UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Resonance enhanced multiphoton ionisation spectroscopy of methanethiol

Morgan, R.A.; Puyuelo, P.; Howe, J.D.; Ashfold, M.N.R.; Buma, W.J.; Wales, N.P.L.; de
Lange, C.A.

DOI
10.1039/ft9959102715

Publication date
1995

Published in
Journal of the Chemical Society. Faraday transactions

Link to publication

Citation for published version (APA):

Morgan, R. A., Puyuelo, P., Howe, J. D., Ashfold, M. N. R., Buma, W. J., Wales, N. P. L., & de
Lange, C. A. (1995). Resonance enhanced multiphoton ionisation spectroscopy of
methanethiol. Journal of the Chemical Society. Faraday transactions, 91, 2715-2721.
https://doi.org/10.1039/ft9959102715

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Mar 2023


https://doi.org/10.1039/ft9959102715
https://dare.uva.nl/personal/pure/en/publications/resonance-enhanced-multiphoton-ionisation-spectroscopy-of-methanethiol(51b810f1-8f4c-4afd-b7f4-c54c94d12e3a).html
https://doi.org/10.1039/ft9959102715

J. CHEM. SOC. FARADAY TRANS.,, 1995, 91(17), 2715-2721

2715

Resonance-enhanced Multiphoton lonisation Spectroscopy of

Methanethiol

Ross A. Morgan, Pilar Puyuelo, Jonathan D. Howe and Michael N. R. Ashfoid

School of Chemistry, University of Bristol, Bristol, UK BS8 1TS

Wybren Jan Buma, Nicolas P. L. Wales and Cornelis A. de Lange

Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127, 1018 WS

Amsterdam, The Netherlands

We report the first multiphoton study of excited electronic states of the methanethiol molecule. Members of four
Rydberg series are identified via the two- and three-photon resonance enhancements they provide in the muiti-
photon ionisation spectrum of this molecule. Spectral analysis is aided by parallel measurements of the kinetic
energies of the accompanying photoelectrons. Such studies also yield a refined value for the first ionisation limit
of methanethiol: E, = 76260 + 40 cm~"'. Detailed inspection of the photoelectron spectra obtained following
REMPI via all but the lowest energy resonances reveal the presence of ‘slower’ photoelectrons, the energies of
which can be interpreted if we invoke near-resonant inter-Rydberg state vibronic mixing. it is suggested that
such inter-Rydberg state vibronic mixing must be rather commonplace in polyatomic systems, especially in
molecules like methanethiol where symmetry imposes few restrictions on the allowed state couplings.

As part of our continuing investigations of the electronic
spectroscopy of gas-phase divalent sulfide molecules!™* we
here report the first resonance-enhanced multiphoton ionis-
ation (REMPI) spectra of methanethiol (methyl mercaptan),
CH,SH. Several previous experimental®~® and theoretical®'*®
studies have addressed the vertical electronic spectrum of this
molecule, and aspects of its photochemistry following excita-
tion at wavelengths in the near-UV.>11-!5 The one-photon
.absorption spectrum of methanethiol® exhibits two overlap-
ping regions of continuous absorption in the near-UV fol-
lowed, at shorter wavelengths, by many sharper vibronic
features which have been assigned~7 in terms of Rydberg
series converging to the ground-state ion. Extrapolation of
these various series has yielded a value for the first ionisation
potential, in reasonable accord with that determined by con-
ventional Hel photoelectron spectroscopy'® and by photo-
ionisation mass spectrometry.’

All these earlier experimental investigations of excited
states of methanethiol lying in the vacuum-UV (VUYV) spec-
tral region have relied on one-photon absorption measure-
ments.>~7 Spectral congestion, probably exacerbated by
lifetime broadening, prevents observation of any rotational
fine structure, thereby hindering unambiguous interpretation
of the structured Rydberg features apparent in such spectra.
Previous analyses®~7 of the Rydberg structure exhibited by
methanethiol have therefore been based largely on determi-
nation of the quantum defects, §, of the various features, and
analogy with the then-existing analyses of the vertical elec-
tronic spectrum of the related dihydride, H,S.18-2° Such
comparisons have been justified by the fact that, in both mol-
ecules, the highest occupied molecular orbital in the respec-
tive ground electronic states is well approximated as the 3p,
orbital of atomic sulfur. The validity of this strategy must be
questioned, however, since both our own two-photon
REMPI studies® and recent ab initio calculations®! of the
H,S molecule have indicated the need for some revision of
the traditional assignments. In particular, both of these more
recent studies have served to highlight the ‘atomic-like’
nature of the Rydberg transitions in H,S, and the propensity
for odd (even) changes in the / quantum number in tran-

t Present address: Departamento de Quimica, Universidad de la
Rioja, ¢/Obispo Bustamante 3, Logrofio, Spain.

sitions brought about by the absorption of an odd {even)
number of photons. Given these concerns, and the antici-
pated parallels between H,S and CH,SH, it seemed worth-
while to record multiphoton excitation spectra of this
molecule in order to try to gain further insight into the
nature and energetic ordering of its excited electronic states.
Here we report the results of a systematic study of the two-
and three-photon REMPI spectra of methanethiol, supple-
mented by measurements of the kinetic energies of the photo-
electrons accompanying the REMPI process. As in our recent
REMPI study of the vertical electronic spectrum of thiirane,*
the results from the high-resolution REMPI-photoelectron
spectroscopy (REMPI-PES) experiments proved to be
invaluable for establishing the vibrational properties of the
various resonance-enhancing levels and, in particular,
whether or not a given resonance was associated with an
electronic origin. Both the two- and three-photon REMPI
spectra of methanethiol show a wealth of resolved vibronic
structure, much of which can be arranged into well defined
Rydberg series converging to the ground-state ionisation
limit. Members of all three series identified in the previous
one-photon absorption studies®~7 appear as both two- and
three-photon MPI resonances; the present work allows iden-
tification of at least one further Rydberg series. The excited-
state assignments we offer are guided primarily by quantum
defect considerations. The companion REMPI-PES mea-
surements enable refinement of the previously reported value
of E,, the first ionisation limit. More interestingly, they also
reveal the presence of quite extensive vibronic mixing
between the various Rydberg states and hint at a novel,
‘single-shot’ route to revealing large parts of the manifold of
Rydberg states in such medium-sized polyatomic molecules.

Experimental

The results reported herein were obtained using two comple-
mentary apparatuses, both of which have been described pre-
viously.* Mass-resolved REMPI spectra of methanethiol
were recorded in Bristol by focussing (fl = 200300 mm) the
output of a tunable dye laser (frequency doubled as and when
necessary) into a sample of methanethiol (either the pure gas
or seeded as a 10% mixture in argon, backing pressure ca.
1 atm in each case) expanded through a pulsed nozzle into
the source region of a home-built time-of-flight (TOF) mass
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spectrometer. Ions formed in the source region were sub-
jected to two stages of acceleration prior to entering a field
free drift-region and eventual detection using a channel elec-
tron multiplier. TOF spectra were obtained by feeding the
amplified output from this multiplier into a fast digital
oscilloscope and thence, via an IEEE interface, to a PC. MPI
spectra associated with the formation of a particular ion mass
were obtained by scanning the laser wavelength and collect-
ing that part of the total ion signal that fell within the user-
selected narrow time-window spanning the appropriate TOF.
Wavelength calibration, in the visible, was achieved by simul-
taneous measurement of the optogalvanic spectrum of neon
excited in a hollow-cathode discharge.

The REMPI-PES experiments were performed in
Amsterdam using a ‘magnetic bottle’ spectrometer, the
design and operation of which have also been detailed pre-
viously.* Briefly, light from an excimer pumped dye laser
system or, when necessary, its second harmonic is focussed
(fl = 25 mm) into the ionisation region of the electron
spectrometer where it intercepts an effusive beam of pure
methanethiol vapour. Photoelectrons resulting from each
laser pulse are extracted into the spectrometer and their
kinetic energies determined via their measured times of
arrival at a pair of microchannel plates situated at the end of
the 500 mm flight tube. The signal from the microchannel
plates is pre-amplified and passed to a transient digitiser,
which is interfaced to a PC to enable further data manipula-
tion and analysis. A photoelectron spectrum is constructed
by increasing the retarding voltage on a grid in the flight tube
in a stepwise fashion, and transforming only the high-
resolution part of the TOF spectrum. In this way it was pos-
sible to achieve 15 meV (FWHM) resolution at all kinetic
energies in the present experiments. The measured electron
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kinetic energies were placed on an absolute scale either by
concurrent kinetic energy measurements of the photoelec-
trons resulting from REMPI via known transitions of S
atomic fragments?? formed by parent photolysis in the source
region, or by doping the methanethiol sample with xenon
and measuring, simultaneously, the kinetic energies of elec-
trons resulting from well documented REMPI transitions ter-
minating on the two spin—orbit states of the Xe' ion.

Results and Discussion

Fig. 1 displays (a) three-photon resonant and (b) two-photon
resonance-enhanced MPI spectra of CH,SH obtained by
monitoring the yield of ions with m/z = 48 as a function of
excitation wavelength over the energy range 55000-
75000 cm™!. These spectra are composites of scans taken
with a number of different laser dyes; in all cases the radi-
ation was linearly polarised. As in our recent study of the
vertical electronic spectrum of thiirane,* we have not taken
any particular care about normalising the laser power either
between dyes, or within the tuning range of any one dye. The
emphasis in this work is on what can be learnt from the
observed peak positions. We caution against placing much
weight on the relative intensities of the various peaks in the
displayed spectra. As in any REMPI study, the spectra in
Fig. 1 will be dominated by transitions involving the less pre-
dissociated excited states but, under the prevailing experi-
mental conditions, non-resonant MPI gives a significant
background ion yield at virtually all wavelengths studied.
Note, for example, the ‘step’ in Fig. 1(a) at excitation wave-
lengths ca. 526 nm (associated three-photon energy ca.
57000 cm™'), which corresponds to the long-wavelength
threshold for four-photon ionisation of methanethiol. Ion
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Fig. 1 (a) 3+ 1 and (b) 2+ 1 REMPI spectra of a jet-cooled sample of methanethiol over the energy range 55000-75000 cm™! recorded
using linearly polarised light and monitoring only those jons with TOF appropriate to m/z = 48. The displayed spectra are composites,
obtained by splicing together spectra recorded using a number of different dyes. As discussed in the text, it was not possible to ensure correct

normalisation of the relative intensities of features appearing within the tuning range of any one dye, or between one dye-~

tuning curve and the

next. The vertical arrows arranged below the respective spectra indicate where the various scans have been joined, whilst peaks for which
companion REMPI-PES are shown in Fig. 2 and 3 are designated by symbols as described in the text. Members of the various Rydberg series
identified in Table 1 are indicated via the combs superimposed above the spectra. The indicated n quantum numbers are consistent with the

dominant n‘l* « 3a” assignments offered in Table 1.
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fragmentation is g further factor affecting the relative peak
intensities; as in the earlier thiirane study,* we find this to
increase as the laser wavelength is reduced and/or as its
intensity is increased. Save for the mjz = 32 (S*) ion mass
channel, our excitation spectra for forming each of the major
fragment ions (i.e. those with m/z =15, 45 and 47) show
similar structure to that displayed by the parent ion (Fig. 1),
implying that the molecular fragment ions we observe result
from fragmentation after ionisation, and not from one-
photon (or multiphoton) ionisation of neutral photofrag-
ments.

REMPI-PES

In contrast to our earlier multiphoton studies of both H,S'
and thiirane* we find there to be few significant differences
between the 2+ 1 and 3+ 1 REMPI spectra of meth-
anethiol, nor do we discern any obvious changes in the form
of these spectra upon changing from linearly polarised to cir-
cularly polarised excitation. Furthermore, we can identify
multiphoton resonances that match with all of the sharp fea-
tures identified in the conventional one-photon absorption
spectrum.>~7 Clearly, the lowering of the molecular symmetry
(from C,, to C,) on going from H,S to methanethiol greatly
relaxes any symmetry ‘selection’ rules that apply to these
transitions. In the absence of any obvious symmetry indica-
tors, our proposed spectral assignments are based on
quantum-defect considerations, supplemented by measure-
ments of the kinetic energies of the photoelectrons that
accompany the various MPI resonances.

Fig. 2 and 3 provide illustrative examples of these photo-
electron spectra. The REMPI-PES shown in Fig. 2(a),
obtained following excitation at 298.5 nm (2¥ = 66991 cm™?,
marked with a * in Fig. 1), has all the characteristics of an
excitation proceeding via a Rydberg origin: it is dominated
by a single sharp peak, consistent with Franck-Condon
diagonal ionisation from a Rydberg state with very similar
geometry to that of the ground-state jon. The kinetic energy

of this peak implies a value for the first ionisation potential of'

methanethiol, E; = 76 260 + 40 cm ™~ !. Both the origin assign-
ment, and the value of E; so derived, are in good accord with
the earlier conclusions of both Price et al.® and Tokue et al.”
Further confirmation of this interpretation is provided by
Fig. 2(b), which shows the REMPI-PES obtained following;
excitation at 295.6 nm (27 = 67663 cm ™, resonance marked
by a ¥ in Fig. 1). This REMPI-PES is similarly dominated
by a single intense peak, but its associated kinetic energy and
the appearance of a weak feature some 710 cm™?! higher in
kinetic energy suggests that the state providing the resonance
enhancement at the two-photon energy is a vibrationally
excited level. Such an interpretation is wholly consistent with
both the past” and the present assignments of the parent exci-
tation spectrum, in which this feature is viewed as the 8} (or,
possible, 73, see later) vibronic transition built on the
66991 cm ™! origin. Fig. 2(c) provides a further example of a
REMPI-PES obtained following excitation via a Rydberg,
origin. In this case the resonance-enhancing level lies at the
three-photon energy (3% = 69159 cm™!, indicated with a
in Fig. 1), and ionisation involves the absorption of one
further photon.

Previous analyses®>~7 have offered contradictory interpreta-
tions for the spectral region at ca. 62000 cm™!. The one-
photon absorption spectrum shows a progression of features,
the second of which appears most intense.” Our 2 -+ 1
REMPI spectrum [Fig. 1(b)] shows a similar intensity dis-
tribution but the relative intensities of the corresponding fea-
tures in our 3 + 1 REMPI spectrum [Fig. 1(a)] are seriously
compromised by the lower laser intensities available to us at
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Fig. 2 MPI photoelectron spectra obtained following excitation of

CH,SH at: (a) 298.5 nm, where we excite a two-photon resonance
(2% = 66991 cm ™) involving the origin level of the state we identify
as the second member of series I; (b) 295.6 nm (27 = 67 663 cm™?),
where the kinetic energy of the dominant peak is consistent with the
partner ion carrying ca. 710 cm™! of internal energy, and (c)
4337 nm, involving a three-photon resonance (3% = 69159 cm™t)
attributed to the origin level of the state we identify as the first
member of series IV. The three spectra are plotted with a common
kinetic energy dispersion, with the scales offset so that peaks corre-
sponding to formation of the vibrationless parent ion are aligned
vertically.

excitation wavelengths ca. 484 nm. Nonetheless, the compan-
jon REMPI-PES studies serve to clarify most of the previous
uncertainties regarding the interpretation of this particular
band system. The photoelectron kinetic energy spectra shown
in Fig. 3 suggest that the 61 140 cm ™~ ! resonance (¥ in Fig. 1)
must be the electronic origin and that the two significant fea-
tures to higher energy (@ and @ in Fig. 1) involve, respec-
tively, one and two quanta of excitation in a vibration the
wavenumber of which is ca. 750 cm™! in the resonance-
enhancing state but only ca. 700 cm™! in the ground state of
the ion. Similar systematic REMPI-PES measurements with
the laser wavelength tuned to most of the identifiable reso-
nances in Fig. 1 have led to the assignments listed in Table 1.
Discussions of the electronic promotions responsible for these
various features, and of the nature of the vibrational motions
observed to be active in these spectra, are reserved until later.
Closer inspection of the REMPI-PES displayed in Fig. 3
reveals an additional, slower peak. REMPI-PES taken whilst
exciting via higher wave number bands were observed to
exhibit more than one such ‘slow’ peak: Fig. 4 provides one
such illustrative example, and hints at an explanation. The
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Fig. 3 Photoelectron spectra obtained following two-photon reso-
nance enhanced MPI of CH,SH at: (a) 327.1 nm (2V = 61140 cm™?),
) 323.1 nm (27 = 61897 cm™ 1) and () 319.0 nm
(29 = 62697 cm ™ *). These serve to demonstrate that the 61140 cm™!
feature is an electronic origin, and indicate the vibrational content of
the two higher-energy resonances. Note also the ‘slower’ photoelec-
tron peak which we attribute to vibronic mixing with near-resonant
vibrationally excited levels of the Rydberg state with origin at
56902 cm~ L. As in Fig. 2, the spectra are displayed with the same
kinetic energy dispersion, with the scales offset so that peaks corre-
sponding to formation of the vibrationless parent ion are aligned
vertically.

REMPI-PES shown in Fig. 4 involved four-photon ionis-
ation, resonance-enhanced at the three-photon energy by the
electronic origin at 66991 cm™*. The sharp peak in the
photoelectron kinetic energy spectrum at 1.619 ¢V is entirely
consistent with this interpretation. Three slower photoelec-
tron peaks are also evident in Fig. 4. Consider the peak
centred around 1.30 eV. Knowing E;, simple energy conser-
vation requires that the partner ions be formed with an inter-
nal energy of ca. 0.32 eV (2580 cm™Y), an energy that closely
matches the energy separation of the 66991 cm~! and
64413 cm ! origins. As Fig. 4 shows, the energy separations
between the 1.619 eV feature and the other two photoelec-
tron peaks also closely correspond to Rydberg origin separa-
tions identified in this work. (Note that the 56902 cm™
origin does not show as a three-photon resonance because, at
these energies, ionisation is much less probable, necessarily
involving a five-photon absorption process). We interpret
these observations in terms of near-resonant vibronic mixing
between the Rydberg origin (which, in the language of radi-
ationless transition theory, would here constitute the zero-
order ‘bright’ state) and the various manifolds of ‘dark’

J. CHEM. SOC. FARADAY TRANS,, 1995, VOL. 91
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Fig. 4 (a) REMPI-PES taken following excitation at: (a) 447.8 nm,
where ionisation proceeds via a three-photon resonance
(3% = 66991 cm™") involving the origin level of the second (n == 5)
member of Series I, together with (b) the relevant portion of the
three-photon REMPI spectrum of methanethiol, displayed with the
same energy dispersion. Note how the various ‘slower’ photoelectron
peaks in (a) align with the identified origin transitions in the parent
excitation spectrum (b). (Note that the 56 902 cm™! origin does not
appear as a three-photon resonance in (b) because ionisation at this
wavelength requires the absorption of a total of five photons).

vibrational levels built on Rydberg states whose origins lie
lower in energy. Given the structural similarity of the
Rydberg states and the ion, Franck-Condon considerations
will favour near-preservation of the vibrational energy upon
jonisation. Hence the close similarities between the observed
energy separations of the photoelectron peaks and the corre-
sponding Rydberg origins (Fig. 4). Note that, in principle at
least, this information on the energies of the various Rydberg
origins could be derived from measurement of the kinetic
energies of the photoelectrons resulting from a ‘single-shot®
REMPI experiment.

The REMPI-PES shown in Fig. 3(b) and (¢) provide
further support for this interpretation. Consider the former,
which we have interpreted as showing that a Rydberg lewvel
carrying one quantum of a ca. 750 cm™! mode provides the
dominant resonance enhancement. Energy conservation dic-
tates that the parent ions partnering the slower photoelec-
trons (with kinetic energies centred around 1.45eV) must
have an internal (presumed vibrational) emergy of e¢a.
5030 cm ™1, a value in almost quantitative accord with the
separation between the two-photon excitation energy and the
56902 cm ™! Rydberg origin. Once again, this is most readily
explained by invoking vibronic mixing between the Series II
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Table 1 Wavenumbers, effective quantum numbers (n*) and proposed assignments of the methanethiol resonances observed in the present

multiphoton study
¥/em™?! n* proposed one-photon ¥/em ™! n* proposed one-photon
assignment vuvye® assignment vuve®
Series 1 n'p’«3a” Series I1 n‘d’+3a"
56 902 2.40 origin 56902 61140 2.69 origin (61 144)
57674 +772 cm™? 61897 +757 cm™!
66991 3.44 origin 66 943 (66 968) 62 697 +1557 ecm™!
67 663 +672cm™? 63188 +2048 cm ™!
68 075 +1084 cm ™!
68 297 +1306 cm ™!
68 544 +1553 em™!
70700 444 origin 70 641 (70 650)
72591 5.44 origin
Series I1I n's’«3a” Series IV n'd’«3a"
64413 3.05 origin 64 367 69159 393 origin 69 109 (69 124)
65110 +697 cm™?! 71744 493 origin 71 654 (71 660)
65477 +1064 cm ™! 72435 +691 cm™!
65763 +1350 cm ™! 73104 593 origin 73046 (73 038)
69 760 4.06 origin 73966 6.93 origin 73877 (73 882)
70339 +669 cm™? 74496 7.93 origin
70700 +1030 cm ™!
71050 +1380 cm™!
72042 5.08 origin
72726 +684 cm™*t
73307 6.08 origin
74100 7.08 origin
Series V n‘f’+3a"
69399 4.00 origin
71875 5.00 origin
73202 6.00 origin
74022 7.00 origin

@ Ref. 7; value in parentheses, ref. 5.

Rydberg level (adopting the nomenclature of Table 1) carry-
ing one quantum of the ca. 750 cm™! mode and some or all
of those accidentally near-resonant excited vibronic levels
associated with the first member of our Series I. These latter
levels have internal energies of ca. 5030 cm™! which, by
Franck-Condon arguments, we would expect (and indeed
observe) to be largely conserved upon ionisation. Evidence
for similar inter-Rydberg state vibronic mixing has recently
been reported for methyl iodide*> and, to a far greater
degree, for azulene®* and pyrazine.?® Companion studies in
our own groups® reveal similar mixing amongst the Rydberg
states of dimethylsulfide, leading us to suggest that such
behaviour will in fact become recognised as the norm in
medium (and large) polyatomics, especially those like meth-
anethiol where the vibrational state density is neither too
sparse nor too high and where symmetry imposes few
restrictions on the possible vibronic mixing.

Assigning the Multiphoton Resonances

We now return to consider the assignment of the various fea-
tures appearing in the REMPI excitation spectra (Fig. 1). In
common with previous workers, we attempt to assign the
observed features as members of Rydberg series converging
to the first ionisation potential, E; = 76 260 cm™!. Wavenum-
bers corresponding to the measured band maxima (V) are
listed in Table 1 together with their associated n* values,
which have been calculated using the relationship

V= E — R/m*)? M

where R is the Rydberg constant (109 737 cm ™), n* = (n — 9)
and & is the quantum defect. For completeness, we also list
the major peaks identified in the one-photon absorption
studies of Price et al® and Tokue et al.” The resulting

quantum defects suggest assignment of four, possibly five,
separate Rydberg series, including the three series identified
previously.>~" All features are discernible as both two- and
three-photon resonances.

The electronic configuration of ground-state methanethiol
is normally written as

(28.")2(93.')2(103’)2(33”)2; X 1A’, (2)

with the highest occupied 3a” orbital being essentially non-
bonding (being dominated by the 3p, orbital of atomic sulfur,
directed perpendicular to the plane containing the C—S—H
framework).”®1° Promoting one 3a” electron to higher nl
Rydberg orbitals can be expected to give rise to one ‘s’(I=0)
series involving states of *A” electronic symmetry with prin-
cipal quantum number n > 4, three ‘p’-series (two of A"
symmetry, the other *A’, all with n > 4), five ‘d’-series (three
1A” two A/, with n > 3), seven ‘f’-series (four 1A” three 'A’,
n > 4) etc. As in our recent work on the vertical electronic
spectrum of thiirane* the parentheses are included as a
reminder that configuration mixing may render / an approx-
imate label; though not invalidate the overall state count.
Analogy with atomic sulfur and with H,S suggests that
‘pure’ | series will exhibit quantum defects around 2.0 (‘s’-
series), 1.6 (‘p’) and O (for ‘d’, ‘f’ and higher ! functions).!~3-22
Such expectations led to the assignment of one s (6 = 2.05),
one p (5 = 1.55) and one d (5 = 0.32) Rydberg series in the
earlier one-photon studies of methanethiol.>~7

The progression we label Series I in both Fig. 1 and Table
1, which has an associated quantum defect 6 ~ 1.6 if we
assume that the first (56902 cm™') member involves an
excited orbital with n = 4, has been identified previously in
one-photon absorption, and we see no reason to contradict
the earlier suggestions>~7 that this series arises as a result of
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electron promotion from the highest occupied 3a” orbital to
Rydberg orbitals that have predominant p (I = 1) character.
Note that, in contrast to our previous findings with related
(but more symmetric) sulfur-containing species like H,S'?
and thiirane,* the fact that this series appears quite strongly
in one-photon absorption and our observation of three-
photon resonances associated with these excited states serves
to emphasise the limited relevance of the ‘atomic’ description
in interpreting Rydberg transition strengths in this molecule.
The present work provides little, if any, additional insight
into the nature of this particular series, though neither its
strength in the one-photon absorption spectrum, nor the vib-
ronic simplicity of its associated REMPI-PE spectra (see Fig.
2 for REMPI-PE spectra excited via its n = 5 member) sit
entirely comfortably with the proposal of Rauk and Collins®
that the n = 4 member (at least) involves an orbital with sig-
nificant antibonding valence character.

The identification and (partial) interpretation of the series
we label III, IV and V does not appear particularly contro-
versial, so we consider them next. All three exhibit near-
integer quantum defects, suggesting that they should be
viewed in terms of excitation to Rydberg orbitals with pre-
dominant s, d or f character. As Table 1 shows, several
members of our Series III and IV have also been identified in
one-photon absorption, though Tokue et al.” chose to sub-
divide them somewhat differently. Most striking, however, is
our observation of the progression we label Series V, which
appears to have no counterpart in the one-photon spectrum
and exhibits term values and quantum defects entirely consis-
tent with the assignment n‘f’ « 3a”. The observation of one
or more such series in the REMPI spectrum of this molecule
should come as little surprise: similar series have been identi-
fied in recent multiphoton studies of both H,S* and thiirane.*
Previous workers®*~7 have chosen to assign the 64413 cm ™1
feature in terms of the 5s (rather than a 3d) Rydberg excita-
tion, though either of these assignments would be plausible
on quantum-defect grounds. However if, as in Table 1, we
choose to assign Series III and IV in terms of, respectively,
n‘s’ «- 3a” and n'd’ « 3a” electron promotions it then follows
that there must be a ‘missing’ first member of each series.
Theory,’~'? and analogy with H,S,'”"2! suggests that the
nominal 4's’ « 3a” Rydberg promotion in methanethiol has a
substantial valence contribution and is responsible for the
strong continuous absorption centred around 210 nm. This
accounts for the absent first member of our Series III, but still
leaves a question mark hanging over Series IV.

At this point it is worth recalling the set of vibronic fea-
tures that we have labelled as the one (and apparently only)
member of Series II, the interpretation of which has caused
problems in all previous analyses.”7 The associated
REMPI-PE spectra (Fig. 3) are most readily understandable
if we view the REMPI excitation spectrum in terms of one
dominant vibrational progression (involving a ca. 750 cm™1!
mode) built on a single electronic origin (at 61 140 cm™%),
This excitation differs from all other Rydberg transitions
identified in the vertical electronic spectrum of methanethiol
in as much that it is not dominated by its origin band. {This
can be seen most clearly in the present 2 + 1 REMPI spec-
trum [Fig. 1(b)] and in the one-photon absorption spectrum
shown in Fig. 2 of ref. 7; variations in the dye laser output
energy seriously distort the relative intensities of these vib-
ronic features in the 3 + 1 REMPI spectrum shown in Fig.
1(a)}. Rydberg-valence mixing provides the most obvious
explanation for the observed vibronic activity. Such mixing
often causes the electronic origin to appear to lower energy
than would be predicted by eqn. (1) (which assumes that the
excited orbital is a pure Rydberg orbital). Thus, given its term
value, its presumed valence contamination, and the absence
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of any higher members that obviously fit as part of Series II,
it is tempting to speculate that the 61 140 cm ™! feature could
actually be the ‘missing’ first member of the progression we
label Series I'V.

Finally, in this section, we comment briefly on the nature
of the excited state (and ion) vibrations that we observe to be
active. Tokue et al.” have reported ab initio frequencies for
the twelve normal mode vibrations in both the ground-state
neutral and the ion. As usual, these calculations tend to over-
estimate the absolute frequencies, but should be fairly reliable
when it comes to predicting which modes will be most
affected by ionisation. Of the totally symmetric modes, Tokue
et al.” predict that ionisation will most affect the frequency of
the v4 (C—S stretching) vibration and, consistent with this
prediction, both the REMPI spectra and the photoelectron
spectra show several ca. 700-750 cm ™! intervals which we
associate with this mode. Franck—Condon considerations
suggest that this must be the mode most apparent in the
parent absorption and REMPI spectra, though previous
analyses’ have emphasised how difficult it is to distinguish
activity in the vy and v; (C—S—H bending) modes in such
low-resolution spectra purely on energetic grounds. Two
other intervals are observed to feature with some regularity,
both in the parent excitation spectrum and in the REMPI-
PE spectra: one ca. 1050 cm™*, the other ca. 1350 cm™* (see
Table 1). The calculations’ suggest that these are most likely
associated with the vg (predominantly CH, rocking) and vy
(CH, symmetric bending) modes.

Conclusion

This study of the vertical electronic spectrum of methanethiol
provides further illustration of the way in which REMPI
spectroscopy, allied with the capability of recording the
associated REMPI-PE spectra, can complement and extend
conclusions drawn from traditional one-photon absorption
spectroscopy. The present work provides a refined value of
the first ionisation potential of CH,SH, E, = 76260 -+ 40
cm™ !, and allows identification of members of (at least) four
Rydberg series converging to this limit. Many of these fea-
tures have been identified in previous one-photon absorption
studies of this molecule;’~® the present study suggests the
need for some reassignment of series members with nesr-
integer quantum defect and also reveals one hitherto unob-
served series which we associate with electron promotion
from the highest occupied (3a”) orbital to Rydberg orbitals
with predominant f (I = 3) character. Finally, careful inspec.
tion of the PE spectra obtained following REMPI via all but
the lowest-energy resonances show one or more ‘slower’
peaks which we interpret in terms of inter-Rydberg state vib-
ronic mixing. We suggest that such observations will turn out
to be quite commonplace in polyatomic systems with vibyra-
tional state densities comparable to (or greater than) that of
methanethiol, especially in molecules like methanethiol where

symmetry imposes few restrictions on the allowed state coup-
lings.

The Bristol group is grateful to the EPSRC (previously
SERC) for their support of this work and for studentships (to
R.A.M. and J.D.H.) and to Mr K. N. Rosser for all his practi-
cal help and encouragement. M.N.R.A. is grateful to the Ciba
Fellowship Trust for their support of this collaboration,
whilst P.P. is grateful to the MEC of the Spanish Govern.
ment for the award of a research fellowship. The Amsterdam
group is happy to acknowledge the Netherlands Organis-
ation for Scientific Research (N.W.0.) for equipment gramnts
and financial support. ;



J. CHEM. SOC. FARADAY TRANS,, 1995, VOL. 91

References

1

2

10
11

12

13

M. N. R. Ashfold, J. M. Bayley, R. N. Dixon and J. D. Prince,
Chem. Phys., 1985, 98; 289.

C. A. Mayhew, J-P. Connerade, M. A. Baig, M. N. R. Ashfold,
J. M. Bayley, R. N. Dixon and J. D. Prince, J. Chem. Soc.,
Faraday Trans. 2, 1987, 83, 417.

M. N. R. Ashfold, W. S. Hartree, A. V. Salvato, B. Tutcher and
A. Walker, J. Chem. Soc., Faraday Trans., 1990, 86, 2027.

R. A. Morgan, P. Puyuelo, J. D. Howe, M. N. R. Ashfold, W. J.
Buma, J. B. Milan and C. A. de Lange, J. Chem. Soc., Faraday
Trans., 1994, 90, 3591 and references therein.

W. C. Price, J. P. Teegan and A. D. Walsh, Proc. R. Soc. London
Ser. A, 1950, 201, 600.

L. B. Clark and W. T. Simpson, J. Chem. Phys., 1965, 43, 3666.

1. Tokue, A. Hiraya and K. Shobatake, Chem. Phys., 1987, 116,
449,

G. L. Vaghjiani, J. Chem. Phys., 1993, 99, 5936 and references
therein.

A. Rauk and S. Collins, J. Mol. Spectrosc, 1984, 105, 438,

B. Mouflih, C. Larrieu and M. Chaillet, New J. Chem., 1988, 12,
65; Chem. Phys., 1988, 119, 221.

1. S. Keller, P. W. Kash, E. Jensen and L. J. Butler, J. Chem.
Phys., 1992, 96, 4324.

E. Jensen, J. S. Keller, G. C. G. Waschewsky, J. E. Stevens, R. L.
Graham, K. F. Freed and L. J. Butler, J. Chem. Phys., 1993, 98,
2882.

J. Segall, Y. Wen, R. Singer, M. Dulligan and C. Wittig, J. Chem.
Phys., 1993, 99, 6600.

14
15

16

17
18
19
20

21
22

23

24
25

26

2721

S. H. S. Wilson, M. N. R. Ashfold and R. N. Dixon, J. Chem.
Phys., 1994, 101, 7538.

M. N. R. Ashfold, D. H. Mordaunt and S. H. S. Wilson, Adv.
Photochem., 1995, 21, in the press, and references therein.

K. Kimura, S. Katsumata, Y. Achiba, T. Yamazaki and S. Iwata,
Handbook of Hel Photoelectron Spectra of Fundamental Organic
Molecules, Japan Scientific Societies Press, Tokyo, 1981.

R. E. Kutina, A. K. Edwards, G. L. Goodman and J. Berkowitz,
J. Chem. Phys., 1982, 77, 5508.

W. C. Price, J. P. Teegan and A. D. Walsh, Proc. R. Soc. London,
Ser. A, 1950, 201, 600.

M. B. Robin, Higher Excited States of Polyatomic Molecules,
Academic Press, New York, 1974, vol. 1; 1985, vol. 3.

H. Masuko, Y. Morioka, M. Nakamura, E. Ishiguro and M.
Sasanuma, Can. J. Phys., 1979, 57, 745.

V. Galasso, J. Phys. B., 1989, 22, 2241.

W. C. Martin, R. Zalubas and A. Musgrove, J. Phys. Chem. Ref.
Data, 1990, 19, 821.

M. R. Dobber, W. J. Buma and C. A. de Lange, J. Chem. Phys.,
1993, 99, 836.

P. M. Weber and N. Thantu, Chem. Phys. Lett., 1992, 197, 556.

S. Hillenbrandt, L. Zhu and P. Johnson, J. Chem. Phys., 1989,
92, 870.

R. A. Morgan, A. J. Orr-Ewing, M. N. R. Ashfold, W. J. Buma,
N. P. L. Wales and C. A. de Lange, J. Chem. Soc., Faraday
Trans., submitted.

Paper 5/01906K ; Received 24th March, 1995



