
pulse duration of 1 ps is given in the lower trace of Figure 2. origin transition was slightly higher. This can be understood
A reasonable fit could be achieved if the intensities calculated by assuming a competition between a resonant and a nonreso-
for the combination bands would simply be assigned tovthe  nant pathway, as discussed in ref 6. The nonresonant pathway,
progression. Therefore labels are omitted in the figure. This i.e. simultaneous rather than sequential two-photon absorption,
issue is also discussed below. will contribute only to the origin band. It is also favored at
In order to observe as much vibrational excitation as possible higher laser intensities. We want to point out that this is
we moved the laser wavelength to 251 nm, which is the blue different from saturation, which would tend to equalize vibronic
limit of the laser system. The spectrum recorded under theseband intensities at high laser intensities. This effect also
conditions is depicted in Figure 3. Again a simulation of the explains why the origin band is more intense relative to the
spectrum is given in the lower trace, this time assuming a fwhm progression in the PES spectrum than in both the Z&kdad
of 18 meV. The optimized, values are shown as sticks. Due REMPI spectra. However, the overall appearance of the
to the inferior resolution and signal-to-noise ratio the bands spectrumj.e. the relative intensities of the spectral features in
overlap considerably, and the assignments for the low-energythe progression, did not change with intensity. Therefore we
bands have to be considered with care. The overall appearancessume that intensity effects are only of minor importance. The
of the spectrum differs from the one recorded at 252.5 nm. Most fact that the relative intensities of the bands in the progression
notably the fundamental 1 3is the most intense member of the  do not change with the laser intensity also means that dynamical
progression and shows up with almost the same intensity asinformation can be extracted from them.
the origin band. The overtones$ 8nd 3, on the other hand, In conclusion the dominance of thre progression instead of

ion internal energy (eV)
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the v,v3 combination bands in the photoelectron spectra does spectra was very similar to the range in the ZEKE spectra of
not support the idea of extra ions influencing Rydberg state Strobelet al® This suggests that an accurate description of the
lifetimes and thus ZEKE intensities. We therefore have to final state on which the intermediate state dynamics is projected
consider other explanations to account for the discrepancyis critical. Nevertheless it is noteworthy that theHI'+1]
between the calculated and measured ZEKE spectra. First ofspectra of CH also show a progression iy as the dominant
all one has to consider that the band assignements given in thdeature and are thus in agreement with both the results presented
calculations are somewhat tenta#¥elue to the anharmonic  here and in the publications by Strotelal3>
character of the potential energy surfdedf one simply assigns
the intensities calculated for the combination bands (Figure 2, Acknowledgment. We thank Prof. P. Chen for the generous
lower trace) to the corresponding members ofithgrogression, support of this work. Financial support by tt&chweizer
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