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Abstract

Recent advances in laser spectroscopic techniques make it possible to obtain mass- and
isotope-selective infrared spectra of gas-phase species at high resolution and reduced hot-band
spectral congestion. In these techniques, infrared excitation is coupled with ultraviolet
multiphoton ionization and detection of the resulting ions in a mass spectrometer, which
allows the separation of contributions of different isotopomers and, more generally, species of
different mass in a mixture. In combination with jet cooling techniques, spectra are obtained
for very cold molecules. These spectra can then be analyzed to extract information on
dynamical processes such as intramolecular vibrational redistribution or tunneling and
rearrangement processes, and on how intramolecular dynamics is influenced by vibrational
excitation and isotope effects. In this review, we introduce isotope-selective infrared
spectroscopic techniques and present some selected applications on isotope effects and
intramolecular dynamics of vibrationally excited chloroform, aniline, and benzene obtained
by isotope-selective infrared spectroscopy.

Keywords: isotopes; infrared spectroscopy; vibrations; intramolecular vibrational
redistribution; tunneling; intramolecular dynamics; laser spectroscopy; mass-selective
spectroscopy
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1 INTRODUCTION

The present review deals largely with mass- and isotope-
selective infrared spectroscopy as developed in our
laboratory in terms of OSVADPI (overtone spectroscopy
by vibrationally assisted dissociation and photofragment
ionization), ISOS (isotopomer-selective overtone spec-
troscopy) and IRSIMS (infrared spectroscopy with isotope
and mass selection) over the last two decades (Hippler
and Quack 1994, 1995, 1996, 1997, Fehrensen et al. 1998,
Hippler et al. 2003). In providing such a review concentrat-
ing on the work outlined above, we should, nevertheless,
make it clear that high-resolution molecular spectroscopy,
by its nature, is mass and isotope selective. This selec-
tivity arises from the mass dependence of the Doppler
line width and also, of course, from the dependence of
the rotational line structure of the spectra upon the mass
and even the mass distribution within the molecular struc-
ture. There are, however, several techniques that make
very explicit use of mass selection by means of mass
spectrometers in the detection step and we refer to these
techniques in particular (Page ef al. 1987, 1988a,b). We
shall make a reference to some of this work in the course
of our article, although we should make it clear that a
complete coverage of the field is by no means intended.
We also refer to the related but not identical topic of the
spectroscopy of mass-selected molecular ions, reviewed by
Duncan (2000).

The main goal of the present article is to make the
essential contents of an earlier review more easily available
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in the framework of the present handbook, which should
provide a rather complete and compact coverage without
the necessity to search for extra information in the older
literature. We therefore draw large sections of the present
article from our previous review (Hippler and Quack
2006), updating as appropriate. In some parts, we reduce
coverage to some extent, and in other parts, we extend
it. The review is structured as follows: we start with
two sections providing introductory surveys of general
principles of isotope effects in spectra (Section 2) and
an overview of isotope-selective spectroscopy in relation
to intramolecular dynamics (Section 3). In Section 4, we
provide a simple introduction to the concepts of the kinetics
of intramolecular dynamics as derived from spectroscopy
with high frequency resolution but not time resolution.
Section 5 presents details of our IR + UV two-frequency
experiments for the IRSIMS. Section 6 deals with results
from the OSVADPI technique and Sections 7 and 8 with
ISOS.

2 PRINCIPLES OF ISOTOPE EFFECTS
IN INFRARED SPECTROSCOPY AND
MOLECULAR DYNAMICS

Molecular isotope effects arise from four conceptually
distinct origins connected to different properties of the
isotopic nuclei:

1. mass differences

2. different spins

3. different “Pauli” identities

4. different electroweak charge of the isotopes.
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Although in practice the four qualities come as combina-
tions when changing one isotope against another, one can,
nevertheless, identify certain limiting situations, where one
quality becomes dominant; we shall discuss these in turn
in our general introduction to this article.

1.

Mass differences of the isotopes are the most common
source of molecular isotope effects and these are dis-
cussed in, for instance, Bauder 2011: Fundamentals
of Rotational Spectroscopy, Albert et al. 2011a: Fun-
damentals of Rotation—Vibration Spectra, Albert
et al. 2011b: High-resolution Fourier Transform
Infrared Spectroscopy, Worner and Merkt 2011: Fun-
damentals of Electronic Spectroscopy, Snels et al.
2011: High-resolution FTIR and Diode Laser Spec-
troscopy of Supersonic Jets, this handbook, as well
as in many chapters in Isotope Effects in Chemistry
and Biology (Kohen and Limbach 2006), for instance,
in Bigeleisen (2006), Wolfsberg (2006), and Hippler
and Quack (2006) forming, as mentioned, the basis for
the present article. The difference in infrared spectra
of isotopomers can be understood to lowest order by
the change of harmonic wavenumber @, of a harmonic

oscillator
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and by a change of rotational constant of a rigid rotor
(as wavenumber), here, for example, of a diatomic
molecule:
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Here c is the speed of light in vacuum, and f is the
force constant of the oscillator as the second derivative
of the potential energy V(r) at the equilibrium bond

length r.:
92V
f=< (”) 3)
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which is independent of isotopic substitution as is also
the bond length 7, at equilibrium (minimum of V) in
the Born—Oppenheimer approximation. On the other
hand, the reduced mass p changes strongly for different
isotopomers, say in diatomic molecules with

-1

ma - mp 1 1
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with the masses ma and mp of the two nuclei.
Through the approximate energy-level expressions of

the harmonic oscillator—rigid rotor energies

E, . 1

e =2 \" T2 ®
with vibrational quantum number v =0, 1,2, . . . and

E,

— =B, JUJ+1 (6)

hce

with the rotational quantum number J =0, 1,2,. . .,
the change in the masses of isotopes of atom A or B
through a change of u, B,, and @, leads to the obvious
and, indeed, dramatic changes in the energy-level struc-
ture and the corresponding transition wavenumbers
observed in infrared spectra of diatomic molecules:
H/D isotope substitution often leads to wavenumber
shifts of hundreds of cm™!, and even 3C/!2C shifts
are easily several tens of cm~!, whereas *Cl/7Cl-
isotope shifts are observable only at higher resolu-
tion, but nowadays in a standard way even in an
undergraduate student spectroscopy laboratory. Extend-
ing these considerations from diatomic to polyatomic
molecules (Herzberg 1945, 1950, Wilson et al. 1955,
Hollas 1982, Papousek and Aliev 1982), one frequently
obtains comparable mass-dependent isotope shifts in
the rigid rotor harmonic oscillator approximation. The
situation can become more complex in reality, as
some vibrations may show very little isotope shifts
and spectral congestion may prevent their resolution,
a point to which we shall return. However, the prin-
ciples of the mass-dependent isotope effects are rather
well understood even when including anharmonicity
and nonrigidity as well as non-Born—Oppenheimer
effects. The effect is generally large with large rela-
tive reduced mass differences and would vanish in the
limit where |(t; — ft2)/ 1t | approaches zero (or /ity
approaches 1). Mass-dependent isotope effects are also
important in reaction dynamics, particularly when tun-
neling or resonances become important (Fehrensen
et al. 1999b, Fernandez-Alonso et al. 2000, Bean et al.
2001, Ayers et al. 2003). It is well known that tun-
neling splittings in the spectra are extremely sensi-
tive to the effective reduced tunneling mass both with
involvement of light elements (H/D) (Bell 1980) and
also heavier isotopes (¥C1/*’Cl) (Quack and Willeke
2006).

The second isotope effect in spectra and dynamics
arises from different nuclear spins of the isotopes.
This is most obvious in nuclear magnetic resonance
(NMR) spectra, determining even the existence (say
for 13C isotopes) or absence (for '?C) of such spec-
tra (Ernst 1992, Ernst ef al. 1997), but in combina-
tion with the Pauli Principle (3) it also determines
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the relative strength of spectral lines in microwave,
infrared, and optical spectra via nuclear spin statis-
tical weights and strengths of spectral lines, includ-
ing also the possibility of the presence or absence
of such lines (Rabi 1937, Limbach 1990, Ernst
1992, Ernst etal. 1997, Albert et al. 2011ab). It
would, in principle, occur with isotopes of differ-
ent spin even in the limit where (u;/pn,) — 1.
Although in practice, there will always be a mass
difference, for very heavy isotopes this ratio may
approach 1, whereas the spin effects remain (Limbach
et al. 2006).

The third case of isotope effects in molecular dynam-
ics is even more subtle as it would appear for iso-
topes with (u/pn,) — 1 and nuclear spins I} = I,.
This arises entirely because of symmetry selection
rules in spectra and because of the dynamics of dif-
ferent isotopomers being different. Literally, it might
become dominant for nuclear isomers of almost the
same mass and the same spin (say I}, =1, =0), a
fairly exotic situation, but it may also contribute in
other situations. It was apparently first postulated to
be of potential importance in state-to-state chemical
dynamics of heavy isotopes or nuclear isomers in 1977
(Quack 1977, 1983a) and has since then been discussed
to be at the origin of certain observations of isotope
effects in chemical systems (Weston 1999, 2006). To
our knowledge, no firm spectroscopic example of this
type has really been studied in isolation from the other
two effects (1) and (2), but it is, of course, always
present in combination with these in spectroscopy
because of the symmetry selection rules (see also
Quack 2011: Fundamental Symmetries and Symme-
try Violations from High-resolution Spectroscopy,
this handbook).

While the three isotope effects mentioned so far
can be understood on the basis of quantum mechan-
ics and physics of the first half of the twenti-
eth century, the last molecular isotope effect to
be mentioned here is related to electroweak parity
violation and the electroweak nuclear force influ-
encing molecular dynamics. These phenomena have
become subject of theoretical investigations only dur-
ing the last few decades, with some striking recent
advances in the framework of new developments
in electroweak quantum chemistry (Bakasov ef al.
1996, 1998, 2004, Berger and Quack 2000, Quack
and Stohner 2003, 2005, Quack et al. 2008). While
the electric charge g, = Z4 - e for different isotopes
of the same element is the same, the electroweak
charge

Quw(A) = Za(1 —4sin” ©,) — Ny )

is different for different isotopes (with proton num-
ber Z4 and neutron number N4, ®,-Weinberg angle),
because of the different N4. Therefore, the elec-
troweak electron nucleus interaction mediated by the
Z-boson as a contactlike interaction is different for dif-
ferent isotopes with the approximate parity-violating
Hamiltonian

A

Hpy = f Z Qw(A)

hme

< Y [pisi. 8@ —rp)], ®)

i=1

with the Fermi constant Gpg, electron mass m,,
its momentum p; and spin operators s;, the three-
dimensional Dirac delta distribution 8* and positions
r; of electrons and r4 of the nuclei. This is per-
haps the most exotic of the isotope effects in molec-
ular spectroscopy and dynamics. Most recently, it
has been quantitatively predicted to lead to a ground
state energy difference between chiral isotopomers
such as PFCI*’Cl (Berger et al. 2005) (and simi-
larly HCF¥CI¥’Cl, etc.). This difference is predicted
to be very small (about 10~'3cm™"), but would be
exactly zero for symmetry reasons if only (1)—(2) are
considered. While its spectroscopic observation is pos-
sible, in principle (Quack 1986, Sieben et al. 2003),
this has not yet been realized and should happen
in the near future (see also the article Quack 2011:
Fundamental Symmetries and Symmetry Viola-
tions from High-resolution Spectroscopy, this hand-
book).

Following this introductory survey of the principles of
molecular spectroscopic and dynamical isotope effects,
we shall now turn to a discussion of isotope effects as
observed and used in practice in some recently developed
spectroscopic techniques where the mass effect (1) is of
greatest relevance (combined with (2) and (3) to some
extent).

As is appropriate for use in a handbook, we provide
in Table 1 a summary of the most important isotopes of
interest for high-resolution spectroscopy with their relevant
properties. We note that atomic masses are given in
the table (the masses of the neutral atoms including the
electrons). For some isotope effects, nuclear or ionic masses
are relevant, which can be computed from these atomic
masses. We note also the importance of nuclear spin,
magnetic moment, and parity of the nucleus for certain
isotope effects.
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Table 1 Ground state properties of selected isotopic nuclei, which are important in high-resolution molecular spectroscopy®.

Z4® Symbol© A@D Atomic mass,® Isotopic composition, Nuclear spin,® Magnetic moment,®
my/u 100 x I™ m/ N
1 H 1 1.007 825 032 99.989 1/2)* +2.792847
(D) 2 2.014 101 778 0.012 1t +0.857 438
2 He 3 3.016 029 319 0.000 134 (1/2)* —2.127 498
4 4.002 603 254 99.999 866 ot 0
3 Li 6 6.015 122 795 7.59 1+ +0.822 047
7 7.016 004 55 92.41 (372)~ +3.256 427
4 Be 9 9.012 182 2 100 (372)~ —1.177432
5 B 10 10.012 937 0 19.9 3t +1.800 644
11 11.009 305 4 80.1 (372)~ +2.688 648
6 C 12 12 (by definition) 98.93 ot 0
13 13.003 354 838 1.07 (172)~ +0.702 412
7 N 14 14.003 074 005 99.636 1t +0.403 761
15 15.000 108 898 0.364 172~ —0.283 189
8 O 16 15.994 914 620 99.757 ot 0
17 16.999 131 70 0.038 5/2F —1.893 79
18 17.999 161 0 0.205 ot 0
9 F 19 18.998 403 22 100 (1/2)* +2.628 868
10 Ne 20 19.992 440 175 90.48 ot 0
21 20.993 846 68 0.27 3/2)* —0.661 797
22 21.991 385 114 9.25 ot 0
11 Na 23 22.989 769 281 100 3/2)*T +2.217 656
12 Mg 24 23.985 041 700 78.99 ot 0
25 24.985 836 92 10.00 5/2)*T —0.855 45
26 25.982 592 929 11.01 ot 0
13 Al 27 26.981 538 63 100 5/2)* +3.641 507
14 Si 28 27.976 926 533 92.223 ot 0
29 28.976 494 700 4.685 (1/2)* —0.555 29
30 29.973 770 17 3.092 ot 0
15 P 31 30.973 761 63 100 (1/2)* +1.131 60
16 S 32 31.972 071 00 94.99 ot 0
33 32.971 458 76 0.75 3/2)* +0.643 821
34 33.967 866 90 4.25 ot 0
36 35.967 080 76 0.01 ot 0
17 Cl 35 34.968 852 68 75.76 3/2)*T +0.821 874
37 36.965 902 59 24.24 3/2)* +0.684 124
18 Ar 36 35.967 545 106 0.337 ot 0
38 37.962 732 4 0.063 ot 0
40 39.962 383 123 99.600 ot 0
19 K 39 38.963 706 68 93.258 3/2)* +0.39147
40 39.963 998 48 0.012 4= —1.298 100
41 40.961 825 76 6.730 3/2)* +0.214 870
20 Ca 40 39.962 590 98 96.941 ot 0
42 41.958 618 01 0.647 ot 0
43 42.958 766 6 0.135 (712)~ —1.317 643
44 43.955 481 8 2.086 (0 0
46 45.953 692 6 0.004 ot 0

47.952 534 0.187 ot 0

~
3
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Table 1 continued.
Z,® Symbol© A@ Atomic mass,© Isotopic composition, Nuclear spin,® Magnetic moment, ™
my/u 100 x 1" m/uyN
22 Ti 46 45.952 631 6 8.25 ot 0
47 46.951 763 1 7.44 (512)~ —0.788 48
48 47.947 946 3 73.72 ot 0
49 48.947 870 0 541 (712)~ —1.104 17
50 49.944 791 2 5.18 ot 0
26 Fe 54 53.939 610 5 5.845 ot 0
56 55.934 937 5 91.754 ot 0
57 56.935 394 0 2.119 172~ +0.090 623
58 57.933 275 6 0.282 ot 0
27 Co 59 58.933 195 0 100 (772)~ +4.627
28 Ni 58 57.935 342 9 68.077 ot 0
60 59.930 786 4 26.223 ot 0
61 60.931 056 0 1.140 (3/2)~ —0.750 02
62 61.928 345 1 3.634 ot 0
64 63.927 966 0 0.926 ot 0
32 Ge 70 69.924 247 4 20.38 ot 0
72 71.922 075 8 27.31 ot 0
73 72.923 458 9 7.76 ©2)* —0.879 468
74 73.921 177 8 36.72 ot 0
76 75.921 402 6 7.83 ot 0
33 As 75 74.921 596 5 100 (3/2)~ +1.439 48
34 Se 74 73.922 476 4 0.89 ot 0
76 75.919 213 6 9.37 ot 0
71 76.919 914 0 7.63 172~ +0.535 042
78 77.917 309 1 23.77 ot 0
80 79.916 521 3 49.61 ot 0
82 81.916 699 4 8.73 ot 0
35 Br 79 78.918 337 1 50.69 (3/2)~ +2.106 400
81 80.916 290 6 49.31 (3/2)~ +2.270 562
37 Rb 85 84.911 789 738 72.17 (5/2)~ +1.352 98
87 86.909 180 527 27.83 (3/2)~ +2.751 31
44 Ru 96 95.907 598 5.54 ot 0
98 97.905 287 1.87 ot 0
99 98.905 939 3 12.76 B2t —0.641
100 99.904 219 5 12.60 ot 0
101 100.905 582 1 17.06 5/2)*t —0.719
102 101.904 349 3 31.55 ot 0
104 103.905 433 18.62 ot 0
53 I 127 126.904 473 100 (5/2)* +2.813 27
54 Xe 124 123.905 893 0 0.095 ot 0
126 125.904 274 0.089 ot 0
128 127.903 531 3 1.910 ot 0
129 128.904 779 4 26.401 (2t —0.777 976
130 129.903 508 0 4.071 ot 0
131 130.905 082 4 21.232 312+ +0.6915
132 131.904 153 5 26.909 ot 0
134 133.905 394 5 10.436 ot 0
136 135.907 219 8.857 ot 0

(continued overleaf)
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Table 1 continued.

Z,® Symbol© A@ Atomic mass,® Isotopic composition,® Nuclear spin,® Magnetic moment,®
m,/u 100 x I~ m/uN
55 Cs 133 132.905 451 933 100 712)* +2.582 025
74 W 180 179.946 704 0.12 ot 0
182 181.948 204 2 26.50 ot 0
183 182.950 223 0 14.31 (1/2)~ +0.117 785
184 183.950 931 2 30.64 (0 0
186 185.954 364 1 28.43 ot 0
75 Re 185 184.952 955 0 37.40 B2yt +3.1871
187 186.955 753 1 62.60 52yt +3.2197
76 Os 184 183.952 489 1 0.02 ot 0
186 185.953 838 2 1.59 ot 0
187 186.955 750 5 1.96 (1/2)~ 40.064 652
188 187.955 838 2 13.24 (0 0
189 188.958 147 5 16.15 (3/2)~ +0.659 933
190 189.958 447 0 26.26 ot 0
192 191.961 480 7 40.78 ot 0
77 Ir 191 190.960 594 0 37.3 32yt +0.1507
193 192.962 926 4 62.7 @32t +0.1637
78 Pt 190 189.959 932 0.014 ot 0
192 191.961 038 0 0.782 ot 0
194 193.962 680 3 32.967 ot 0
195 194.964 791 1 33.832 (1/2)~ +0.609 52
196 195.964 951 5 25.242 ot 0
198 197.967 893 7.163 ot 0
79 Au 197 196.966 568 7 100 @32t +0.145 746
80 Hg 196 195.965 833 0.15 ot 0
198 197.966 769 0 9.97 ot 0
199 198.968 279 9 16.87 (1/2)~ 4+0.505 886
200 199.968 326 0 23.10 (0 0
201 200.970 302 3 13.18 (3/12)~ —0.560 226
202 201.970 643 0 29.86 ot 0
204 203.973 493 9 6.87 ot 0
81 Tl 203 202.972 344 2 29.52 a2+ +1.622 258
205 204.974 427 5 70.48 (1/2)* +1.638 215
82 Pb 204 203.973 043 6 1.4 ot 0
206 205.974 465 3 24.1 (0 0
207 206.975 896 9 22.1 (1/2)~ +0.592 583
208 207.976 652 1 52.4 (U 0
83 Bi 209 208.980 398 7 100 9/2~ +4.1103
92 U 234 234.040 952 2 0.005 (0 0
235 235.043 929 9 0.720 (7/2)~ —0.38
238 238.050 788 2 99.274 ot 0

@ After Cohen et al. 2007.

®Charge number.

(©Element symbol.

@Mass number A = Z5 + Na with neutron number Nj.

) Atomic mass (in atomic units of Dalton). lu = 1Da, see Stohner and Quack (2011)
(Natural abundance as mole fraction (%).

®Nuclear angular momentum (“spin”) I with parity 7 as exponent.

(WMagnetic moment m in the units of the nuclear magneton (jty).
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3 INTRAMOLECULAR DYNAMICS AND
ISOTOPE-SELECTIVE
SPECTROSCOPIC TECHNIQUES: AN
OVERVIEW

Information on mechanisms and timescales of ultrafast
intramolecular dynamic processes is encoded in homoge-
neous structures of high-resolution infrared spectra. By an
analysis of homogeneous splittings and line widths, the
rovibrational Hamiltonian and time evolution operators,
which contain this relevant information, can be extracted
(Quack 1990, 1993, 1995b, 2001, Beil er al. 1997, Hip-
pler 2001, see also Snels et al. 2011: High-resolution
FTIR and Diode Laser Spectroscopy of Supersonic
Jets; Marquardt and Quack 2011: Global Analytical
Potential Energy Surfaces for High-resolution Molec-
ular Spectroscopy and Reaction Dynamics; and Quack
2011: Fundamental Symmetries and Symmetry Viola-
tions from High-resolution Spectroscopy, this handbook).
This allows a detailed study of dynamic processes on
sub-femtosecond to picosecond timescales, for example, of
intramolecular vibrational redistribution (IVR), predissocia-
tion, or tunneling processes. In this context, it is particularly
interesting to investigate the influence of vibrational exci-
tation on intramolecular dynamics, since vibrational mode
selectivity allows one to influence reactions by selective
vibrational excitation, perhaps also after further electronic
excitation (Rizzo et al. 1983, Crim 1993). To understand
isotope effects in chemical reactions, it is also important to
investigate the influence of different isotope compositions
of a molecule (isotopomers) on intramolecular dynamics.
The ultimate aim of such studies is a better understand-
ing of intramolecular primary processes and unimolecular
reactions in polyatomic molecules at the fully quantum
dynamical level, a level which goes far beyond simplifying
statistical theories. This aim remains one of the most chal-
lenging in research in physics and chemistry, with applica-
tions also in biology and environmental sciences.

In our approach to extract detailed molecular dynamics,
a high-resolution analysis of complex and often weak band
structures of rovibrational spectra is required (Quack 1990,
1993, 1995b, 2001, Beil et al. 1997, Hippler 2001). Unfor-
tunately, infrared spectra are often congested by hot-band
transitions and because of the mixture of isotopomers, and
thus reliable assignments were often not possible in the past:
Extensive hot-band congestion in room-temperature spec-
tra of polyatomic molecules requires jet cooling to obtain
vibrationally resolved spectra. The resulting low number
densities in conjunction with low absorption cross sections
will therefore necessitate very sensitive detection of the IR
excitation. Some of these aspects can be dealt with success-
fully by supersonic jet FTIR (Fourier transform infrared)

and laser spectroscopy (Quack 1990, Snels efal. 2011:
High-resolution FTIR and Diode Laser Spectroscopy of
Supersonic Jets, this handbook). In addition, molecules
often exist as a mixture of different isotopomers at nat-
ural abundance. The resulting congestion of rovibrational
spectra then often prevents a detailed analysis; in many
cases, isotopically pure samples are not available. It is thus
desirable to use experimental techniques that allow the sep-
aration of spectral contributions from different isotopomers
and that, at the same time, help to reduce the spectral con-
gestion, for example, by supersonic jet cooling.

During the last 15 years, we successfully developed new
experimental techniques for the IR spectroscopy of gas-
phase molecules, where the selective ionization of vibra-
tionally excited molecules in IR 4+ UV double-resonance
schemes allows indirect, but extremely sensitive, detec-
tion of the IR excitation (Hippler and Quack 1994, 1995,
1996, 1997, Fehrensen et al. 1998, Hippler et al. 2003, Hip-
pler 2001). Overtone transitions are intrinsically very weak.
Instead of directly monitoring the IR absorption, one can
couple IR excitation with further UV photon absorption
steps leading finally to ionization. This allows indirect but
much more sensitive detection of infrared excitation, since
molecules are not ionized efficiently without vibrational
excitation, as resonance enhancement. The ionization yield
thus mirrors the vibrational excitation. Ionization detection
of IR excitation may increase the sensitivity and selectiv-
ity of IR spectroscopy, since electrostatic fields can extract
all ions and, in principle, even single ions can be detected
in a mass spectrometer. The technique has been applied to
overtone spectroscopy in supersonic jet expansions, where
the cooling of vibrational and rotational degrees of freedom
greatly reduces hot-band congestion and simplifies spectra.
Ionization detection of the IR excitation can be coupled
very efficiently with a time-of-flight (TOF) mass spectrom-
eter, which allows the separation of spectral contributions
of different components in a mixture. Mass spectrometry
is thus added as a second dimension to IR spectroscopy,
which greatly increases the selectivity. The IR excitation
also increases the selectivity of mass spectrometry, since it
allows the separation of species that have nearly (or exactly)
the same masses (isobars), making use of the isotope effects
(2)—(4) mentioned above in the case of isotopomers. Two
different IR + UV double-resonance schemes are reviewed
here; they are distinguished by the nature of the interme-
diate, electronically excited state: if it is dissociative, then
overtone spectroscopy by OSVADPI allows the detection
of the IR excitation in the parent molecule by observing
fragment ions (Hippler and Quack 1994, 1995, 1996, 1997,
Hippler 2001). With a bound intermediate state, resonantly
enhanced two-photon ionization (RE2PI) of vibrationally
excited molecules is very efficient via hot-band transitions
of the excited state, which represents a quasi-continuum



1076 Mass and Isotope-selective Infrared Spectroscopy

due to its high vibrational density of states (Fehrensen
et al. 1998, Hippler 2001, Hippler et al. 2003). In both
schemes, synchronous tuning of the UV laser during an
IR spectral scan is not required to retain the resonance
condition. Employing these techniques, we have studied
isotope effects in infrared spectroscopy and intramolecular
dynamics of Cl-isotopomers of some aliphatic chlorides,
such as chloroform, CF,HCI, and tert-butyl chloride (Hip-
pler and Quack 1994, 1995, 1996, 1997, Hippler 2001),
of H/D-isotopomers of aniline (Fehrensen et al. 1998, Hip-
pler 2001), and of '2C/'3C-isotopomers of benzene (Hip-
pler 2001, Hippler et al. 2003); we review some selected
examples here.

We also review some recently developed alternative spec-
troscopic techniques, which are somewhat related to our
own original developments. In infrared resonance enhanced
multiphoton ionization (IR-REMPI), molecules are vibra-
tionally excited and then ionized by multiphoton absorption
in the intense IR laser field of one tightly focused laser
beam. This vibrational preionization technique was demon-
strated by us on Ceo (Hippler et al. 1997) and later applied
by others to the IR spectroscopy of fullerenes and other
molecules (von Helden et al. 1997, 1999). It is confined,
however, to special cases where the ionization limit is low
and comparable to the dissociation threshold (or lower);
otherwise, dissociation would predominate over ionization.
In another technique, vibrationally excited molecules are
ionized by one-photon ionization of a vacuum ultraviolet
(VUV) laser (Antonov and Letokhov 1981, Putter et al.
1996). In general, however, it may be difficult to select a
suitable VUV wavelength that allows sufficient discrimina-
tion between the ionization of ground state and excited state
molecules (Antonov and Letokhov 1981): the additional IR
energy is rather small compared to the VUV energy, and
the ionization cross section does often not change enough
with energy, except at a sharp ionization threshold. In addi-
tion, the use of involved VUV laser systems may also not
always be convenient. Alternatively, vibrationally excited
molecules could be ionized by UV two-photon ionization,
which is resonantly enhanced by an intermediate electron-
ically excited state (Antonov and Letokhov 1981). Conve-
nient frequency-doubled dye lasers can then be used. In
previous implementations, distinct rovibrational levels of
the resonance-enhancing intermediate state were selected
(Antonov and Letokhov 1981, Page et al. 1988a, Bahnmaier
et al. 1992). Because of the increased selectivity owing to
the additional selection rules imposed by the intermediate
level, this double-resonance technique may aid the assign-
ment of selected infrared absorption features (Page ef al.
1988a). As the UV ionization is via distinct, separated tran-
sitions, the UV laser has to be scanned simultaneously to
retain the resonance during an IR scan. This is difficult
to achieve, however, and no IR spectra obtained in this

manner have been reported. Another IR + UV absorption
scheme was presented, where vibrationally excited phenol
was ionized by nonresonant two-photon ionization (Omi
et al. 1996, Ishiuchi et al. 1998). As discussed below, how-
ever, ionization presumably also occurred in these cases
by RE2PI, as in the present scheme, which is based on
the original earlier development of OSVADPI (Hippler and
Quack 1994, 1995, 1996, 1997, Fehrensen et al. 1998, Hip-
pler 2001, Hippler et al. 2003).

In another scheme based on photofragment spectroscopy,
an IR laser promotes molecules to predissociating vibra-
tional levels, and the fragments of this vibrationally medi-
ated dissociation are probed by fluorescence detection, for
example, by laser-induced fluorescence (LIF) of a second
UV laser (Rizzo et al. 1983, Butler et al. 1986, Ticich et al.
1987, Crim 1993). Since the yield of fragments mirrors the
IR excitation, infrared spectra are obtained indirectly, but
very sensitively, by scanning the IR laser while monitoring
the photofragment yield. The scheme can also be applied
to the IR spectroscopy of bound vibrational states. Vibra-
tionally excited molecules are then dissociated by the fur-
ther absorption of one IR or UV photon (Butler ez al. 1986,
Ticich et al. 1987, Luo et al. 1992, Crim 1993), or alterna-
tively by multiphoton absorption of several CO, laser pho-
tons by infrared laser-assisted photofragment spectroscopy
(IRLAPS) (Settle and Rizzo 1992, Lubich et al. 1995,
Boyarkin and Rizzo 1996, Boyarkin ef al. 1997, 2002),
which can also be used as a scheme for increasing selectiv-
ity in laser isotope separation (Kowalczyk 2000, Boyarkin
et al. 2003). Besides allowing infrared spectroscopy, vibra-
tionally mediated dissociation also provides insight into the
dynamics of the dissociation process (Andresen et al. 1985,
Brouard et al. 1988, Wal et al. 1991, Crim 1993). However,
a limitation of these schemes is that they require fragments
that can be probed by LIF.

Dip spectroscopy is a double-resonance technique, where
a UV laser is tuned to an electronic transition of ground
state molecules, which is monitored either by LIF or res-
onantly enhanced multiphoton ionization (REMPI) detec-
tion. If an IR laser depopulates ground state levels by
rovibrational transitions first, a dip in the fluorescence
or ionization signal is observed, which mirrors the IR
excitation (Page er al. 1987, 1988a,b, Pribble and Zwier
1994, Frost et al. 1996, Sugawara et al. 1996, Ebata et al.
1998). The main advantage of dip spectroscopy is the
added selectivity provided by the UV excitation: UV tran-
sitions of specific isomers, isotopomers, clusters, or species
in a mixture can be selected, and the IR dip spectrum
then corresponds to the selected species. Since dip signals
are observed against a strong background, these methods
suffer from poor signal-to-noise ratios. Nevertheless, dip
spectroscopy has found frequent use recently (Fujii et al.
2000, Fujimaki et al. 2000, Gerhards and Unterberg 2001,
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Reimann et al. 2001, Minejima et al. 2002, Sakai et al.
2003, Seurre et al. 2003, Frey et al. 2004, Cho et al.
2005, Gerhards et al. 2005, Chowdhury 2006, Donaldson
et al. 2007, Shubert and Zwier 2007, Busker et al. 2009,
Mahjoub et al. 2009, Ottiger et al. 2009, Stanca-Kaposta
and Simons 2011: High-resolution Infrared-Ultraviolet
(IR-UYV) Double-resonance Spectroscopy of Biological
Molecules, this handbook).

For one-photon IR absorption, the selection rules of
electric dipole transitions within the electronic ground
state allow only transitions changing several vibrational
quanta due to anharmonicity, and these transitions are
very weak. Many experimental studies in overtone spec-
troscopy are thus concerned with combination and overtone
levels involving anharmonic hydride stretching vibrations,
for example. In a different approach, vibrational levels
of the electronic ground state are reached by two-photon
excitation by stimulated transitions via excited electronic
states (stimulated emission pumping, SEP) (Reisner et al.
1984, Hamilton er al. 1986, Suzuki et al. 1988, Quack
1990, Crane et al. 1998, Herman et al. 1999) or vir-
tual levels (stimulated Raman excitation, SRE) (Esher-
ick and Owyoung 1983, Bronner et al. 1984, Bar et al.
1990, Quack 1990, Chadwick and Orr 1992, Brown et al.
1997). Since different electronic states are involved in
the two-photon excitation, different selection rules apply;
the transition strength is then mainly governed by the
Franck—Condon principle, and thus different vibrational
levels can be reached compared to direct one-photon IR
absorption. SEP and SRE have been combined with pho-
toacoustic spectroscopy (Brown et al. 1997), photofragment
spectroscopy by vibrationally mediated dissociation (Bar
et al. 1990, Brown et al. 1997), ionization gain (Esherick
and Owyoung 1983) and loss (dip) spectroscopy (Bronner
et al. 1984, Suzuki et al. 1988), LIF detection (Chadwick
and Orr 1992), and fluorescence dip spectroscopy (Crane
et al. 1998), for example.

Double-resonance schemes, where two sequential IR
absorption steps are involved to reach highly vibrationally
excited levels, are also employed to increase sensitiv-
ity and selectivity (Luo and Rizzo 1990, Lehmann ef al.
1994, Lubich et al. 1995, Boyarkin and Rizzo 1995, 1996,
Boyarkin et al. 1997, Callegari et al. 1997, 1999). Since
fundamental bands often show resolved rotational struc-
ture, a first IR photon may excite a selected rovibrational
level via a fundamental transition, and a second IR pho-
ton of different wavelength then promotes to a high over-
tone level, which allows rotational state selected vibrational
overtone spectroscopy (Luo and Rizzo 1990, Lubich et al.
1995, Boyarkin and Rizzo 1995, 1996, Callegari et al.
1997, 2000, 2001). By the selection of the first absorp-
tion step, inhomogeneous congestion can be removed. To
take advantage of the resolution obtainable with microwave

spectroscopy, microwave transitions may also be included
into the absorption chain (Jones 1979, Lehmann et al. 1994,
Merker ef al. 1999, Muenter ef al. 1999). For example,
a microwave transition can provide the last increment of
energy required for dissociation in photofragment spec-
troscopy (Muenter et al. 1999). A disadvantage is that
double-resonance schemes do not directly measure absolute
absorbances. Besides, in general, the more laser systems are
involved in a setup, the more complex and less robust the
experiment will become.

This short introduction to some recent developments of
sensitive and selective infrared spectroscopic techniques
was meant to establish some concepts and to stress that
each technique has its own merits and limitations. Ideally,
an experimental technique would be as generally applicable
as possible, provide high resolution, and combine high
sensitivity with selectivity, and yet not be too involved.
We think that our mass- and isotope-selective IR + UV
schemes, which are presented in this review, have distinct
advantages in this regard.

4 INTRAMOLECULAR
REDISTRIBUTION PROCESSES:
FROM HIGH-RESOLUTION
SPECTROSCOPY TO ULTRAFAST
INTRAMOLECULAR DYNAMICS

4.1 Intramolecular Quantum Dynamics and
Molecular Spectroscopy

The time-dependent quantum dynamics of molecules, as
of other quantum systems, is governed by the time (f)-
dependent Schrodinger equation (see also Merkt and Quack
2011: Molecular Quantum Mechanics and Molecular
Spectra, Molecular Symmetry, and Interaction of Mat-
ter with Radiation, this handbook)

. h 0v(q,t)
1_7

8 ¥ ©)

where ¢ represents the whole set of particle coordinates
and spins and ¥ (g, t) is the corresponding time-dependent
wavefunction. The molecular Hamiltonian is time indepen-
dent in the absence of external fields, but may become time
dependent in their presence. The general solution is given
with the time evolution operator U (t, tp)

W(g.0) = Ut t0)¥(q, 1o) (10)
which satisfies an equation similar to equation (9):

90 HU (11)
11— — =
27 0t
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which is solved with a time-independent Hamiltonian H by
U(t, to) = exp(—2miH (t — 19)/ h) (12)

In this latter case, one can write the solution for ¥ (g, t)
explicitly in terms of the time-independent molecular
Schrodinger equation

Hyi(q) = Exgr(q) (13)

with the stationary state eigenfunctions ¢;(q) depending
only on ¢g (not on ¢) and the corresponding eigenenergies
E}. The general ¥ (q, t) takes then the form

Wig.) =) cp(q)exp(=2miEgt/h)  (14)
k

with time-independent complex coefficients c¢; determined
by the initial conditions. With time-dependent H, the Ck
in this solution would become time dependent as well. In
principle, high-resolution molecular spectroscopy provides
relevant information on ¢;(g) and Ej and thus on the time-
dependent molecular quantum dynamics (Quack 1990). In
practice, a first spectroscopic analysis relates to an effective
Hamiltonian

Z'H.Z = Diag(E;, . . . E,) (15)

where Z is the eigenvector matrix of Heg in some unknown
basis x = (xy...x,)". In order to obtain the time vari-
ational molecular Hamiltonian in an eigenstate basis ¢y,
which can be described in ordinary coordinate space for the
molecule, we have to find an appropriate transformation

0=17"x (16)

The differences Ej — E; are directly measurable by spec-
troscopy. The scheme shown in Figure 1 illustrates the path
from molecular spectra to molecular dynamics by the inter-
mediate steps of the effective and true molecular Hamilto-
nians (Quack 1990, 1993, 1995b, 2001, Beil et al. 1997). A
careful analysis of these steps was carried out by our group
only in the years 1980—-1990, the difference between the
“true” and effective Hamiltonian analysis not having been
taken into account previously by practicing spectroscopists.
This point turns out to be particularly important for dynami-
cal isotope effects, which are properly accounted for only in
the case when true molecular Hamiltonians or proper trans-
formations are used (Quack 1990, Beil et al. 1996, see also
Albert et al. 2011a: Fundamentals of Rotation- Vibration
Spectra, this handbook).

The general time evolution operator approach encoded
in equation (11) is useful in dealing with the most gen-
eral aspects of the problem (Quack 1995c, 2001, Quack

| Molecular spectra

High-resolution molecular spectroscopy
Fourier transform spectroscopy
Laser spectroscopy
(symmetry selection rules)

ll
Effective Hamilton operators

(effective symmetries)
A

Ab initio Hamilton operators
(theoretical symmetries)

Rovibronic Schrédinger
equation

Electronic Schrédinger
equation

Molecular Hamilton operators A
(observed symmetries)

Ab initio potential energy
hypersurfaces and
Hamilton operators

l (symmetries)

Time-evolution operator U
(matrix)

l

Molecular kinetics and statistical mechanics
(conservation laws and constants of motion)

Molecular dynamics

Figure 1 Scheme of the combined experimental—-theoretical
approach for the determination of molecular dynamics from
molecular spectra (from Quack 2001).

2011: Fundamental Symmetries and Symmetry Viola-
tions from High-resolution Spectroscopy, this handbook).
Rather than pursuing these more formal aspects, we pro-
vide here a much simplified but instructive and intuitive
perspective.

4.2 Spectroscopic States and Intramolecular
Dynamics: an Intuitive Perspective

4.2.1 General Aspects

Time-independent, molecular states are eigenstates of the
time-independent Hamiltonian operator in the Schrodinger
equation, equation (13) with the time-dependent wavefunc-
tion for an eigenstate,

Wy = g exp(—2miEt/ h) (17)

The square of the wavefunction of such stationary states
is time independent, and therefore nothing moves in the
molecule; only the phase is time dependent. These eigen-
states are the spectroscopic states, which are observ-
able by high-resolution spectroscopy of isolated molecules



Mass and Isotope-selective Infrared Spectroscopy 1079

(neglecting the natural lifetime and width due to sponta-
neous emission) (Quack 1981a, 1990, 1993, 1995b, 2001,
Beil et al. 1994, Nesbitt and Field 1996, Beil et al. 1997,
Hippler 2001, Gruebele and Bigwood 1998). A spectrum
at highest resolution consists, in principle, of discrete
lines having the natural line width corresponding to these
eigenstates. The lines are overlapping in most cases, giv-
ing rise to homogeneous and inhomogeneous structures
(Dtibal and Quack 1980, 1981, Quack 1990). Homoge-
neous structures arise by absorption from one initial energy
eigenstate. Inhomogeneous structures result from overlap-
ping transitions from different initial quantum states, where
the Doppler width of rovibrational lines, hot-band transi-
tions, or transitions from different species, isotopomers, or
isomers are examples. Using special techniques to remove
spectral congestion (double-resonance experiments, super-
sonic jet cooling), “eigenstate-resolved” spectra have been
obtained in the past for some simple molecules (Lew-
erenz and Quack 1988, Quack 1990, Luckhaus and Quack
1992, Lehmann et al. 1994, Hollenstein et al. 1994, Snels
et al. 1995, Lubich er al. 1995, Boyarkin and Rizzo 1996,
Callegari et al. 1999, Merker et al. 1999, Boyarkin et al.
1999). For vibrational states with small amplitudes, the
harmonic approximation in the potential energy function
is appropriate, and the normal modes resulting from a
harmonic analysis correspond then to a good degree of
approximation to the molecular eigenstates. This will, in
general, be true for fundamental vibrations, except for large-
amplitude motions. For overtone and combination states at
higher vibrational excitation, anharmonicity in the poten-
tial energy becomes more and more important, invalidating
the harmonic approximation. The molecular eigenstates are
then a mixture of the formal, “zeroth-order” normal mode
overtone and combination states. The mixing of idealized
normal mode vibrations, which are based on a harmonic
approximation, is due to anharmonicity—hence the name
“anharmonic resonances”—between normal mode states of
similar energy (Herzberg 1945, 1950, Wilson et al. 1955,
Hollas 1982, Papousek and Aliev 1982). The coupling or
mixing coefficients can be calculated approximately by per-
turbation theory. They are frequently determined by the
matrix elements of the perturbing, anharmonic potential
terms in the basis of harmonic oscillator wavefunctions
(Papousek and Aliev 1982). Distinct anharmonic reso-
nances, in particular Fermi resonances with an exchange of
one quantum of excitation in one vibrational mode with two
quanta in another mode, or Darling—Dennison resonances
with an exchange of two quanta of vibrational excitation
in one mode with two quanta in another mode, are impor-
tant for very fast relaxation processes (Fermi 1931, Darling
and Dennison 1940, Papousek and Aliev 1982, Diibal and
Quack 1984, Peyerimhoff er al. 1984, Segall et al. 1987,
Lewerenz and Quack 1988, Mills 1988, Diibal et al. 1989,

Hollenstein et al. 1990a, Duncan and Law 1990, Quack
1990, Marquardt and Quack 1991, Luckhaus and Quack
1992, Holland et al. 1992, 1993, Luckhaus et al. 1993, Mar-
quardt et al. 1995, Lubich et al. 1995, Boyarkin and Rizzo
1996, Hippler and Quack 1996, Boyarkin et al. 1997, 1999,
Luckhaus 1997, Fehrensen et al. 1998). Fermi resonances
were first observed and interpreted in the CO, spectrum
(Fermi 1931) (see also Herzberg 1945, 1966), and have
since then been extensively studied in the IR spectra of the
CH-chromophore, for example (Peyerimhoff et al. 1984,
Diibal and Quack 1984, Segall et al. 1987, Carrington et al.
1987, Mills 1988, Halonen et al. 1988, Halonen 1988, Lew-
erenz and Quack 1988, Diibal er al. 1989, Hollenstein et al.
1990a, Duncan and Law 1990, Quack 1990, Marquardt and
Quack 1991, Luckhaus and Quack 1992, Hollenstein et al.
1993, Luckhaus ef al. 1993, Marquardt et al. 1995, Nes-
bitt and Field 1996). Higher order anharmonic resonances
account for a further mixing and redistribution of vibra-
tional excitation. All resonances become particularly effec-
tive if the zeroth-order energies arising from the idealized,
normal mode vibrations involved are similar (resonance
condition). In addition, rovibrational Coriolis resonances
from the coupling of rotation with vibrational motions may
also be present (Herzberg 1945, 1950, Wilson et al. 1955,
Hollas 1982, Papousek and Aliev 1982). The wavefunc-
tions of highly excited eigenstates are, in general, spread
over the entire molecule and not localized, and they are
thus also known as global vibrational states (Quack 1981a).
Time-dependent states, where the atoms in the molecule
are moving, are described as the superposition of time-
independent eigenstates (equation 14) (Quack 1990, 1995b,
Beil et al. 1994, 1996, 1997, Lehmann et al. 1994, Nesbitt
and Field 1996, Gruebele and Bigwood 1998).

The time dependence arises from the spreading of phases
(equation 14) of the vibrational eigenstates, from a con-
certed ordering of phases to give rise to an initial state
Y (t = 0), to essentially a “random” superposition. In this
way, vibrational energy originally located in an initial vibra-
tional state is distributed among other vibrational modes as
a function of time—time-dependent IVR; this is the com-
plement of the time-independent picture of IVR, visible
in the nonseparability of the ¢; in a set of coordinates
(normal modes) (Quack 1990, Beil ef al. 1997). In prin-
ciple, the time dependence in equation (14) allows recur-
rences of occupation probability of the initial state, but if
the time-dependent state is composed of many eigenstates,
equation (14) basically describes a relaxation process. High-
resolution spectroscopy identifies eigenstates, and from
their analysis and assignment, an effective Hamiltonian and,
finally, the true complete molecular Hamiltonian of the
molecule can be constructed, perhaps supported by ab initio
calculations (Quack 1990, 1993, 1995b, Beil et al. 1997,
Herman et al. 1999). Zeroth-order states in perturbation
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theory are usually harmonic normal mode vibrations. Their
energies provide the diagonal elements in a matrix represen-
tation; perturbation energies give the off-diagonal elements.
Matrix diagonalization yields the energies and the vector
composition of the true, perturbed states with respect to the
basis functions used. Since the perturbation treatment is,
in general, limited to a low-order approximation, the cor-
responding model Hamiltonian derived from the spectra is
not the true molecular Hamiltonian, but an effective Hamil-
tonian (Quack 1990, 1993, 1995b, Beil et al. 1997). The
diagonal and off-diagonal elements in the matrix representa-
tion are usually considered as fit parameters to the observed
spectrum. In general, the effective Hamiltonian describes
the observed spectrum very well, since mathematically it
originates from a transformed molecular Hamiltonian with
similar or the same eigenvalues as the true Hamiltonian.
The basis functions, however, are also transformed and are
then, in general, not known explicitly. Full knowledge of
the true wavefunctions is only possible if the important step
from an effective model Hamiltonian with unknown basis to
the complete molecular Hamiltonian with known wavefunc-
tions is made (Quack 1990, 1993, 1995b, Beil et al. 1997).
This will finally allow the prediction of how an arbitrary,
initially created state will evolve in time in full detail, not
only providing the timescale of decay of the initial state
but also the mechanisms of intramolecular redistribution
processes. This approach of extracting dynamic informa-
tion is summarized in Figure 1; it is much more than just
“Fourier-transforming” spectra, as it invokes a crucial anal-
ysis step for the wavefunction (Quack 1995b). Among the
initial steps in the analysis of spectra, we can mention the
distinction of homogeneous and inhomogeneous structures
illustrated in Figure 2.

The simple analysis in terms of dynamics refers only
to homogeneous structures. However overall appearance of
a spectral “band” consisting of many lines can be very
similar for homogeneous and inhomogeneous structures.
Frequently, one assumes that inhomogeneous structures
arise from hot-band congestion (see Figure 2) and can be
removed by supersonic jet cooling, for instance. However,
such cooling can also remove certain homogeneous struc-
tures labeled Reverse in Figure 2. Furthermore, even after
the purely homogeneous structures have been identified in
a spectrum, only an analysis of the true wavefunctions
underlying the spectral lines allows one to identify coupling
pathways and schemes in appropriate molecular Hamilto-
nians. Similar homogeneous spectral structures can result
from different coupling schemes. Often, a complete analysis
is possible only by a combination of several experimental
and theoretical methods. It is in this context that develop-
ment of new techniques such as OSVADPI/IRSIMS/ISOS
becomes important. We shall illustrate now the analysis of

Rovibrational band structure

Homogeneous (Reverse) Inhomogeneous
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Figure 2 Illustration of “homogeneous” and “inhomogeneous”
spectral structures (after von Puttkamer et al. 1983b, Quack 1990).
(a) Schematic representation indicating transitions and levels as
well as the absorption structure, o, which may be similar for
both types. Note that the role of upper and lower levels could be
inverted (denoted by “Reverse”), resulting in temperature depen-
dence for homogeneous structure or an emission band structure.
(b) Model calculation for inhomogeneous structure of the CH-
stretching band in (CF3);C—C=C-H (discrete structures under
continuous envelope (von Puttkamer er al. 1983b)). (c) Model
calculation for discrete homogeneous (envelope not drawn). The
coupling scheme for the upper level shown in the insert corre-
sponds to two local mode states coupled to a dense spectrum
(Quack 1981a).

the simplest spectral structures for some quite different but
typical model-coupling schemes.
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4.2.2 An Example of Two-level Dynamics

As the simplest case, one may consider two states <p(1)
and (pg with energy E? and EY, respectively, coupled
by an off-diagonal matrix element (perturbation energy)
—W. The matrix representation of the effective Hamiltonian
is therefore (see Albert et al. 2011a: Fundamentals of
Rotation- Vibration Spectra, this handbook)

EY -w
Heff—<_W E(2)> (18)

The energy levels E; and E, corresponding to the eigen-
functions ¢, and ¢, given in equation (19) are observable
by high-resolution spectroscopy:

EY+ EY EY— EY
i 2

2
) +W2 (19

If the unperturbed states are degenerate (or nearly degen-
erate), E? = E9 = E°, the solution is especially simple,
E1> = E"F W, and the corresponding wavefunctions can
be chosen as ¢ , = %((p? + gog). The eigenfunctions ¢
and ¢, are the symmetric and antisymmetric superpositions
of the unperturbed states. By a coherent laser pulse, which
has, owing to its time dependence, a frequency distribu-
tion covering both transitions to the spectral eigenstates
¢; and ¢,, a time-dependent coherent superposition state
¥ can be created, which corresponds to the unperturbed
state go(l) (equation 20) provided that it is the one state go(l)
that carries the electric dipole transition strength, a typical
Fermi-resonance situation, if gog corresponds to an overtone
with a small or zero dipole strength.

Wi =0)= (o, + ) = ¢ (20)

VT A Y1 T ¢2) =9

As can be seen from equation (14), ¥ (¢) = (¢; — ¢2)/
V2 = ¢Y after t = h/(2AE), and after t = h/AE, it recurs
to @Y. W thus oscillates with a period

h

T= 1)

between the two states <p(]) and gog. In practice, further
couplings not considered in the simple two-state model
damp the oscillation and eventually transfer vibrational
excitation out of these two states.

A typical example, where such a two-state model would
be adequate, is provided by the classic Fermi resonance
(1931), observed in Raman excitation, however. Another
use is the local mode resonance, that is, a relatively
weak resonance, which becomes apparent because of an
(accidental) frequency match of two vibrational states
corresponding to local oscillators, not normal modes. Two

equivalent, isolated oscillators provide an example for two-
state coupling, for example, the hydride stretchings in the
NH; or CH; group. This “local mode” coupling can be
the consequence of an entirely harmonic Hamiltonian and
would not be apparent in a normal mode picture. At high
vibrational excitation, one often observes two nearly degen-
erate pairs of spectral states, which correspond to the sym-
metric and antisymmetric combinations of localized vibra-
tions in one of the two bonds. By coherent excitation of
these two eigenstates, a time-dependent, localized state can
be created, which will oscillate between the two equivalent
localized vibrational modes with period 7 (Quack 1981a,
1990, 1993). In all these examples, time-independent spec-
troscopy measures the energy difference AE, which allows
the conclusion by quantum mechanics that a time-dependent
state can, in principle, be created by coherent excitation by
laser pulses, which will oscillate with period T = h/AE.

The nature of the migration of excitation between these
two local modes or bond modes is of some interest. While
it certainly corresponds to a migration of vibrational energy
from one bond to the other, it is not necessarily linked to
IVR (Quack and Kutzelnigg 1995). Indeed, in a normal
mode picture, the excitation energy would remain local-
ized and conserved within one normal coordinate (or sepa-
rately within each normal coordinate) and thus separability
excludes true IVR (Beil ef al. 1997). The excitation of the
two spectral lines corresponds to the excitation of two nor-
mal modes with corresponding Lissajous motion (Herzberg
1945).

An apparently similar, but in fact quite different, type
of two-state coupling leads to true IVR: anharmonic Fermi
resonances or Darling—Dennison resonances. If such reso-
nances occur as two-level resonances, which is the simplest
case, then they are again described by equations (18)—(21)
with a periodic oscillation. In a Fermi resonance, the two
coupled states correspond to an excitation of one normal
mode with one quantum and another normal mode with
two quanta, both levels of about the same energy, coupled
by anharmonic potential terms. Here the separability of the
dynamics in the normal modes is destroyed and the time
dependence corresponds to a flow of energy between dif-
ferent vibrational normal modes. In a Darling—Dennison
resonance, the two coupled levels correspond both to an
excitation of two different normal vibrations, each with two
quanta, the coupling being again anharmonic and nonsep-
arable. These are just two examples where the observation
of some splitting leads to an interpretation in terms of
time-dependent processes but very different ones, indeed.
Another very different type of two-level dynamics is related
to tunneling splittings (to be discussed below) and a further
one relates to spin—spin couplings. The mere observation
of some splitting AE does not define the observed pro-
cess, yet.
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4.2.3 Coupling Many Levels in a Multistate
Dynamics

In a more complex case, one state may be coupled to
another state, which is coupled to a third state, and
so on, leading to a chainlike coupling structure with
a tridiagonal effective Hamiltonian matrix representation
(Diibal and Quack 1984, Quack 1990, 1993, 1995b, Beil
et al. 1997). A particularly well-studied example of this
type is given by the Fermi resonance between stretching
modes s and bending modes b in isolated hydride bonds,
e.g., the alkyl-CH-chromophore. By this resonance, 3vq
is coupled to the combination band 2vg + 2vy,, which is
coupled to vg+ 4v,, which in turn is coupled to 6vy,
for example. All vibrational states of a given symmetry
species with common polyad number N = v+ 0.5 - vy
are thus coupled together, where the v denote vibrational
quantum numbers. Off-diagonal coupling matrix elements
are given as functions of a parameter kg,,, which would
correspond at a low order of perturbation theory to the
cubic anharmonic potential term Cgp. In practice, kgyp 1S
just a fit parameter to the observed spectrum and may
differ markedly from Cg,, (Quack 1990, 1993, 1995b, Beil
et al. 1997). Matrix diagonalization yields the energies of
the molecular eigenstates. It is often assumed that only the
zeroth-order state with the most stretching quanta carries
noticeable transition strength (“bright state”), since hydride
stretching modes are, in general, very anharmonic. The
perturbed states then gain their transition strength through
the admixture of bright state character in this simple
model, which allows the prediction of transition energies
and relative intensities within one polyad. With a very
short laser pulse exciting all polyad members coherently,
the pure hydride stretching mode can be prepared, in
principle, which will then redistribute vibrational energy
over time to the stretching/bending manifold, due to the
Fermi-resonance couplings.

With increasing vibrational excitation, the density of vib-
rational states becomes very high, especially for molecules
with low-frequency vibrational modes. In aniline, for
example, the density of vibrational state is estimated to be
about 1.7 x 10° percm™ in the first NH-stretching over-
tone region. All these background states might be coupled
at least weakly with the chromophore state giving rise to
homogeneous spectral structures. The weak couplings typi-
cally govern the dynamics on timescales of picoseconds to
nanoseconds. Although an exhaustive analysis of these cou-
plings and thus of all details of the redistribution process
may be very difficult, except perhaps for some simpler cases
employing double-resonance experiments at very high reso-
lution, a simplified interpretation on the basis of a statistical
model is often still possible. Assuming a statistical cou-
pling with some average coupling strength, one expects, and

often observes in experiments, a Lorentzian envelope over
the homogeneous structure, or even an apparent Lorentzian
line width due to the overlapping of lines composing the
homogeneous structure. In such a statistical model, which
is similar to the Bixon—Jortner model of electronic relax-
ation processes (Bixon and Jortner 1968), the full width
at half maximum (FWHM) I' of the Lorentzian distribu-
tion indicates an exponential decay of the initial vibrational
chromophore state to the background states with relax-
ation time t = h/(2nI") (Quack 1981a, see also Merkt and
Quack 2011: Molecular Quantum Mechanics and Molec-
ular Spectra, Molecular Symmetry, and Interaction of
Matter with Radiation, this handbook). An analogous
interpretation applies to the special case of vibrational pre-
dissociation or preionization (Herzberg 1966, Jungen and
Raoult 1981, Hippler et al. 1997, Merkt 1997, Hollenstein
et al. 2001), where the initial vibrational state decays expo-
nentially to a true continuum of background states with
relaxation time t, which can be again inferred from the
Lorentzian line width I" (Quack 1981a, von Puttkamer and
Quack 1989).

In all cases, the accuracy of description of time-
dependent and time-independent states involved depends
on the level of theory on which the effective Hamiltonian
was derived. In general, several mechanisms may be active
for intramolecular redistribution processes of an initially
prepared time-dependent state, and the interaction of dif-
ferent mechanisms can be studied (Fehrensen et al. 1998).
Sometimes, a distinct ordering of coupling strengths and
thus also of mechanisms can be observed, leading to a
hierarchy of timescales in IVR (Diibal and Quack 1981,
Segall et al. 1987, Lubich et al. 1995, Boyarkin and Rizzo
1996, Hippler and Quack 1996, Boyarkin et al. 1999). The
understanding of spectra and the dynamics of highly excited
vibrational states through overtone spectroscopy (Quack
1990) is among the most exciting current research subjects,
since it is intimately related to primary processes in laser
chemistry and reaction dynamics (Quack 1993, 1995a,b,c).
It may appear at first glance that IVR is a molecule-specific
process, which cannot be controlled, and that therefore
mode-specific laser chemistry is impeded by the very fast
IVR processes. This is, however, not necessarily true. The
knowledge of IVR timescales suggests first the use of very
short (femtoseconds to pico seconds) laser pulses to over-
come the effects of IVR and thus to control the outcome
of laser-driven chemistry on short timescales. Furthermore,
the molecular Hamiltonian derived from a detailed analysis
of experimental spectra allows the prediction of very spe-
cial initial time-dependent states with “unusual” properties,
showing, for example, particularly slow IVR or leading to
IVR processes, which proceed in a very special way, break-
ing selected chemical bonds (Quack 1983b, von Puttkamer
et al. 1983b, Lehmann et al. 1994, Gruebele and Bigwood
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1998). Such “designed” initial states can be prepared, in
principle, by the coherent superposition of eigenstates by
laser pulses with specific amplitude and phase relationship
between frequency components. Although at its very begin-
nings, this new approach to mode-specific laser chemistry
is a “hot topic” of current research (Warren ef al. 1993,
Gerber et al. 1995, Baumert et al. 1997, Meshulach and
Silberberg 1999, Shapiro and Brumer 2003, Witte et al.
2003). In principle, an appropriate spectroscopic analysis
at very high resolution can be the starting point for many
applications in these fields of research.

5 THE EXPERIMENTAL APPROACH TO
INFRARED SPECTROSCOPY WITH
MASS AND ISOTOPE SELECTION
(IRSIMS)

Our experimental setup for mass-selective infrared spec-
troscopy is shown schematically in Figures 3 and 4. In
short, IR radiation from a Ti:sapphire laser system or from
an optical parametric amplifier (OPA) is focused into the
core of a skimmed molecular beam within an ultrahigh
vacuum (UHV) chamber. After a suitable time delay, the
counterpropagating UV radiation is also focused to the same
focal spot. Ions generated after IR + UV absorption by
OSVADPI or by RE2PI of vibrationally excited molecules
are mass analyzed in a time-of-flight (TOF) mass spectrom-
eter. Since the ionization yield mirrors the IR excitation,
mass analysis of the ions allows separation of the spectral
contributions of different isotopomers or, more generally,
of different components in a mixture.

T
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Figure 3 Experimental setup with Ti:sapphire laser and Raman
shifter (after Hippler and Quack 1994). SHG, second harmonic
generation of UV radiation; PD, photo diode to monitor the UV
pulse energy; PM, pyroelectric monitor of the IR pulse energy;
P, Pellin—Broca prism; L, lenses to focus UV and IR radiation,
respectively; TOF, time-of-flight mass spectrometer.

DM

Nd: YAG

TOF

UHV chamber

Figure 4 Scheme of the experimental setup with OPA as IR
laser source (after Hippler and Quack 1997). SHG: second har-
monic generation, PD: UV photodiode, L: lens, OPA: optical
parametric amplifier, DM, dichroic mirror to separate the 355-nm
pump radiation; PM, pyroelectric IR power monitor; PA, photoa-
coustic reference cell; TOF, time-of-flight mass spectrometer.

For some experiments (e.g., to observe CHCl3 overtone
spectra, see below), near-infrared light around 11 500 cm™!
is created by a Ti:sapphire laser (STI Optronics, HRL-100)
pumped by the first harmonic output (532nm, typically
500mJ per pulse at 10Hz) of a pulsed Nd:YAG laser
(Continuum, NY82-10) (see Figure 3). The Ti:sapphire
laser has single longitudinal mode output with an essentially
Fourier-transform-limited Gaussian beam with specified
bandwidth of less than 500 MHz (0.017cm™!) with ca
20—40mJ energy per 4.5 ns pulse at a 10Hz repetition
rate. The IR radiation is focused with a 20-cm focal length
lens into the TOF vacuum chamber with a focal spot
diameter of 100 pm (FWHM). At a pulse energy of 40 mJ,
the power density in the focal spot is thus approximately
100 GW cm™2. With the Ti:sapphire laser system, the
710-910nm (1100014 100cm™"') red and near-infrared
spectral region is accessible. To extend this region further
into the infrared, a Raman shifting cell is inserted after the
Ti:sapphire laser (Figure 3). The 70-cm-long high-pressure
cell is made of stainless steel and equipped with sapphire
windows. It is filled with H, at a pressure of 20—30 bar
as Raman-active medium. A 40-cm focus lens focuses the
pump radiation from the Ti:sapphire laser, and after the
cell, the Raman shifted radiation is made parallel again
with another 40-cm focus length lens. Stimulated Raman
scattering on the Q(1) line in v =1 of Hy with AE =
4155 cm™~! creates several Stokes and anti-Stokes lines from
the pump radiation (Minck et al. 1963, Bischel and Dyer
1986, White 1987, Bespalov et al. 1991, Duncan et al.
1991). With 60 mJ pulse energy at 790 nm as pump source,
ca 15mJ of first Stokes radiation at 8500 cm™! is obtained.
The first Stokes line is separated from the fundamental
pump light and other Stokes lines by a Pellin—Broca prism,
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and then focused into the TOF vacuum chamber with a
measured spot diameter of 500 pm (FWHM). In this case,
a power density of roughly 1.5 GWem™2 is estimated.
Time delayed and counterpropagating to the IR radiation, ca
0.1-0.5mJ of UV laser light from a frequency-doubled dye
laser around 240 nm (Lumonics, HD-500) is also focused
into the vacuum chamber with a 20-cm focal length quartz
lens. The dye laser is pumped with the third harmonic
output (ca 50mJ pulse energy at 355nm) from the same
Nd:YAG laser that is used to pump the Ti:sapphire laser
system. A fixed time delay of ca 30 ns between the IR and
the following UV laser pulses in the vacuum chamber is
achieved by optically delaying the pump light for the dye
laser by several meters (Figure 3).

In other experiments (e.g. to observe aniline and ben-
zene overtone spectra, see below), IR idler radiation
is generated in an OPA of a narrow-bandwidth dye
laser operating at the signal wavelength (Figure 4). A
frequency-tripled, injection-seeded Nd:YAG laser (Contin-
uum, Powerlite 9010) pumps the OPA system (Lambda
Physik, modified SCANMATE OPPO). In order to improve
the conversion efficiency, two B-barium borate (BBO) crys-
tals are employed for the optical parametric amplification.
The laser system is tunable from 410 to 2500 nm, deliv-
ering typical IR pulse energies between 30mJ at 800 nm
and 10mJ at 2000nm and some millijoules at 2500 nm
after pumping the dye laser and the BBO crystals with
300mJ per pulse of 355 nm radiation from the injection-
seeded Nd:YAG laser. The temporal pulse profile is nearly
Gaussian with 4 ns FWHM. The spectra displayed here are
recorded with an IR laser bandwidth of 0.15 cm™!, since no
additional structures are apparent with the improved band-
width of 0.02cm™! achieved using an intracavity etalon in
the dye laser in a series of control experiments at higher res-
olution. The remaining 355 nm pump light (typically 70 mJ
per pulse), which is not converted in the OPA, is separated
from the signal and idler radiation by a dichroic mirror
(Figure 4). After a suitable, short optical delay, it is used
to pump a dye laser, which is then frequency doubled gen-
erating typically 200 pJ per pulse of UV radiation around
240-300 nm (Lumonics, HD-500). The OPA IR idler radia-
tion is separated from the visible signal radiation by a glass
filter (Schott, RG715) and focused by a 25-cm lens into the
UHV chamber. In order to avoid saturation of the aniline
or benzene overtone transitions by IR excitation, the focus
of the IR radiation is pulled slightly out of exact overlap
with the jet region (by ca 1-2cm). Signals are then lin-
early dependent on the IR pulse energy. The UV laser is
also focused into the vacuum chamber counterpropagating
to the IR by a 30-cm quartz lens. The time delay between
the IR pump and the UV probe beams is 20 ns. Both IR
and UV laser radiation are linearly polarized within the
same plane. In order to obtain IR + UV double-resonance

signals, it is necessary to overlap both foci very carefully.
The ionization signal is found to be proportional to the IR
absorption, and by scanning the IR laser while monitoring
the ionization yield, overtone spectra are obtained. Double-
resonance ionization signals depend linearly on the IR pulse
energy, and ionization signals are normalized accordingly to
correct for laser pulse to pulse energy fluctuations. Simul-
taneously with the IR + UV ionization spectra, reference
spectra are taken with a small photoacoustic cell filled with
the sample vapor or a reference gas (e.g. methane or water
vapor) typically at a pressure of 100 mbar. After a quadratic
fit to reference lines known from literature (Rothman et al.
1992, 2005, Toth 1994) or by comparing the photoacoustic
spectrum with a corresponding room-temperature spectrum
obtained separately with an FTIR spectrometer (BOMEM,
DA-002) (Amrein et al. 1985, Quack 1990) or the Bruker
125 HR ZP 2001 Zurich prototype (Albert and Quack
2007, Albert et al. 2011b: High-resolution Fourier Trans-
form Infrared Spectroscopy, this handbook), an absolute
wavenumber accuracy of 0.1cm™! is estimated for the IR
spectra presented below.

Sample substances are, in general, purified by distillation
and degassed by several freeze—pump—thaw cycles, and
the purity is checked with gas chromatography. Partially
N-deuterated aniline is prepared by hydrogen exchange in
a stoichiometric mixture with CH30D (Cambridge Isotope
Laboratories, 99% D), which is then distilled off. The sam-
ple vapor is typically diluted into 1 bar of Ar, e.g., for the
chloroform experiments, by preparing a mixture of satu-
rated chloroform vapor (ca 210 mbar, Fluka puriss. p.a.) in
1 bar argon or for the aniline experiments by bubbling 1
bar of the seed gas Ar or N, through liquid aniline (Fluka),
which has a vapor pressure of 0.74 mbar at room tempera-
ture (Fehrensen et al. 1999a). The gas mixture then expands
through a pulsed solenoid nozzle with 1-mm circular ori-
fice (General Valve, with Iota One pulse driver) into the
first vacuum chamber. After passing a 0.5-mm skimmer
(Beam Dynamics, model 2) at a distance of 3cm from
the nozzle orifice, the skimmed molecular beam enters the
second UHV chamber. Ions created by IR + UV absorp-
tion are guided by electric fields through a small aperture
to the UHV chamber with the TOF mass spectrometer.
All vacuum chambers are pumped differentially by turbo-
molecular pumps. Room-temperature spectra are obtained
by flowing ca 10~* mbar of sample vapor through the sec-
ond chamber. Differential pumping keeps the pressure in
the TOF chamber always below 10~° mbar. In a test run,
NO seeded into 1 bar argon was probed by (1+1) REMPI
via the A 2% (v =0) < X %[, (v" = 0) transition at
226 nm (Hippler 1993, Hippler and Pfab 1995) (without the
IR laser operating). In the (R;; + Q»1)- and R;;-branches,
only transitions from the lowest rotational state of NO with
J = 0.5 were observed; transitions from J = 1.5 or higher
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J were not apparent. This indicates a rotational temperature
of the skimmed molecular beam below 3 K, and a similar or
perhaps somewhat higher rotational temperature is expected
for expansions of chloroform or aniline seeded into Ar in
the present experiment. Vibrational cooling in a supersonic
expansion is frequently less effective than rotational cool-
ing. Typical vibrational temperatures can be of the order of
100-200 K, depending on the molecule and type of vibra-
tion (Miller 1988, Gentry 1988, Demtroder 1981, Amrein
et al. 1988, Amirav et al. 1980).

The custom-built TOF mass spectrometer in our exper-
iments is a Wiley—McLaren type reflectron (Kaesdorf,
Munich) (Wiley and McLaren 1955, Karataev et al. 1972,
Mamyrin et al. 1973, Gohl et al. 1983, Boesl et al. 1992)
combining double-stage ion extraction with a double-stage
ion reflector. With this TOF, the benzene ion parent peak
with m = 78 u is observed after a flight time Ar = 27.89 s
with an FWHM of the ion peak of ca Afgpwym = 8ns,
which is mainly caused by the UV pulse length. With the
resolving power R of a TOF mass spectrometer defined
as R=m/Am = At/(Atpwum X 2) (Boesl et al. 1992),
R = 1743 at m = 78 u is calculated for the present setup.
Ion signals are processed by boxcar integrators (Stanford
Research, SR 250) and an oscilloscope (Tektronix, TDS
520A), where time windows for integrating ion signals are
defined, corresponding to selected flight times of different
masses. In this way, separated ion yields of different com-
ponents are recorded simultaneously, which allows for mass
spectroscopy and ISOS.

6 MASS-SELECTIVE OVERTONE
SPECTROSCOPY BY VIBRATIONALLY
ASSISTED DISSOCIATION AND
PHOTOFRAGMENT IONIZATION:
OSVADPI

In this section, a variant of infrared photofragment spec-
troscopy 1is introduced and evaluated; this technique was
developed by us by 1994 as overtone spectroscopy by vibra-
tionally assisted dissociation and photofragment ionization
(OSVADPI) (Hippler and Quack 1994, 1995, 1996, 1997,
Hippler 2001). In this scheme, IR excitation is coupled
with UV dissociation and ionization of photofragments,
which allows indirect, but extremely sensitive, IR spec-
troscopy. Since ionization detection can be conveniently
coupled with a mass spectrometer, mass- and isotopomer-
selective infrared spectroscopy is possible for studying
isotope effects in intramolecular dynamics. This new tech-
nique allows the separation of spectral contributions arising
from naturally occurring isotopomers, or of different com-
ponents in a mixture: ISOS or, more generally, IRSIMS.

The combination of sensitive infrared spectroscopy with
mass spectrometry greatly increases the selectivity, which is
important for both fundamental and analytical applications
of spectroscopy. The decomposition of overlapping spectra
from different components reduces inhomogeneous con-
gestion; in many cases, it will allow for the first time a
secure assignment, as in the examples discussed below.
After a discussion of the excitation mechanism and scheme
of absorption, we introduce, as an exemplary application,
the overtone spectroscopy of Cl-isotopomers of chloroform,
revealing isotope effects and a hierarchy of timescales of
IVR after excitation of the CH-chromophore (Hippler and
Quack 1996).

6.1 Mechanism of Vibrationally Assisted
Dissociation and Photofragment Ionization

Without the IR laser operating, a weak ion current is
observed, if UV radiation between 235 and 240 nm is
focused into a cell or a molecular beam containing vapor
of some aliphatic chlorides, such as chloroform, tert-butyl
chloride, or CF,HCI. The ion current increases, but is still
very small, if the UV laser is tuned to one of the several
(2+ 1) REMPI transitions of Cl (*Ps/3) or Cl (®Py)
in this region (Arepalli ef al. 1985). Aliphatic chloride
compounds have a characteristic first UV absorption band
below 200 nm (Tsubomura et al. 1964, Russell et al.
1973, Hubrich and Stuhl 1980). In this n — o™ transition,
electron density is transferred from a nonbonding to an
antibonding orbital around the C—CI bond, which causes
the bond to break, releasing Cl (>P3;5) or Cl (Py))
fragments. Apparently, UV radiation between 235 and
240nm dissociates molecules on the very edge of this
absorption band with low cross section, or by a two-photon
transition to a higher electronic dissociative state. Nascent
Cl fragments are then ionized by the same UV laser beam
in a (2 4+ 1) REMPI process. Other heavier fragments might
also be ionized by REMPI via broad absorption bands.
Since the UV laser wavelength is unfavorable for the first
dissociation step in the absorption sequence, ionization
signals are only weak.

If the IR laser operates in addition and excites molecules
first, a distinct increase of the resonant ionization yield
is observed. Two possible schemes of excitation suggest
themselves and need to be discussed: first, IR multiphoton
absorption could lead to electronic ground state dissocia-
tion. Nascent Cl fragments would then be ionized by the
UV laser by (2+ 1) REMPI, for example. IR multipho-
ton dissociation, however, does not appear to apply in the
present case. In CF,HCI or CHCI3, the energetically low-
est dissociation channel via the electronic ground state is
o, a-elimination of HCI (Schug et al. 1979, Duperrex and
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Clt+e”

—— cr

CHCl, + Cl

Figure 5 OSVADPI scheme of excitation with CHCl3 serving
as example (after Hippler and Quack 1994).

van den Bergh 1979, Quack er al. 1980, Yang et al. 1994).
Scanning the UV laser through known HCI (2 4+ 1) REMPI
transitions did not reveal any HCl, however. Further, the
ionization yield depends linearly on the IR pulse energy,
indicating that only one IR photon is absorbed. The pres-
ence of Cl fragments finally points to dissociation via an
excited electronic state (Yang et al. 1994). This leads to the
scheme of excitation summarized in Figure 5, OSVADPI:
After the absorption of one IR photon, vibrationally excited
molecules are UV photodissociated. CI fragments are then
ionized by (2 4+ 1) REMPI, and possibly also some heavier
fragments. The first IR absorption step effectively limits the
ionization yield. Ionization detection in this scheme allows
indirect, but very sensitive, infrared spectroscopy.

The combined IR and UV radiation excites the dissocia-
tive electronic state much more efficiently than one-photon
UV absorption alone. This is partly due to the higher total
energy of IR 4+ UV photons: The absorption cross section
of the first UV absorption band increases by several orders
of magnitude at the higher total energy of the IR 4+ UV pho-
tons compared to the UV photon alone. Another, essential
enhancing mechanism is provided by the Franck—Condon
principle: by vibrational excitation, the molecular wave-
function extends over a larger region, which allows a more
efficient transition to the electronically excited state. This
is indicated in the scheme of Figure 5, but the real mul-
tidimensional situation is, of course, much more complex
than shown. Similar explanations are invoked to explain
the enhanced absorption in vibrationally mediated disso-
ciation of other molecules, where photofragments have
been probed by LIF detection (Crim 1993). In this respect,
the dissociation mechanism of OSVADPI is analogous

to vibrationally mediated dissociation spectroscopy. The
proposed mechanism of excitation is corroborated by study-
ing the dependence of the ionization yield on the IR and
UV pulse energies with CHCl3 as example (Hippler and
Quack 1994). At a UV wavelength that corresponds to
a (24 1) REMPI transition of CI, the ionization yield
depends linearly on the IR intensity and fluence, consis-
tent with vibrational one-photon IR excitation as the first
step in the absorption scheme. The dependence on the UV
intensity and fluence is quartic at low intensity, cubic at
intermediate levels, and finally quadratic at pulse energies
over 40 wJ per pulse, corresponding to peak intensities
of about 40 MW cm~2 or fluences of about 0.4 Jem™2.
This is consistent with four UV photons being involved
in the absorption sequence. The first photon induces vibra-
tionally assisted photodissociation, and the remaining ionize
ClI fragments formed in their spin—orbit split ground state
via (2 + 1) REMPI. With increasing UV pulse energy, first
the dissociation and the ionization step are saturated, leav-
ing finally the quadratic dependence of the two-photon Cl
excitation, which has a low absorption cross section. At
UV wavelengths not coinciding with a CI atomic reso-
nance, the ionization yield depends also linearly on the IR
intensity. Again, the first step in the absorption sequence is
the IR one-photon excitation. The dependence of the ion-
ization yield on the UV intensity is found to be cubic at
low and quadratic at intensities over 50 MW cm~2. The first
absorbed UV photon causes vibrationally assisted photodis-
sociation of CHCI3, followed presumably by two-photon
ionization of fragments, possibly CHCI,.

One important aspect in the OSVADPI scheme presented
is that the electronically excited state is a dissociation con-
tinuum. This intermediate state in the ionization sequence
does not show any apparent structure within the small
energy range encompassed by scanning the IR laser to
obtain an overtone spectrum. It was therefore in all cases
entirely adequate to leave the UV laser at a fixed frequency
while scanning the IR laser, which greatly simplifies the
experiment. This is a very important advantage compared
to other schemes with ionization detection of infrared exci-
tation via discrete electronically excited rovibrational states.
The experimental setup is also less involved than compara-
ble schemes: The UV photons required for dissociation and
REMPI detection of photofragments are all derived from
one laser system operating in the UV range around 250 nm,
which is conveniently accessible by standard frequency
doubling of a dye laser. Both IR and UV laser systems
are pumped by one single Nd:YAG pump laser, and an
optical delay line achieves the synchronization of the laser
systems (Figures 3 and 4). Ion detection is extremely sen-
sitive; OSVADPI is thus a very sensitive indirect technique
for IR spectroscopy. Because low sample pressures are
required and the absorption path is the focus region only,
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the OSVADPI technique is ideally suited to study over-
tone spectroscopy of samples having low vapor pressure or
of jet-cooled samples in supersonic jet expansions. Com-
pared to the much higher sample pressure required for FTIR
or photoacoustic spectroscopy to get spectra of compara-
ble quality, the low sample pressure greatly reduces the
unwanted effect of pressure broadening. Coupling ioniza-
tion detection with a TOF mass spectrometer finally allows
mass- and isotope-selective infrared spectroscopy of differ-
ent components in a mixture, for example, Cl-isotopomers
of chloroform at natural abundance. Although it would be,
in principle, possible to chemically prepare isotope-pure CI-
isotopomers of chloroform, this would be very expensive
and not very practical; with the present scheme, however,
this is not necessary, since the different Cl-isotopes are
separated in the mass spectrometer.

Figure 6 shows the TOF mass spectrum after IR excita-
tion at 11384.6cm™! and UV photodissociation and ion-
ization. The UV wavelength at 235.32 nm corresponds to
the (24 1) REMPI transition of Cl, 3p*4p (°P) 2D§ <
3p ng’ P (Arepalli et al. 1985). The dominating ions are
thus 35Cl and 3’Cl. As shown below, the IR excitation
corresponds to a transition of CH»Cl,%’Cl. The observed
33C1/7Cl-isotope ratio does therefore not reflect the nat-
ural abundance of Cl-isotopes; it is rather about 2:1 as
in the particular IR-excited isotopomer. '>C, '>C*Cl and
12C37CI ions and a small fraction of the corresponding
13C containing ions are also observed. Possibly, the sec-
ond photofragment CHCI, is ionized by (1 + 1) REMPI,
and further fragmentation leads to the appearance of CCl
and C ions. Alternatively, secondary photodissociation of
CHCI, may yield CCl and HCIl fragments (as for the
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Figure 6 Fragment mass spectrum after dissociation of vibra-
tionally excited CHCI; and ionization with UV radiation at
235.32nm (from Hippler and Quack 2006). S denotes the ion
signal, At the flight time in the time-of-flight mass spectrometer;
m/z is the corresponding nonlinear mass scale.

193 nm photodissociation of CHCI3 (Yang ef al. 1994)),
and CCl is then ionized and further fragmented. Since the
UV radiation cannot ionize C atoms efficiently, C ions
result from the fragmentation of an ionic precursor. Mass
gating the ion detection to 33Cl and 3’Cl will not allow
isotopomer-selective spectroscopy of CHCls directly, since
there are four Cl-isotopomers: CH?Cly (43.5% natural
abundance), CH*C1,%’Cl (41.7%), CH*C1*'Cl, (13.3%),
and the minor component CH*'Cl; (1.4%). '3CH- and
I2CH-chromophore absorptions are well separated with
I3CH-transitions outside the range discussed below (Hol-
lenstein et al. 1990a). Mass-selective detection of 33Cl and
37CI ions in OSVADPI allows a simple manipulation to
assign spectral features to the three major Cl-isotopomers:
if twice the yield of 3’Cl is subtracted from the yield of
301 fragments, the influence of CH*CL,*CI on the total
yield of 33CI fragments is approximately subtracted, since
for every 3’Cl, two Cl appear for this isotopomer. Spec-
tral features, which remain unaffected under this operation,
are thus identified to belong to CH**Cl; whereas features,
which disappear, belong to CH*’Cl,*’Cl. The influence
of the third important isotopomer CH*CI3’Cl,, however,
would be overestimated. “Negative” features after the sub-
traction are thus due to CH3’CI3’Cl,. This subtraction
scheme allows secure assignments, especially for resolved
spectral features (Hippler and Quack 1996, 1997, Hippler
2001).

6.2 Isotopomer-selective Overtone Spectroscopy
(ISOS) of the N; = 4, CH-chromophore
Absorption of CHCl;

Because of the presence of four Cl-isotopomers, CHCI3
overtone spectra have a very complex structure, which is
also affected by vibrational hot-band transitions: at room
temperature, the vibrational ground state of chloroform
has only a population of 38%. v¢ (the degenerate C—Clj
bending vibration at 260cm~! (Ruoff and Biirger 1970))
and 2v¢ have a population of 22 and 10%, respectively, and
v3 (the C—Cl; “umbrella” vibration at 367 cm™! (Ruoff and
Biirger 1970, Hippler and Quack 1997, Pietild et al. 1999))
a population of 7%. This inhomogeneous congestion is
especially apparent in the central part of parallel vibrational
bands with sharp Q-branches of Cl-isotopomers and of
hot-band transitions. Without means to simplify spectra,
secure assignment of features to genuine, anharmonic local
resonances would be exceedingly difficult. The N; =4,
CH-chromophore absorption (corresponding approximately
to the 3v; 4+ 2v4 combination band) is part of the N =4
polyad; in the order of descending wavenumbers, it is the
second band after N; = 4;. The very weak band has only
about 5% of the peak intensities compared to N; =4
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Figure 7 N; = 4, CH-chromophore absorption of chloroform at
room temperature, recorded by FTIR spectroscopy in a multipass
absorption cell, I = 49m, 100 mbar CHCl3, 0.1 cm™! experimen-
tal bandwidth (recorded by H. Hollenstein, Ziirich group; from
Hippler and Quack 2006).

(see Figure 7). In a simple intensity model for the N =4
polyad, the v; = 4 CH-stretching overtone carries all of the
absorption intensity. All polyad states acquire absorption
intensity according to the admixture of this CH-stretching
overtone due to the Fermi resonance between CH-stretching
and bending modes. The N; = 4, band has been observed
before in an investigation of this strong Fermi resonance,
but only an approximate band position at 11019cm™!
was reported without any further details, for example,
discussing the position of different Cl-isotopomers (Wong
et al. 1987, William et al. 1987). Since a secure assignment
of N; =4, is essential to corroborate the identification of
the local perturber in the N; = 4; overtone (see the next
section), this band was reinvestigated in detail (Hippler
2001). The room-temperature spectrum recorded by FTIR
in a multipass absorption cell corresponds to the natural
Cl-isotopomer mixture of 100 mbar chloroform (Figure 7).
The spectrum shows the parallel band with sharp Q-branch
features and typical broad contours of the P- and R-
branches located around the Q-branch at lower and higher
wavenumbers, respectively. In addition, there are very weak
features around 11040cm™! that cannot be assigned at
present. Presumably, they are due to a different combination
band.

In Figure 8, the Q-branch region of N; =4, is shown
in more detail. In (b), the room-temperature FTIR spec-
trum (as in Figure 7) is shown and in (a) the correspond-
ing OSVADPI spectrum (without mass selection) is shown.
OSVADPI spectra of ca 10~* mbar chloroform vapor (leak-
ing through the vacuum chamber) were obtained with the
OPA system and with the UV laser at 235.32nm corre-
sponding to a (2 4+ 1) REMPI transition of Cl. Both spectra
are essentially identical, which indicates that OSVADPI is a
faithful mirror of IR excitation. In the Q-branch, three fea-
tures are apparent, which are labeled “A”, “B”, and “C” for
convenience. Whether they correspond to the Q-branches of
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Figure 8 Q-branch region of the chloroform N; =4, CH-
chromophore absorption at room temperature (from Hippler and
Quack 2006). (a) An OSVADPI spectrum of ca 10~* mbar chlo-
roform vapor (without isotopomer selection, S, corresponding
to the sum of all ions). (b) The FTIR reference spectrum (as in
Figure 7). The three distinct spectral features have been labeled
A, B, and C; they are discussed in the text.

the three major Cl-isotopomers, to hot-band transitions, or
perhaps to the homogeneous structure of a local anharmonic
resonance, however, cannot be decided and assigned on the
basis of the room-temperature spectrum without decompo-
sition of the spectrum into Cl-isotopomers. Mass gating
the fragment ion detection in the OSVADPI scheme to the
yield of *3CI and *’Cl ions with the TOF mass spectrom-
eter, ISOS spectra have been obtained after application of
the subtraction scheme introduced before (see Figure 9). It
is clearly seen that feature “C” belongs to the CH*Cl5 iso-
topomer, since it does not contribute to the *’Cl fragment
yield. Feature “B” has a ¥Cl/3”Cl-isotope ratio of 2: 1 and
is therefore due to CH*Cl,3"Cl. Feature “A” corresponds
to an isotope containing more 3’ClI than 33Cl, since the peak
is “negative” after the subtraction; it is therefore assigned to
CH*CIP’Cl,. The relative peak areas of features “A”, “B”,
and “C” (normalized to the sum 100) are 15, 41, and 44,
respectively, which, in this assignment, corresponds closely
to the relative abundance of isotopomers. Q-branch max-
ima at 11015.0cm~!, 11017.2cm™!, and 11018.7 cm™!
are thus found by ISOS for the isotopomers CH*CI37Cl,,
CH*C1,%Cl, and CH*Cl3, respectively, with an estimated
accuracy of 0.1cm™'. The maxima are good estimates
for the band origins of N; = 4,. Relative to the position
of CH*Cl3, Cl-isotopomer shifts are thus 1.5cm~! for
CH®C1,%Cl and 3.7 cm™! for CH¥CI*’Cl,. These experi-
mental shifts may serve as benchmark results for theoretical
calculations (Hollenstein et al. 1993, Pietild et al. 1999).
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Figure 9 Isotopomer-selective OSVADPI spectra (ISOS) of the
QO-branch region of the N; =4, CH-chromophore component
of chloroform at room temperature (from Hippler and Quack
2006). The peaks A, B, and C are assigned to the three major
Cl-isotopomers (see text).

Since lighter isotopomers appear at higher wavenumbers,
the order of band origins is as expected if no perturbations
are effective. Vibrational hot-band transitions are probably
hidden in the Q-branch contours, which have an FWHM
of about 0.5—1cm™! at room temperature.

6.3 Isotopomer-selective Overtone Spectroscopy
(ISOS) of the Nj = 4; CH-chromophore
Absorption of CHCl3: A Hierarchy of
Timescales and Isotope Effects in
Intramolecular Vibrational Energy
Redistribution (IVR)

The N; =4, CH-overtone level of chloroform (approxi-
mately the third CH-stretching overtone) has a complex
structure, which could not be assigned prior to our work
(Hippler and Quack 1996). Figure 10 shows the central
structure with the Q-branches of the different isotopomers
of chloroform at room temperature. Outside the range dis-
played, the overtone has, in addition, broad P- and R-
branches with the typical contour of a parallel transition.
With the Ti:sapphire IR laser system and the UV laser
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Figure 10 Central part of the N; = 4; CH-chromophore absorp-
tion of CHCI3 at room temperature, smoothed graphical resolu-
tion 0.08cm™! (actual resolution 0.02cm™!) (after Hippler and
Quack 1996). (a) The OSVADPI spectrum without mass selec-
tion as reference plot. (b)—(d) The corresponding isotope-selective
OSVADPI spectra (ISOS) with assignments to Cl-isotopomers.
Hot-band sequences are indicated by dashed lines, the splitting
due to the local anharmonic resonance is indicated by solid lines
(see also text).

operating at 235.32 nm (corresponding to a (2 + 1) REMPI
transition of Cl), OSVADPI spectra have been obtained
as already described. The OSVADPI spectrum, where all
ions are collected without mass selection, corresponds
to the chloroform isotopomer mixture. It is essentially
identical with photoacoustic and FTIR reference spectra,
although they have been obtained using completely differ-
ent detection schemes. Mass gating the detection in the
TOF to 3°Cl and *’Cl fragment ions and applying the
subtraction scheme (Figure 10d), all major peaks in the
complex room-temperature spectrum have been assigned to
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Figure 11 Isotope-selective OSVADPI spectra (ISOS) of the
jet-cooled N; =4, CH-chromophore absorption of CHCl; with
assignment of Q-branches to the three major Cl-isotopomers (after
Hippler and Quack 1996). The brackets indicate the splitting due
to the local anharmonic resonance.

Cl-isotopomers as indicated in Figure 10 and summarized
in Hippler and Quack (1996).

Hot-band transitions have been identified by comparison
with jet-cooled spectra (Figure 11) where the subtraction
procedure has been applied to separate the Cl-isotopomers.
The P- and R-branches have an FWHM of only ca
5cm~!, which indicates a very cold rotational temperature
of the jet spectra. By comparison with simulated rotational
band contours, a rotational temperature of about 5K is
estimated. No vibrational hot-band transitions are apparent
in the expansion of chloroform seeded into Ar. Using He
or Ny as seeding gas, hot-band transitions with vg were
just emerging corresponding to slightly higher vibrational
temperatures of ca 140 and 180 K, respectively. Under these
different expansion conditions, however, no changes in
band contours or position are apparent, which indicates that
the jet-cooled spectra are not affected noticeably by cluster
formation. Compared to the room-temperature spectrum,
an interesting change of the rotational contour in the
Q-branch of jet-cooled CH*»CI,*'Cl is noted: the peak
maximum is shifted 0.5cm™! to lower wavenumbers, and
the FWHM of the contour increases to 1.3cm™! compared

to 0.4 cm™! at room temperature. This effect is genuine and
not an experimental artifact due to insecure wavelength
calibration or insufficient resolution, since jet-cooled and
room-temperature reference spectra were always recorded
simultaneously using the same IR laser. Presumably, a band
head is formed at high J values at room temperature, which
is removed at very low temperatures, thus changing the
rotational contour. In the assignment, hot-band transitions
arise from vg, 2vg, V3, or 3vg. The intensities in this
assignment are consistent with the thermal population,
and the shifts are compatible with the anharmonicity
constants ¥}, = 0.32 cm~ ! and X3 =0.98 cm~! (Ruoff and
Biirger 1970, Ful3 and Weizbauer 1995, Hippler and Quack
1997).

After removing all vibrational hot bands and isotopomer
congestion in the isotopomer-selected jet spectra, the split-
ting of Q-branches of the isotopomers CH¥Cl; and
CH*Cl,*'Cl is striking, which indicates a local anharmonic
resonance (see Figure 11). For CH?>Cl3, the Q-branch is
split into two components of nearly equal intensity. In
this case, the local resonance of the 4, state with a sec-
ond vibrational state is almost perfect. In the isotopomer
CH*C1,*'Cl, the Q-branch is split into two components
of different intensities, which indicates a detuning of the
resonance due to a shift of vibrational frequencies in the
different isotopomers. In the Q-branch of the third major
Cl-isotopomer, CH*>CI*’Cl,, no splitting is apparent. Pre-
sumably, the local resonance is detuned even further and
thus not as effective as for the other two isotopomers. In
the vibrational hot-band transitions of the room-temperature
spectra, no such resonance splittings are apparent, which is
presumably because the resonance is detuned in the combi-
nation band of 4; with the hot-band vibration. Assuming a
two-level model for the local resonance, where the unper-
turbed state 4; carries all absorption intensity, a depertur-
bation for CH*Cl; yields 11384.1cm™' as unperturbed
position of 4; and 11384.7cm™! for the perturbing vibra-
tional state. For the interaction energy, |W| =2.0cm™!
is found (the sign is undetermined). A similar depertur-
bation for CH*C1,3’Cl gives the same interaction energy
and 11383.1cm™! and 11380.2cm™! as unperturbed posi-
tions of 4, and of the perturber, respectively. Apparently,
the same vibrational level is the perturber of 4; in both
isotopomers. An assignment of the perturbing state may
appear impossible at first glance: the density of vibrational
states, which have A; symmetry, as has 4; and which can
thus, in principle, interact via an anharmonic resonance, is
about 340 states percm ™' at the energy of 4. The count of
vibrational states and their assignment was performed by
a computer program, which calculates all possible vibra-
tional combination bands within a given energy interval
using experimental anharmonic spectroscopic constants and
experimental or estimated isotopomer shifts (Ruoff and
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Biirger 1970, Diibal et al. 1989, Full and Weizbauer 1995).
To calculate positions of CH-stretching/bending modes
within a Fermi-resonance polyad, the program diagonal-
izes the corresponding effective Hamiltonian matrix with
experimental parameters (Diibal ez al. 1989). Most of the
vibrational background states involve many quanta of CClj
frame modes, and thus have an isotopomer shift much
larger than found in the experiment. At the 4; energy,
only about 0.7 states percm™! of A; symmetry have an
estimated isotopomer shift of less than 10cm™! between
CH>Cl;3 and CH?CL,%Cl, estimating the shift by the
sum of the observed isotopomer shifts of fundamentals
multiplied by the number of the corresponding vibra-
tional quanta in the combination band. Among these few
states, the likely perturber seems to be the combination
of the second Fermi-resonance component N; =4, and
the C-Cls “umbrella” vibration vs3. It is the only com-
bination band of A; symmetry within a 30cm™" interval,
which could interact via a quartic anharmonic resonance
with 4;; all other bands would involve the change of
more than four vibrational quanta relative to 4;. A cou-
pling of CH-stretching and bending vibrations with the
C-Cl; umbrella vibration also appeals to physical intu-
ition. The v3 fundamental has been observed before at
367.296 cm™! for the isotopomer CH3>Cl3, at 364.52 cm™!
for CH¥CL*'Cl, and at 361.68cm™! for CH¥CI'Cl,
(Pietild ef al. 1999), in good agreement with our own
FTIR measurements (Hippler and Quack 1996). With large
isotopomer shifts, the availability of rotationally resolved
spectra and no apparent perturbations, an assignment to iso-
topomers was relatively unproblematic in this case. For the
N; = 4, overtone absorption, an assignment would be less
obvious, since the room-temperature spectra are not rota-
tionally resolved. With ISOS, however, the following peak
positions of Q-branches were obtained (see Section 6.2):
11018.7cm™! for the isotopomer CH**Cl3, 11017.2cm™!
for CH¥C1,*’Cl, and 11015.0cm~! for CH¥CI¥’Cl,; they
may serve as good estimation for the band origins. Tak-
ing the sum of the v3 and 4, positions as estimation for
the unperturbed position of the combination band 4, + v,
almost perfect agreement with the values for the perturber
in the local resonance in N; =4, is found. Estimated
positions are only 1.4cm™! higher, and the estimated iso-
topomer shift equals the deperturbed value. The 4cm™!
almost perfect resonance splitting indicates a redistribu-
tion time of 4ps to the CCl;s frame mode, independent
of the particular assignment. This is to be compared with
the ultrafast (=50 fs) redistribution between CH-stretching
and bending modes in CHCl; and generally in CHX3
compounds (Diibal and Quack 1984, Peyerimhoff et al.
1984, Amrein et al. 1985, Lewerenz and Quack 1986, Bag-
gott et al. 1986, Wong et al. 1987, William et al. 1987,
Segall et al. 1987, Lewerenz and Quack 1988, Diibal et al.

1989, Ha et al. 1990, Hollenstein et al. 1990a, Quack 1990,
1993, Marquardt and Quack 1991, Hollenstein et al. 1993,
Marquardt et al. 1995). The present result for the local
anharmonic resonance in CHCI; thus indicates a clear
separation of timescales in IVR by almost a factor 100.
Assuming further that the bandwidth of possible homo-
geneous structures, I’ (in wavenumber units), is caused
by exponential decay to background states, further redis-
tribution of vibrational excitation with decay time 7 =
h/Q2nl) =1/ (2mel) is calculated. Taking as upper bound
of I' the 0.4cm~' FWHM of the sharpest feature in the
N, = 4, overtone spectrum (the Q-branch of CH*C1,*Cl
at 11384.64cm’1), T > 13ps is thus obtained as lower
bound.

In summary, the following hierarchy of timescales in
IVR emerges for the observed overtone N; = 4;: the v =4
CH-stretching overtone is the chromophore state coupled
to the IR field. It is the “antenna” to receive vibrational
energy from the radiation field. With a redistribution time
of ca 50 fs, vibrational energy is redistributed to the CH-
stretching/bending manifold by the strong Fermi resonance,
resulting in the polyad state 4;. This state is in local
resonance with a CClz frame mode with redistribution time
T = 4 ps, which then further “decays” into the background
of vibrational states with redistribution time 7 > 13 ps.
The resulting spectroscopic states are observable by high-
resolution spectroscopy; they will eventually decay back to
the ground state by spontaneous IR emission with decay
times of the order of 1 ms (see also Segall et al. 1987 and
Albert et al. 2011a: Fundamentals of Rotation—Vibration
Spectra, this handbook, for the case of CHF3).

7 ISOTOPE-SELECTIVE OVERTONE
SPECTROSCOPY (ISOS) BY
RESONANTLY ENHANCED
TWO-PHOTON IONIZATION OF
VIBRATIONALLY EXCITED
MOLECULES

The OSVADPI technique introduced in the previous section
is based on a photofragment ionization scheme that requires
molecules to have a dissociative excited electronic state.
Here, a new variant of ISOS will be introduced, which can
also be applied to molecules with a bound excited electronic
state, employing the same experimental equipment: RE2PI
of vibrationally excited molecules. ISOS and IRSIMS are
thus truly general experimental techniques for the gas-phase
infrared spectroscopy, which have a wide range of possible
applications.
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7.1 Overview

After providing a discussion on the scheme of excita-
tion and the mechanism of RE2PI of vibrationally excited
molecules, we introduce, as a selected application example,
the spectroscopy and intramolecular dynamics of aniline
isotopomers after excitation of the first NH-stretching over-
tone. In aniline, the influence of different isotopes on IVR
and on the internal tunneling motion of the NH,-group
(inversion) can be studied by high-resolution spectroscopy.
Tunneling or inversion motions is an important topic in
intramolecular dynamics (von Puttkamer and Quack 1989,
Quack 1989b, 1991, 1993, 1999, 1995b, Klopper et al.
1998, Fehrensen et al. 1998, 1999a,c, Kuhn et al. 1999).
The inversion at the N-atom with pyramidal threefold sub-
stitution represents one prototype system, where ammonia
has been a textbook example for a long time (Herzberg
1945, Luckhaus 2000, Marquardt et al. 2003, Snels et al.
2003). Owing to its low barrier to inversion of the amino
group (Fehrensen eral. 1999a, Quack and Stockburger
1972, Kleibomer and Sutter 1988, Jiang and Lin 1997),
aniline is particularly well suited to study inversion pro-
cesses. In the past, the theoretical treatment and the analysis
of experimental spectra have been mainly limited to effec-
tive one-dimensional models (Quack and Stockburger 1972,
Larsen et al. 1976, Kydd and Krueger 1977, Hollas et al.
1983, Fehrensen et al. 1999a, Lopez-Tocon et al. 2000) or
to the two-dimensional subspace including torsional motion
(Pyka and Kreglewski 1985, Bludsky et al. 1996), thus
neglecting the influence of different excited vibrational
modes on the inversion dynamics. Although the exact full-
dimensional quantum mechanical treatment of such inter-
actions is not feasible at present for molecules as large
as aniline, the theoretical study of the vibrational mode-
selective inversion motion has been possible within some
approximations with the recent development of a reaction
path Hamiltonian approach (Fehrensen ef al. 1999a,c). The
partially N-deuterated C¢HsNHD is a particularly interest-
ing isotopomer of aniline, since it is chiral in its equilibrium
structure; the structure with defined handedness, however,
is not an eigenfunction of the Hamiltonian and thus not
stable (Quack 1989b, 1995b, 1999). The inversion motion
corresponds, in this case, to a stereomutation, i.e., to the
isomerization between enantiomers of different handedness
(Quack 1989b, 1995b, 1999), and the analysis of stereomu-
tation tunneling spectra can provide stereomutation times
and their dependence on excitation of various vibrational
modes for this prototypical, elementary chemical reaction.
Aniline has two high-frequency IR chromophores, the CH-
chromophore similar to benzene and the NH-chromophore.
Their absorptions are, in general, well separated in the IR
spectrum. The study of overtone spectroscopy will give
information on anharmonic resonances and IVR. Aniline

-

Figure 12 The equilibrium structure of aniline (from Hippler
and Quack 2006). The inversion angle ¢ is defined as the angle
between the NH, plane and the CN bond.

C¢HsNHD is particularly suited to study IVR processes,
since it has an isolated NH-chromophore, which facilitates
a detailed analysis of its absorption spectrum.

The nonplanar equilibrium structure of aniline is shown
schematically in Figure 12. The dihedral angle between
the benzene ring and the NHy-plane decreases from ¢, ~
42° in the electronic ground state Sy to about 20° or
less in the quasi-planar S; state (Quack and Stockburger
1972, Kleibomer and Sutter 1988, Sinclair and Pratt 1996,
Jiang and Lin 1997). Owing to tunneling splitting with
a relatively low effective barrier to NHj-inversion of
about 450cm™! in the electronic ground state, the vibra-
tional ground state is split into two components with
energy difference AEL =40.9cm™! for C¢HsNH, and
AE; =23.8cm™! for C¢HsNHD (Fehrensen et al. 1999a).
These spectroscopic eigenstates have well-defined parity,
but no well-defined geometry and handedness (Quack
1989b, 1995b, 1999). CcHsNH, levels are classified by
the Longuet-Higgins symmetry group Mss for nonrigid
molecules, which is isomorphous to the point group Cjy,
and C¢HsNHD by Ms;, which is isomorphous to Ci
(Longuet-Higgins 1963, Quack and Stockburger 1972,
Fehrensen et al. 1999a) (see also Quack 2011: Fundamen-
tal Symmetries and Symmetry Violations from High-
resolution Spectroscopy, this handbook). The torsional
motion of the amino group is also a large-amplitude motion,
which could, in principle, be included in the symmetry clas-
sification, since it effects a permutation of atoms. Owing
to a high effective torsional barrier, however, the corre-
sponding tunneling splittings are expected to be very small
and not resolvable under the present experimental condi-
tions. Therefore the torsional motion has been neglected
in the symmetry classification as not feasible (Longuet-
Higgins 1963). In principle, the weak nuclear force will
introduce a small asymmetry in the inversion potential of
the chiral C¢HsNHD (Quack 1989b, 1995b, 1999). This
effect, however, is extremely small compared to the much
larger splittings induced by the low barrier to inversion
and has also been neglected in the symmetry classifica-
tion. Vibrational bands have a transition moment along
the a, b, or ¢ axis of the lowest, medium, or highest
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moment of inertia, respectively (see Figure 12), with a cor-
responding type A, B or C rotational contour. In the IR
spectrum of “in-plane” vibrations (e.g., NH-chromophore),
type- B bands with a characteristic central minimum or type-
A bands with a strong central peak are prevailing. Owing
to the interaction of the inversion motion with vibrational
excitation, energy differences AEL of tunneling compo-
nents in the ground and vibrationally excited state are,
in general, different. At room temperature, both tunneling
components of the ground state are almost equally popu-
lated. Vibrational transitions of “in-plane” vibrations have
then satellites at a distance, which corresponds to the differ-
ence of the tunneling splittings in the ground and excited
vibrational states. Vibrations of A; symmetry (e.g., sym-
metric NH-stretching vibrations) have, in addition to strong
type A transitions, much weaker c-polarized bands with
satellites at a distance corresponding to the sum of tunnel-
ing splittings. With a known energy difference AE_ in the
vibrational ground state (Fehrensen er al. 1999a), the obser-
vation of “tunneling satellites” in the IR spectrum allows
the calculation of the tunneling splitting in the vibrationally
excited state.

7.2 Mechanism of Resonantly Enhanced
Two-photon Ionization of Vibrationally
Excited Molecules

We shall discuss the absorption mechanism, which allows
the observation of IR 4+ UV double-resonance signals
with aniline serving as example: aniline has a first UV
absorption band with origin at 34029cm™! (293.87 nm)
corresponding to the S; <— Sy one-photon transition to
the stable intermediate 'B, (S;) electronic state (Brand
et al. 1966, Christoffersen er al. 1969, Quack and Stock-
burger 1972, Leutwyler and Even 1981, Sinclair and Pratt
1996). While the adiabatic ionization limit is at 7.720 eV
or 62265cm™! (Hager et al. 1985, Lias et al. 1988), the
more relevant vertical ionization limit for efficient ioniza-
tion is about 8.05 eV (Lias ef al. 1988) or 64900cm™".
Since both absorption cross sections for resonant electronic
excitation Sy <— Sy and for the ionization of electroni-
cally excited aniline are large and comparable (Boesl et al.
1981), strong (1 + 1) REMPI (“RE2PI”) signals resonantly
enhanced by the S; state are obtained for UV absorp-
tion above 34029 cm™! (Brand et al. 1966, Christoffersen
et al. 1969, Quack and Stockburger 1972, Leutwyler and
Even 1981, Sinclair and Pratt 1996). Applying UV radia-
tion only, a very low background level of ions is observed
at wavenumbers below 32400 cm™! (about half the vertical
ionization limit). Owing to nonresonant two-photon ioniza-
tion, the ionization yield increases above that threshold, and
above 34029 cm™!, the origin of the S; < Sy one-photon

transition, very strong ion signals are finally obtained by
(1+ 1) REMPL

If a vibrational level of the electronic ground state
has been excited first by IR radiation, an enhancement
of the ionization yield by several orders of magnitude is
observed with UV radiation between about 30000 and
32400cm~!. Since ionization with UV radiation is very
inefficient at these wavenumbers, the IR + UV double-
resonance ionization signals are virtually background free.
For example, peak IR + UV ionization signals for the N =
2 NH-chromophore absorption of C¢HsNH, at 6738 cm™!
are ca 25 mV compared with a nonresonant UV background
of ca 0.1 mV, only. The ion yield is easily saturated by
the UV pulse energies employed, and no variation in the
ion yield is then apparent when leaving the IR radiation
resonant to a vibrational transition and scanning the UV
laser over an extensive range. The ionization yield therefore
mirrors the IR excitation, and by scanning the IR laser,
infrared spectra are obtained. Spectra obtained under room-
temperature conditions, where aniline was leaking through
a needle valve into the ionization chamber, are essentially
identical to FTIR reference spectra, without any apparent
distortions. Compared to ionization depletion detection
schemes, the spectra are almost background free and have
an excellent signal-to-noise ratio, even for the reduced
number densities in a skimmed supersonic jet expansion.

Concerning the laser excitation mechanism, we propose
a new absorption scheme to explain the enhancement in the
UV ionization yield by IR excitation in our aniline or ben-
zene experiments, as summarized in Figure 13 (Fehrensen
et al. 1998, Hippler et al. 2003, Hippler 2001): Without
vibrational excitation, the UV radiation does not have suf-
ficient energy to promote the transition to the electronically
excited state S;, which could resonantly enhance ioniza-
tion ((1 + 1) REMPI), and nonresonant two-photon ioniza-
tion is also energetically not possible. After IR excitation,
however, Franck—Condon factors for hot-band transitions
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30000 — 1
20000 B
10002 1 Y s(l 1

(a) (b)

CeHs NH,* + e~
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s

>

CeHs NH,

Figure 13 Scheme of excitation, with aniline C¢HsNH; serving
as example (after Fehrensen et al. 1998). (a) UV excitation only is
not efficient for ionization. (b) Resonantly enhanced two-photon
ionization of vibrationally excited molecules.
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are much more favorable for the one-photon transitions
to the S; state and the UV energy is sufficient to ion-
ize vibrationally excited aniline or benzene molecules by
RE2PI via vibrational hot bands on the S; < Sy tran-
sition. For aniline with IR excitation at 6750cm~' and
UV radiation at 31220 or 32100cm™! in the double-
resonance experiment, the excess energy in S; is 3940
or 4820cm™!, respectively. At these excitation energies,
the vibrational density of states in S; is estimated to
be roughly similar to the Sy ground state density cal-
culated as ca 1.0 x 10° states percm’1 at 4000cm™!,
using the Beyer—Swinehart algorithm (Beyer and Swine-
hart 1973) with a set of harmonic frequencies from ab
initio calculations (B3LYP with 6-31G** basis set (Frisch
et al. 1995); the inversion mode is approximated by an
effective harmonic oscillator with wavenumber 350 cm™!;
a more detailed calculation including anharmonicity and
large-amplitude torsional motion would be straightforward,
but would not change the order of magnitude). For ben-
zene with IR excitation at 6000 cm~! and UV radiation at
37600cm™!, the excess energy in S is about 5500 cm™!.
At this energy, the vibrational density of states in the ground
state Sg is about 700 states percm™!, as calculated by the
Beyer—Swinehart algorithm (Beyer and Swinehart 1973)
using a set of observed fundamental frequencies compiled
in Miani et al. (2000). A similar density can be expected
for the S; state. In both cases, this corresponds to a dense
set of states, which is accessible to one-photon excitation
from the vibrationally excited ground state. Compared to
previous schemes, such a quasi-continuum of resonance-
enhancing intermediate states has the distinct advantage
that the UV laser does not need to be scanned simulta-
neously with the IR laser during an infrared scan, since the
resonance condition is always fulfilled. RE2PI of vibra-
tionally excited molecules is similar to the OSVADPI
scheme introduced before; it is its natural extension to
molecules, which have bound intermediate electronically
excited states.

We have investigated the dependence of the ion yield
on the UV and IR pulse energy and effectively fluence
for aniline (Fehrensen er al. 1998). The dependence on
the UV radiation is consistent with the proposed resonant
ionization mechanism, which involves two one-photon UV
steps. The dependence is described satisfactorily assuming
a kinetic two-step photoionization model (Letokhov 1987).
The relative absorption cross sections obtained by this fit
for the resonant excitation and ionization are in good agree-
ment with literature values (Boesl et al. 1981). At low
fluence, the dependence is quadratic, at medium fluence,
the S; < Sy transition is saturated, but not the ionization,
and therefore a linear dependence is effective. At higher
fluences, both one-photon steps are saturated. In a recent
study of ionization-detected IR excitation of phenol and

some other aromatic molecules under very similar exper-
imental conditions, a nonresonant two-photon ionization
mechanism of vibrationally excited molecules was sug-
gested (Omi ef al. 1996, Ishiuchi er al. 1998). However,
in a UV scan with the IR kept at a vibrational transition,
these authors observed distinct features in the ion yield,
which they attributed to vibrational resonances in S; (Ishi-
uchi et al. 1998). This would imply that ionization occurs
also in these experiments via RE2PI as suggested here for
benzene and aniline.

Aniline ionized by the IR+UV double-resonance scheme
has a characteristic mass spectrum that is dominated by
the parent ion and some weaker fragment ion peaks rang-
ing from C,—»_¢H,—o_5 to C (see Figure 14). Obviously,
fragmentation occurs after ionization, since the UV wave-
length chosen is not efficient to ionize neutral C atoms or
other fragments. By gating ionization-detected IR excita-
tion to the parent ion mass peak, mass-selective IR spectra
are obtained.

With a natural abundance of 1.1% !3C, the aniline
isotopomers with one '3C atom have 6.2% abundance
in the natural isotopomer mixture. For the aniline iso-
topomer '3C!2CsHsNH,, no shift of vibrational bands com-
pared to 12C¢HsNH, is observed for the NH-chromophore,
and therefore the '>C-isotopomer shift must be less
than 1cm™'. This is not unexpected, since the NH-
stretching and bending vibrations are not affected much
by the benzene ring. In a mixture of undeuterated, par-
tially and fully N-deuterated aniline, gating the mass
detection to m/z =93u and 94 u yields the separate
vibrational spectra of '?CgHsNH, and '?C¢HsNHD in
a single scan. BCI2CsHsNH, is also present at m/z =
94u to a minor extent, but its transitions are easily
discernible.

(m/z) (u)
10 1520 30 40 50 60 70 93
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Figure 14 TOF mass spectrum after UV ionization (311.5 nm)
of vibrationally excited jet-cooled aniline C¢HsNH, (N = 2 NH-
chromophore at 6738 cm™!) (from Hippler and Quack 2006). S
denotes the ion signal, Ar the flight time in the time-of-flight
mass spectrometer; m/z the corresponding nonlinear mass scale.
Note the different scales of the panel (a) fragment spectrum and
(b) parent peaks, '>C¢HsNH, and 3C'>?CsHsNH),).
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7.3 The N = 2 and 3 NH-chromophore
Absorption of Aniline Isotopomers: Isotope
Effects and Vibrational Mode Specificity in
IVR and Tunneling Processes

In Figure 15, the N =2 NH-chromophore absorption
between 6500 and 7100cm~! of C¢HsNH, shows over-
tone and combination bands of symmetric (vs) and anti-
symmetric (v,s) NH-stretching vibrations and anharmonic
resonances with them. In Figure 15(c), the mass-gated jet
spectrum in a very cold Ar expansion is shown. The rota-
tional contours are characterized by a very low rotational
temperature, and no vibrational hot bands are apparent.
Figure 15(b) displays the corresponding spectrum in an
expansion with N, as seeding gas. Compared to the Ar
expansion, the rotational contours are broader due to a
somewhat higher rotational temperature, and some bands
clearly exhibit tunneling splitting. Figure 15(a) shows for
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Figure 15 N =2 NH-chromophore absorption spectra of
CgHsNH, (from Fehrensen er al. 1998). (a) The FTIR reference
spectrum of 0.34 mbar aniline at room temperature (I =28 m,
resolution 0.1 cm™!). (b) and (c) Tonization-detected ISOS spec-
tra of jet-cooled aniline, mass gated at m/z =93 u (2C¢HsNH,),
trace (b) in a jet expansion with 1 bar of N, and trace (c) with 1
bar of Ar. Brackets indicate the Fermi-resonance splitting (c) and
the tunneling splitting due to NHj-inversion (b).

80 T T T T T T T T
60 -
; e
E 40- . .
’ _ ‘
20 -
(C) 0 : : .
5
4.
S
E 3
V)
2

©

o

X
T

0.00 ;
6500 6600 6700 6800 6900 7000
(@) v (em™)

Figure 16 N =2 NH-chromophore absorption of C¢HsNHD
(from Fehrensen et al. 1998). (a) FTIR reference spectrum of
0.4 mbar N-deuterated aniline (C¢HsND,) at room temperature
(I =49 m, resolution 0.1 cm™'). The transitions observed in this
region are expected to arise from small amounts of C¢HsNHD,
due to incomplete deuteration. (b) and (c) Ionization-detected
ISOS spectra of jet-cooled aniline, mass gated at m/z =94 u
("2C¢Hs5NHD), (b) in a jet expansion with 1 bar of N5, and (c) with
1 bar of Ar. The bracket in (b) indicates the tunneling splitting
due to NHD-inversion. The stars in (c) mark transitions, which
are due to small amounts of *C'2CsHsNH, present (compare
Figure 15 and discussion in the text).

comparison an FTIR spectrum at room temperature. In
Figure 16, the corresponding absorption spectrum of the
N = 2 NH-chromophore of C¢HsNHD is displayed, which
is dominated by the NH-stretching overtone 2vny. Mass-
gated ionization detection of the IR excitation allowed
isotopomer-selective spectroscopy of C¢HsNHD in the iso-
topomer mixture with about 25% C¢HsND; and C¢H5NH>,
respectively. Without isotopomer selection, no separated
FTIR spectrum of C¢HsNHD can be obtained. The absorp-
tions between 6500 and 7100 cm~! in a C¢HsND, sample
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are expected to arise from small amounts of C¢HsNHD
due to incomplete deuteration; the ND-chromophore of
CgH5ND, has strong absorptions in a different spectral
region. A contour fit of 2v,s band of C¢HsNH; with extrap-
olated rotational constants (Fehrensen er al. 1999a) yields a
rotational temperature 7o & 5 K for the Ar expansion and
Trot = 60 K for the N; expansion. From the absence of tran-
sitions from the upper tunneling ground state level, which
is higher in energy, Ti,y < 15 K is estimated as a bound
for the inversion vibrational temperature in the Ar expan-
sion of both isotopomers. The tunneling splitting becomes
apparent in the N, expansion. From the intensity ratio of
“tunneling satellites”, Tj,, =~ 100 K is estimated.

Three main transitions dominate the C¢HsNH, jet spec-
trum in the very cold Ar expansion. By extrapolation from
the fundamentals (Fehrensen ef al. 1999a) and consistent
with the band contours, they are tentatively assigned as the
first overtones of the symmetric and antisymmetric NH-
stretching vibrations 2vg and 2v,g, respectively, and as the
combination band vy + v,s. The NH-stretching modes act
as IR chromophores. Some of the weaker observed tran-
sitions presumably obtain their intensity by anharmonic
resonance coupling with the NH-stretching modes. The two
strongest transitions among them are assigned as combina-
tion bands vg 4 28, and v, + 28, which are coupled to
2v and v + vy, respectively, by a strong Fermi-resonance
exchanging two quanta of the symmetric NH-bending vibra-
tion B, (“scissor”’) with one quantum of the symmetric NH-
stretching vibration vg. NH-stretching and bending vibra-
tions are expected to be coupled by a Fermi resonance,
as has previously been observed for other hydrides, when-
ever the 2:1 resonance condition is approximately ful-
filled (Diibal and Quack 1984, Peyerimhoff ef al. 1984,
Amrein ef al. 1985, Lewerenz and Quack 1986, Baggott
et al. 1986, Wong et al. 1987, William et al. 1987, Segall
et al. 1987, Lewerenz and Quack 1988, Diibal et al. 1989,
Ha et al. 1990, Hollenstein et al. 1990a, 1993, Quack 1990,
1993, Marquardt and Quack 1991, Luckhaus and Quack
1992, Luckhaus et al. 1993, Marquardt et al. 1995). With
an observed position of the fundamental B, at 1610 cm™!
and v at 3421 cm~! (Fehrensen ef al. 1999a), the Fermi-
resonance coupling is quite effective. A harmonic approx-
imation to estimate the unperturbed, zeroth-order positions
of v+ 28, yields 6640cm~! and for v, + 28, gives
6730cm™". The true zeroth-order positions will have some-
what lower wavenumbers because of anharmonicity. The
corresponding bands in the experimental jet spectrum at
6605 cm~! and 6670 cm™! appear at even lower wavenum-
bers because of the Fermi resonance.

In the analysis of the anharmonic resonance system,
the Fermi resonance exchanging one quantum of the
symmetric NH-stretching vibration (vs) with two quanta
of the symmetric NH-bending vibration (v,) and the

Darling—Dennison resonance exchanging two quanta of
the symmetric NH-stretching with two quanta of the
antisymmetric NH-stretching vibration (v,s) have to be
considered. Zeroth-order basis states |vs, vy, Up > of one
symmetry group, which have the common polyad quantum
number N = vg + v,s + 0.5vy, are thus coupled and mixed.
The interaction is described by an effective Hamiltonian
with the usual matrix elements by equations (22)—(24):
~N ~ ~ ~/ ~/ 2
Vs, Vag, U’ Us, Vas, Up = VgUs + VasVas + VpUb + xs,svs
+ )Zz;s,asvzzs + )Zt/),bvlg + is{,asvsvas
+ X pUsUb + Xy, VasVb (22)
. 1 1 1/2
HUS,UaSaUb;(vs—l),UaSv(Ub‘f‘z) = Eksbb {EUS(Ub-FI)(Ub-FZ)} (23)

~ 1
N —
Hvs,vas,vb;(v5—2),(va5+2),vb - Zys.s,as,as vs(vs — 1)

1/2
X (Vas + 1) (vas + 2)} (24)

Matrix diagonalization gives the perturbed positions, which
are observed in the experiment. For convenience, the matrix
for the N = 2 polyad of A; symmetry is given explicitly in
equation (25), and the matrix of B, symmetry in equation
(26), where G denotes the term values of unperturbed states
(for axis conventions and symmetry operations in the B;
symmetry classification see Fehrensen et al. (1999a)).
N =2, A| symmetry:

2,0,0> 0,2,0> |1,0,2> ]0,0,4 >
G(2vy) Vs.s,as,a8 %kﬂbb 0
G(2uy) 0 0 (25)
G(vs +2vp) éksbb
G(4\)b)
N =2, B, symmetry:
|19170> |0,1,2>
G(Vs + Vas) %ksbb (26)
G (Va5 + 2vp)

In the jet spectrum of C¢Hs;NH,, both B, states in
the N = 2 polyad have been observed. Assuming that the
whole band strength arises from the chromophore state
Vs + Vas, While the combination band v, + 28 carries no
oscillator strength, the unperturbed positions and the cou-
pling matrix element can be determined from the observed
perturbed positions and their relative intensity. The deper-
turbation yields zeroth-order positions at 6693cm~! for
Vas + 28, and 6754 cm™! for vg + v,. The Aj-polyad with
N =2 comprises four states, of which three have been



Mass and Isotope-selective Infrared Spectroscopy 1097

observed. The effective Hamiltonian predicts, in addi-
tion, a very weak polyad component of A; symmetry
around 6400cm~! (approximately 48;), which we could
not observe. At this stage, only a preliminary “two-state”
analysis of the Fermi resonance between 2vg and v + 28,
can be attempted for the Aj-polyad. In this model, 2v;
as bright state is coupled to the dark state vs 4 28,. The
approximate deperturbation gives zeroth-order positions at
6626cm~! for vs + 28, and 6718cm~! for 2vy. In both
symmetry groups, the off-diagonal coupling matrix element
is about 47 cm~!. kg is thus ca 100 cm™! (equation 26),
corresponding to similar couplings for the CH-chromophore
and timescales of about 100 fs for IVR in CHXj3 or
CHXY; compounds, for example (Diibal and Quack 1984,
Peyerimhoff et al. 1984, Amrein et al. 1985, Lewerenz
and Quack 1986, 1988, 1992, Baggott et al. 1986, Wong
et al. 1987, William et al. 1987, Segall et al. 1987, Diibal
et al. 1989, Hollenstein et al. 1990a, 1993, Ha et al. 1990,
Quack 1990, 1993, Marquardt and Quack 1991, Luckhaus
et al. 1993, Marquardt et al. 1995). In the jet spectrum
of C¢HsNHD, no resonance splitting is evident in the
2vny overtone region (Figure 16). The Fermi resonance is
expected to be weak here, because the NH-bending fun-
damental frequency is much lower (1445cm™') and the
resonance will only become relevant at higher overtones.
Jet-cooled aniline bands observed in the Ar expan-
sion have an FWHM between 3 and 5cm~'. Assum-
ing a homogeneous rovibronic line width between 1 and
2cm™!, the rotational contour of 2v,, is very satisfacto-
rily reproduced for room temperature and jet conditions.
The quasi-homogeneous line width might be explained
by the exponential decay of vibrational excitation into
the quasi-continuum of background states near the sta-
tistical limit (Bixon and Jortner 1968, Diibal and Quack
1980). In the 6740 cm ™! region of C¢HsNH,, a vibrational
density of states of ca 1.7 x 10° percm™' is estimated
with the Beyer—Swinehart algorithm (Beyer and Swine-
hart 1973) with harmonic frequencies from ab initio cal-
culations (B3LYP, 6-31G** basis set (Frisch ef al. 1995);
the inversion mode is approximated by an effective har-
monic oscillator with wavenumber 350 cm~!). The upper
bound for the homogeneous bandwidth I" < 2cm™' pro-
vides 74 > 2.5ps as a bound for the decay time of vibra-
tional excitation into the dense background manifold. By
these rough estimates, we do not imply that all background
states are equally involved in the redistribution process.
Some vibrational bands in the N, expansion have a satel-
lite at lower wavenumbers due to the hot-band transition
from the upper component of the ground state tunneling
doublet, which is significantly populated compared to the
very cold Ar expansion. The observed satellite shift cor-
responds to the difference of tunneling splittings in the
ground and vibrationally excited NH-stretching states. A

shift to lower wavenumbers indicates a smaller AEL in
the excited vibrational state. If no separate satellite is
noticeable, AE. is similar to the ground state. In the
Ce¢Hs5NH; ground state, AEy is 40.9 cm~! (Fehrensen
et al. 1999a), and a tunneling splitting of 20 +2.5cm™!
in 2vg, 17 £2.5cm™" in vg + vy, and 11 £ 1em™! in 2vy,
is thus found. No satellites are apparent for vy + 26, and
Vys + 28,. These bands presumably have a tunneling split-
ting close to the ground state value, approximately within
40 £ 10cm~!. Since AE. decreases in the NH-stretching
overtone bands, the NH-stretching is an inhibiting mode for
the inversion, and the effective barrier height for inversion
has therefore increased relative to the vibrational ground
state. This result is in agreement with the previous anal-
ysis of the NH-stretching fundamentals (Fehrensen et al.
1999a). From an analysis of the NH-bending fundamen-
tal B, of C¢HsNH,, the promoting nature of this mode
has been established, since the tunneling splitting increases
from AEL =40.9cm™! in the vibrational ground state to
63.3cm™! in the B, fundamental (Fehrensen et al. 1999a).
In the NH-bending/stretching combination bands vg 4 28,
and v, + 28, observed here, the inhibiting character of the
NH-stretching apparently balances the promoting character
of the NH-bending vibration.

With a ground state value AEL of 23.8cm™! for
C¢HsNHD (Fehrensen efal. 1999a), AEL =06.5+
2.5cm™! is calculated for 2vny. The time of stereomu-
tation in CgHsNHD is calculated as v = h/(2AEL). NH-
stretching excitation increases the effective barrier height
for stereomutation relative to the vibrational ground state
and therefore inhibits the stereomutation. Previously, val-
ues 7, = 700fs for the ground state and 4 = 1.33 ps for
the NH-stretching fundamental were determined (Fehrensen
et al. 1999a). With the present value 7, = 2.6 ps for 2vng,
an increase of approximately a factor of 2 for each quan-
tum of NH-stretching is thus found. At these energies
and timescales, stereomutation is adiabatically separated
from the vibrational motion, as theoretically analyzed in
Fehrensen et al. (1999a). A simple explanation for the inhi-
bition of stereomutation by NH-stretching is provided by
the increase of the effective adiabatic barrier due to the
increased NH-stretching frequency in the sp?-hybridized
planar transition structure. Other, dynamical effects such as
the increase of the mean N—H bond length by vibrational
excitation are also important in a quantitative analysis, as
this leads to an increase of the effective moment of inertia
for the tunneling process.

We have recently been able to extend this work to
higher overtones and Figure 17 shows the result for the sec-
ond NH-stretching overtone (N = 3 polyad) of CcHsNHD
(Miloglyadov et al. 2010).

One can very clearly see the tunneling splitting in the
spectrum obtained under expansion conditions leading to a
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Figure 17 Second overtone ISOS spectra of aniline
I2Cc¢HsNHD measured in the molecular beam with an
instrumental resolution 0.15cm™', as an ion signal mass gated
at m/z = 94u. (a) Spectrum obtained in a jet expansion with
0.35 bar of Ar. (b) Spectrum obtained in a jet expansion with
0.8 bar of Ar. The bracket in panel (a) indicates the tunneling
splitting due to NHD-inversion. The appearance of the band
corresponding to the lower tunneling doublet component in the
trace (a) indicates a higher vibrational temperature estimated to
be about 40 K. The star denotes the absorption bands of the
13C12CsHsNH, isotopomers present in small amounts. (after
Miloglyadov et al. 2010).

somewhat higher effective temperature of about 40 K in the
supersonic jet, thus allowing the upper level of the ground
state tunneling doublet (at 24cm™!) to be populated. At
lower temperatures, only the vibrational-tunneling ground
state is appreciably populated, thus resulting in a single,
rather narrow, band where the total width (FWHM) of about
4.6cm™ !, including some contribution from the rotational
band contour, provides a bound on the IVR relaxation time
(r > 1.2ps).

Table 2 summarizes the current knowledge of tunneling
splittings and stereomutation times 75 = h/(2AE) defined
to be the time of change from the R to the S enan-
tiomer. One can very clearly see the continuous inhibition
of the stereomutation process with increasing NH-stretching
excitation. We should point out that the phenomenon sum-
marized in Table 2 corresponds to an extremely inter-
esting process of mode-selective quasi-adiabatic channel
above barrier-tunneling stereomutation. This phenomenon,

Table 2 Assignment of NH-stretching fundamental and overtone
bands of C¢HsNHD, aniline. The transition wavenumber connects
upper, upper (u, u) and lower, lower (I, I) inversion sublevels.
AV is the inversion splitting of the vibrational state, theory in
parentheses (Fehrensen et al. 1999a).

Assignment v/cm~! AP /em™! T/ps
Ground state 23.8 (23.7) 0.7
vna (U, 1) 3450.1® 12.5 1.3
vau(, 1) 3461.4®

2uNn(u, u) 6747® 6.6 25
2vnu, 1) 6764.2®

3vng (U, 1) 9891.6(5)© 35 4.8
vnu(l, 1) 9911.9(2)®

@Fehrensen et al. (1999a).
®Fehrensen et al. (1998).
©Miloglyadov et al. (2010).

now well established, is in complete contradiction to
statistical theories of unimolecular reaction, which assume
fast intramolecular microcanonical quasiequilibrium and
reaction rates above the barrier. This mode-selective pro-
cess persists here in a large polyatomic molecule at very
high densities of vibrational states and an energy exceeding
the barrier for the reaction process by about a factor of 20.
For a more detailed theoretical discussion of this type of
process in the case of the smaller molecule H,O,, where
full-dimensional quantum dynamical calculations were car-
ried out, we refer to Fehrensen ef al. (2007) and Marquardt
and Quack 2011: Global Analytical Potential Energy Sur-
faces for High-resolution Molecular Spectroscopy and
Reaction Dynamics, this handbook.

We should note here also the results on the somewhat
more complex situation in aniline-NH, isotopomer for
which supersonic jet (Miloglyadov ef al. 2010) and room
temperature results (Howard et al. 2004) are available for
the higher overtones.

8 ISOTOPE-SELECTIVE OVERTONE
SPECTROSCOPY (ISOS) OF BENZENE
ISOTOPOMERS

Owing to its high symmetry and as the archetypical aro-
matic compound, benzene occupies a special position in
chemical physics. It has become a textbook example of
an intermediate-sized molecule to study structure (Angus
et al. 1936, Wilson et al. 1955, Tamagawa et al. 1976, Hol-
lenstein et al. 1990b, Pliva et al. 1991, Riedle et al. 1994,
Snels et al. 1997, Gauss and Stanton 2000), force fields
(Wilson et al. 1955, Pulay et al. 1981, Maslen et al. 1992,
Miani et al. 2000), IVR (Bray and Berry 1979, Reddy et al.
1982, Sibert et al. 1984a,c, Shi and Miller 1985, Page et al.
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1987, 1988a,c, Lu and Hase 1988, Scotoni et al. 1991a,b,
Zhang and Marcus 1992, Tung and Wyatt 1993, Callegari
et al. 1997, Rashev et al. 1998a,b, Minehardt and Wyatt
1998, 1999, Minehardt et al. 1999, Callegari et al. 2000,
2001), and normal mode/local mode behavior in the CH-
chromophore absorption (Rumpf and Mecke 1939, Henry
and Siebrand 1968, Hayward et al. 1973, Halonen 1982,
Reddy et al. 1982, Page et al. 1987, 1988b). The ben-
zene vibrational spectroscopy has thus a long tradition
(see Hippler et al. 2003 for a short review). The study
of dynamic IVR processes in benzene started with the
pioneering work of Berry and coworkers on the overtone
spectroscopy of benzene in a room-temperature cell (Bray
and Berry 1979, Reddy et al. 1982). After an approximate
deconvolution to correct for the rotational band contour,
the remaining broadening of overtone bands was attributed
to ultrafast IVR decay processes. This broadening was then
explained by Sibert et al., (1984a,b) assuming strong Fermi
resonances between the CH-stretching oscillator and CH-
bending modes as the main mechanism of IVR following
the basic scheme proposed by von Puttkamer et al. (1983a)
and Diibal and Quack (1984) for CHFj; (see, however, also
(Shi and Miller 1985)), and more recent classical and quan-
tum calculations have established the dominant role of these
Fermi resonances for IVR on very fast timescales (Sibert
et al. 1984a,b, Shi and Miller 1985, Lu and Hase 1988,
Zhang and Marcus 1992, Tung and Wyatt 1993, Rashev
et al. 1998a,b, Minehardt and Wyatt 1998, 1999, Mine-
hardt ef al. 1999). In 12C¢Hg, an analysis of the IR-active
CH-stretching fundamental v,y (Wilson notation, Wilson
et al. 1955) has confirmed the presence of strong Fermi-
resonance splittings (Pliva and Pine 1982, 1987, Snavely
et al. 1984, Page et al. 1987, 1988a,b). The calculations
predict even finer details of IVR in '?C¢Hg, and a whole
sequence of timescales of redistribution of vibrational exci-
tation among different modes has been suggested in recent
publications (Sibert et al. 1984a,b, Shi and Miller 1985,
Lu and Hase 1988, Zhang and Marcus 1992, ITung and
Wyatt 1993, Rashev et al. 1998a,b, Minehardt and Wyatt
1998, 1999, Minehardt et al. 1999). A comparison of cal-
culated spectra with the few available jet overtone spectra of
12C4Hg, however, shows at most qualitative but no quanti-
tative agreement. Recent jet measurements have also clearly
shown that room-temperature spectra are heavily affected
by inhomogeneous rotational and vibrational hot-band con-
gestion (Snavely et al. 1984, Page et al. 1987, 1988a,b,
Callegari et al. 1997, Merker et al. 1999, Scotoni et al.
1991a,b, Hippler et al. 2003).

Compared to '2C¢Hg, only few spectra of the isotopomer
Bel2csHg are reported (Brodersen et al. 1965, Painter and
Koenig 1977, Thakur et al. 1986, Hollenstein et al. 1990b),
and, to our knowledge, our spectra in Hippler er al. (2003)
are the first overtone spectra to be published. Experimental

data for '3C'?CsHg are relevant for structural studies,
since the isotopic substitution in the carbon ring will
provide structural information not available by deuterium
labeling, and experimental '*C-isotope shifts are thus
useful for force-field determinations. In a recent time-
dependent quantum mechanical study on IVR from the
second CH-stretching overtone in 12C¢He, nonstatistical
energy redistribution has been attributed to the influence
of the symmetry of the molecule (Iung and Wyatt 1993).
It is thus interesting to study the effect of the reduced
symmetry in '3C'>CsHg on IVR. The shift of vibrational
states in ’C!'?CsHg compared to '?CgHg will also affect
Fermi and other anharmonic resonances and thus influence
IVR processes.

8.1 !13C-isotope Effects in the IVR of
Vibrationally Excited Benzene

With the ISOS technique described, we have observed iso-
topomer-resolved overtone spectra of '2C/!3C-isotopomers
(at natural abundance) of benzene (Hippler 2001, Hippler
et al. 2003). In this case, two-photon (1 4+ 1) REMPI ion-
ization occurs via the 6(1) band in the A < X transition and
other vibronic levels of the S;A state above 38 606cm™!
(Boesl er al. 1980, Page et al. 1987, 1988a,b, Boesl 1991)
(see Hippler et al. 2003 for a more detailed discussion of
the absorption mechanism in the ISOS scheme of benzene).
For the benzene spectra shown below, a UV wavelength
of 266 nm was chosen for the IR + UV double-resonance
experiment. This particular UV frequency is easily acces-
sible and available as a multiple of a Nd:YAG laser fre-
quency. With a natural abundance of 1.1% '3C, the benzene
isotopomers with one '3C atom have 6.2% abundance in
the natural isotopomer mixture. Mass gating the ionization
detection in the IR 4+ UV double-resonance experiment to
the corresponding masses m/z = 78 and 79 u allows us to
obtain the separate vibrational spectra of both isotopomers
in a single scan of the natural isotopomer mixture. For the
jet experiments, 500 mbar of Ar as seed gas is flowing
over frozen benzene at 0°C, which has a measured vapor
pressure of 35 mbar. Certain experimental conditions pro-
mote the formation of clusters, for example, high partial
benzene sample pressure, high Ar stagnation pressure, or
probing molecules in the middle or the end of the jet pulse
train. Cluster formation made itself conspicuous by addi-
tional mass peaks in the TOF spectra and specific peaks
in the UV spectrum of the S| «<— Sy transition in benzene
(Page et al. 1988b, Weber et al. 1990, Weber and Neusser
1991, Henson et al. 1992). IR spectra of benzene clusters
differ greatly from the monomer spectra (Page et al. 1988b,
Sugawara et al. 1996). Care was therefore taken that the
spectra displayed here are not affected by cluster formation.
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Isotopically pure benzene '?C¢Hg (depleted benzene, Cam-
bridge Isotope Laboratories, '>2Cg 99.95%) is also used for
some FTIR measurements.

Benzene '>?CgHg (Dg, symmetry) has 20 normal vibra-
tions, of which 10 are doubly degenerate (Wilson 1934a).
In D¢, symmetry, only perpendicular IR transitions from
the ground state to Ej, vibrational states are allowed
with an in-plane electric dipole moment, or parallel IR
transitions to Aj, vibrational states with an out-of-plane
dipole moment (Wilson ef al. 1955). Seven fundamen-
tal vibrations are Raman active and four are IR active
(Wilson 1934b). Benzene has four fundamental normal
modes (essentially CH stretching modes) between 3048
and 3074cm™!, which are v, (A1g symmetry), vy (E2g),
v13 (B1y) and the only IR-active CH-stretching fundamen-
tal vyg (Ejy) (in the Wilson notation). In the region of
the first CH-stretching overtone near 6000 cm™", only the
three combination bands of CH-stretching modes (v, + v7,
v7 +v13 and v, + vyo) have Ej, symmetry components
with allowed IR transitions from the ground state. All
other combinations including the overtone 2v,y are IR
inactive (owing to the center of symmetry, no overtone
frequencies with v even can occur in the IR spectrum
(Wilson et al. 1955)). A normal mode description of vibra-
tional overtone bands is, however, not entirely satisfactory,
since all IR-active CH-stretching normal mode combi-
nation bands are strongly coupled by Darling—Dennison
and related anharmonic resonances. The resultant mixed
states probably resemble local mode excitations. In the
local mode picture, each CH-stretching overtone is dom-
inated by one dominant absorption feature corresponding
to one local CH-oscillator with all vibrational excitation.
For the first overtone region, a recent calculation of the
CH-stretching absorption spectrum by lachello and Oss
based on the algebraic “vibron” model has given three
IR absorptions, at 6004 ecm™!, 6113cm™ !, and 6128 cm™!,
with relative intensity 1, 0.0017, and 0.006, respectively
(Tachello and Oss 1992). A pure local mode description
of overtones, however, is also not satisfactory: theoreti-
cal studies (Sibert er al. 1984a,b, Shi and Miller 1985,
Lu and Hase 1988, Zhang and Marcus 1992, ITung and
Wyatt 1993, Rashev et al. 1998a,b, Minehardt and Wyatt
1998, 1999, Minehardt et al. 1999) and the analysis of
the spectrum of the CH-stretching fundamental (Pliva and
Pine 1982, 1987, Snavely et al. 1984, Page et al. 1987,
1988a,b) show that CH-stretching modes are, in addition,
strongly coupled with CH-bending modes by Fermi res-
onances exchanging one quantum of CH-stretching exci-
tation with two quanta of CH-bending excitation. All
vibrational modes of a given symmetry with common
polyad quantum number N are thus strongly coupled and
mixed by Fermi, Darling—Dennison and related anharmonic

resonances, where N = vg + 0.5 x vp; v represents all CH-
stretching and vy, all CH-bending quantum numbers. We
therefore refer to the IR absorption near 6000 cm™" as the
N =2 CH-chromophore absorption, instead of the more
common “first CH-stretching overtone”.

The benzene isotopomer '*C'?CsHg is an asymmetric
top of the point group C,,. The asymmetry parameter
k = 0.916 is close to 1 (Brodersen et al. 1965); the replace-
ment of one '>C by the '3C isotope introduces only a small
perturbation. In C,, symmetry, many more normal modes
are formally IR allowed: Among the 30 normal mode vibra-
tions, 27 vibrations of A, By, and B, symmetry species are
IR active, and all modes are Raman allowed. Isotopic label-
ing will also cause, in principle, an alteration of normal
mode characters (mode scrambling). The perturbation of
the 13C, however, is so small that intensities in '>C'2CsHg
cannot be expected to deviate much from the correspond-
ing transitions in '?C¢Hg, despite the relaxed IR selection
rules, and the character of corresponding vibrational modes
will also be similar. The '3C isotopic substitution will intro-
duce a minor frequency shift to lower wavenumbers, if no
perturbations apply. If only the one carbon atom in ques-
tion moves in a hypothetical vibration, a relative energy
shift of —4.1% will occur due to the change in the reduced
mass. The overtone vibrations of the CH-chromophore will
probably resemble local diatomic CH-oscillators. The rel-
ative energy shift of '3CH-harmonic oscillator vibrations
compared to a '>?CH- harmonic oscillator is about —0.3%.

The N =2 CH-chromophore absorption spectrum of
benzene obtained by FTIR spectroscopy at room temper-
ature is shown in Figure 18. The spectrum of '2C¢Hy is
obtained in an isotopically pure sample. Depleted benzene
12C4Hg is readily available, since it is a solvent used in
NMR spectroscopy. For '3C'2CsHg, no isotopically pure
sample was available. To obtain its spectrum, the depleted
spectrum is subtracted from the normal benzene spec-
trum using appropriate weights and rescaled. The difference
spectrum is essentially due to the '3C!'2CsHg isotopomer.
This manipulation, however, is prone to noise and possi-
bly also to systematic errors and distortions. The difference
spectrum can therefore only be considered as an approx-
imation to the proper '*C!?CsHg spectrum, in particular,
the absorption cross sections indicated are only approx-
imate. The room-temperature spectra improve previously
published spectra of the natural benzene isotopomer mix-
ture, which had been obtained at much lower instrumental
bandwidth (6—12cm™!) (Reddy et al. 1982).

The general appearances of both isotopomer spectra
are similar. A main broad feature with FWHM of ca
40cm™! with a distinct central peak and some diffuse
structure dominates the spectrum. The central peak is at
6005.3+0.4cm™! for 2C¢Hg and at 5991+ 1cm~! for
13C12CsHg. Higher CH-stretching overtones of '>C¢Hg are
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Figure 18 FTIR spectra of the N = 2 CH-chromophore absorp-
tion of benzene at room temperature (from Hippler et al. 2003).
(a) Spectrum of benzene (p = 2.20 mbar, natural isotopomer
mixture). (b) The corresponding spectrum of depleted benzene
(2CgHg, '2C¢ 99.95%) at room temperature (p = 2.14 mbar,
[ = 28 m, resolution 0.015cm™"). (c) The depleted spectrum has
been subtracted from the normal benzene spectrum using appro-
priate weights, and rescaled. This difference spectrum is essen-
tially due to the '3C!2C5Hg isotopomer (note that absorption cross
sections for '*C'2CsHg are only approximate).

well described by a Morse oscillator with wp, = 3163 cm™!

and x;, = 57.7 cm~!, which has been interpreted as the
local mode '>CH-oscillator absorption (Reddy ez al. 1982,
Scotoni et al. 1991a). The '2CH-Morse oscillator vibration
for v = 2 is then calculated at 5980 cm™!, and at 5963 cm ™!
for the '3CH-Morse oscillator taking into account the
change of reduced masses (Reddy er al. 1982), the shift
of —17cm™! being comparable to the —14cm~! for band
maxima mentioned above, although one must note that the
spectrum should be dominated by the five >CH local mode
absorptions in the '3CH'>CsHs isotopomer (see below).
A closer examination of the experimental spectra reveals
some differences in relative intensities and rotational band
contours of corresponding transitions, for example, in the
wing at higher wavenumbers of the main feature, where two
additional features are apparent for '3C'2CsHg. A further
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Figure 19 N =2 CH-chromophore absorption of '>?C¢Hg near
6000cm™" (after Hippler er al. 2003). (a) FTIR reference spec-
trum of depleted benzene (>C¢Hg, '>Cs 99.95%) at room
temperature (p = 2.14 mbar, [ =28 m, resolution 0.015cm™").
(b) Ionization-detected ISOS spectrum of jet-cooled benzene,
mass gated at m/z =78 u (‘?CgHg), in a jet expansion with
500 mbar of Ar.

assignment or interpretation of the spectra is not possible
due to inhomogeneous congestion. In addition to broad
rotational contours, room-temperature spectra are heavily
affected by vibrational hot-band transitions, since about
40% of benzene molecules are in vibrationally excited
states.

In Figures 19 and 20, the ionization-detected, jet-cooled
ISOS spectra of benzene are displayed and compared with
the corresponding FTIR room-temperature spectra. In the
natural benzene isotopomer mixture, mass gating the ion-
ization detection at m/z =78 and 79 u yields simulta-
neously the separated spectra of 2C4Hg and '3C'2CsHg
isotopomers, respectively. In comparable jet experiments
(for example on aniline, see previous section), rotational
temperatures of about 5 K have been obtained, and vibra-
tional hot-band transitions have been almost completely
suppressed; similar conditions are expected to apply here.
The spectral simplification afforded by jet cooling is strik-
ing. The FWHM of vibrational band contours decreases
from about 40 cm™! at room temperature to about 4—5cm™!
for 12CgHg, and distinct resolved or partly resolved vibra-
tional transitions become apparent. Line positions and
intensities of observed transitions in the jet-cooled N =2
CH-chromophore absorption spectra of the '?CgHg and
13C!2C5Hg isotopomers are summarized in Hippler ef al.
2003). The '?C¢Hg spectrum (Figure 19) is essentially in
good agreement with the previously published jet spectrum
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Figure 20 N =2 CH-chromophore absorption of '3C'?CsHg
near 6000cm~! (from Hippler et al. 2003). (a) A manipu-
lated spectrum, where the FTIR spectrum of 2.14 mbar depleted
benzene (2CgHg, '2Cg 99.95%) at room temperature has been
subtracted from the FTIR spectrum of 2.20 mbar benzene (nat-
ural isotopomer mixture) and rescaled (I =28 m, resolution
0.015cm™!). The difference spectrum is essentially due to the
13C12C5Hg isotopomer (as in Figure 18). (b) The ionization-
detected ISOS spectrum of jet-cooled benzene, mass gated at
m/z =79 u ('3C2CsHg), in a jet expansion with 500 mbar of Ar.

of Page eral. (1987, 1988a,b), but it is not affected by
saturation and has a better signal-to-noise ratio (see Hip-
pler et al. 2003 for a detailed comparison). The spectrum
of the 3C'>CsHg isotopomer in Figure 20 demonstrates
that the 6.2% abundance in the natural isotopomer mix-
ture of benzene is sufficient to obtain jet spectra with
the ISOS technique. The strongest peak in the '?CgHg jet
spectrum is located at 6006.0 £ 0.5cm™!, and the corre-
sponding strongest peak in the '3C!'?CsHg jet spectrum at
5993 4+ 1cm™!. These peak positions provide good esti-
mates for the band origins, giving a '*C-isotopomer shift
of —13cm™! or a relative shift of —0.22%. This is close
to the estimation from the room-temperature spectrum, but
is more reliable, since the value has been obtained from
vibrational bands with much reduced inhomogeneous con-
gestion. In '2C4Hg, the main absorption feature and other
features have an FWHM of about 4—5cm™!, whereas spec-
tral contours in '3C12CsHg are much broader, with an
FWHM of about 15cm™", but the features have sharp edges
with a halfwidth of about 4cm™', only. It is thus likely
that part of the broadening is due to spectral congestion,
for example, by the different rotational contour of the
asymmetric rotor or by the presence of additional vibra-
tional bands that are IR active in the C,, symmetry. A

degenerate E, IR-active vibrational band in D¢, symmetry
correlates to two IR-active bands of A} and B; species in
Cyy symmetry (Wilson et al. 1955), which may be affected
by a strong Coriolis perturbation (Brodersen et al. 1965).
This effect may also give rise to an anomalous intensity
distribution.

Previous theoretical studies provide some guidelines for
a first tentative statistical interpretation of the '>C¢Hg jet
spectrum in terms of IVR processes: the calculations of
Iachello and Oss have shown that one strong pure CH-
stretching transition prevails in the IR spectrum of this
region, which is calculated to occur at 6004cm~! by
Tachello and Oss (1992). This CH-stretching mode is cou-
pled to the IR field as a chromophore state. By anharmonic
coupling, its vibrational excitation will be redistributed
among many vibrational modes, giving rise to the observed
vibrational bands in the IR jet spectrum. At 6000cm™!,
the vibrational density of states is about 1560 states
per cm™!, as counted in the harmonic approximation by the
Beyer—Swinehart algorithm (Beyer and Swinehart 1973)
using an experimental set of fundamental vibrations com-
piled in Miani et al. (2000) and Hollenstein et al. (1990b).
E1y symmetry is required for an allowed anharmonic cou-
pling with the £, CH-stretching overtone level. In the reg-
ular limit (Quack 1985), the density of Ey, states is 2/24 =
1/12 of the total density, about 130 states per cm™~'. Instead
of the one-step coupling of the bright state to the bath, a
sequential “tier” picture (Quack 1981a,b, Diibal and Quack
1984, Sibert et al. 1984a,b, Gruebele and Bigwood 1998)
appears to provide a better description of IVR in benzene. In
the first tier, the bright CH-stretching state is strongly cou-
pled with a subset of vibrational states. A broad Lorentzian
curve obtained by a visual fit envelops all absorption fea-
tures observed in the experimental jet spectrum (Figure 21,
dotted curve) with FWHM I" = 45¢cm™! corresponding to
a decay time of vibrational excitation into the first tier of
vibrational states of v ~ 120 fs. Since CH-stretching and
bending modes are known to be coupled by strong Fermi
resonances (Pliva and Pine 1982, 1987, Snavely et al. 1984,
Sibert ef al. 1984a,b, Shi and Miller 1985, Page et al.
1988a,b, 1988b, Lu and Hase 1988, Zhang and Marcus
1992, Tung and Wyatt 1993, Rashev ef al. 1998a,b, Mine-
hardt and Wyatt 1998, 1999, Minehardt ef al. 1999), the first
tier presumably involves the CH-stretching/bending combi-
nation bands of E;, symmetry species in the absorption
region. The inferred decay time is compatible with theoret-
ical calculations (Sibert et al. 1984a,b, Shi and Miller 1985,
Lu and Hase 1988, Zhang and Marcus 1992, Rashev et al.
1998a,b, Tung and Wyatt 1993, Minehardt and Wyatt 1998,
1999, Minehardt et al. 1999) and with typical redistribu-
tion times found, e.g., for CH- stretching/bending Fermi
resonances in CHX3 or CHXY;, compounds (Diibal and
Quack 1984, Peyerimhoff et al. 1984, Amrein et al. 1985,
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Lewerenz and Quack 1986, Baggott et al. 1986, Wong et al.
1987, William et al. 1987, Segall et al. 1987, Lewerenz
and Quack 1988, Diibal ef al. 1989, Quack 1990, 1993,
Hollenstein ef al. 1990a, 1993, Ha et al. 1990, Marquardt
and Quack 1991, Luckhaus and Quack 1992, Luckhaus
et al. 1993, Marquardt et al. 1995). The Lorentzian is cen-
tered at 5988 cm™!, which corresponds to the position of
the chromophore state. It is interesting to note that the
Morse oscillator level v = 2 is calculated at 5980 cm™!,
close to the position found here for the chromophore state
in the N = 2 polyad absorption. The main absorption fea-
ture at 6006 cm~! has accompanying weaker satellite lines.
A second Lorentzian obtained by a visual fit envelops
these absorption features (Figure 21, dashed curve) with
I =15cm™! corresponding to a decay time 7 ~0.35ps
of vibrational excitation into a second tier of vibrational
states. This tier could be composed of vibrational states
coupled by weaker higher order anharmonic resonances
to the CH-stretching/bending manifold. The two-tier sta-
tistical model proposed here for IVR in the N =2 CH-
chromophore absorption is compatible with the experiment
and with expectation. The analysis of the CH-stretching
fundamental has provided a similar coupling scheme (Pliva
and Pine 1982, 1987, Snavely et al. 1984, Page et al. 1987,
1988a,b): the IR-active CH-stretching fundamental vy is
coupled to the IR field. By strong Fermi resonances with
CH-stretching/bending combination bands, vibrational exci-
tation is redistributed to an absorption triad, vy, V1§ + V19,
and v| + ve + vy9. The latter band is, in addition, coupled
by weaker anharmonic resonances with v3 + vg + vi5. The
4cm~! width (FWHM) of features in the jet spectrum of
the N =2 absorption is an upper bound for the homoge-
neous bandwidth I giving a lower bound 7 > 1.3 ps for the
decay time of further redistribution of vibrational excitation.
Callegari et al. have obtained the “eigenstate-resolved” ben-
zene spectrum between 6004 and 6008 cm~! by IR-IR
double resonance with cw-laser systems and bolometric
detection (Callegari et al. 1997, 2000, 2001). From the
observed clustering of eigenstates, the authors deduced fur-
ther timescales for IVR ranging from 100 ps to 2 ns.

The integral of a Lorentzian curve with FWHM I
centered around v has its half height at v, and I extends
from 1/4 to 3/4 of its height. This suggests another useful
and more quantitative analysis (Quack 1981a, Hippler et al.
2003) of the spectra considering the integral S(v),
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Figure 21 (a) Jet-cooled, isotopomer-selective overtone spec-

trum of the N =2 CH-chromophore absorption of 12C¢H¢ (as
in Figure 19). The dotted curve is a Lorentzian function with
45cm~! FWHM centered at 5988cm™', the dashed curve a
Lorentzian function with 15cm~' FWHM centered at 6003 cm™".
(b) Relative Gy (V) (integral of the absorption cross section) cor-
responding to the jet-cooled N = 2 CH-chromophore absorption
of 12CgHg, in arbitrary units. The position of the half height (solid
arrow) and of the 1/4- and 3/4-heights (dotted arrows) are indi-
cated (see text for a discussion) (from Hippler et al. 2003).

o (V) is the absorption cross section. The lower integration
limit Dy is near 5850cm™!, outside the absorption range,
and vg is the center of gravity or effective band center. The
integral G (V) corresponding to the jet-cooled N =2 CH-
chromophore absorption of '?C¢Hg is shown in Figure 21.
The effective band center obtained from the half height
of this function is Vg = 5995 cm~!, whereas the effective
width " = 60cm™" is obtained from the 1/4- and 3/4-
heights, in reasonable agreement with the visual fit shown
in Figure 21. We thus finally quote I" = (50  10)cm ™'
and a resulting approximate decay time of vibrational
excitation t ~ 100 fs combining both approaches. The
basis of this dynamic analysis is the assumption of one
single chromophore absorption carrying all the oscillator
strength in the integration range. This assumption has had
some theoretical basis for a long time (Quack 1981a,b,
1990, Mecke 1955) and has been justified again more
recently, e.g., by the “vibron” model calculations of Iachello
and Oss (1992). For '>CgHg, this chromophore absorption
probably resembles the excitation of local '>CH Morse-
oscillators.
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Figure 22 (a) Jet-cooled, isotopomer-selective overtone spec-
trum of the N =2 CH-chromophore absorption of '3C!2CsHg
(as in Figure 20). The dotted curve is a Lorentzian function
with 40 cm™' FWHM centered at 5993 cm™~!. (b) Relative Ge (D)
(integral of the absorption cross section) corresponding to the
jet-cooled N =2 CH-chromophore absorption of 3C'>CsHg, in
arbitrary units. The position of the half height (solid arrow) and
of the 1/4- and 3/4-heights (dotted arrows) are indicated (see text
for a discussion) (from Hippler et al. 2003).

Owing to the similarities in the general appearance of
the jet spectra, the N = 2 CH-chromophore absorption of
13C12CsHg can probably be interpreted on similar general
lines as outlined here for '2C¢Hg. Since no theoretical
calculations exist to our knowledge to guide the assignment,
only a preliminary analysis of the IVR dynamics can
be made at this stage using some simple models. On
the basis of a local mode picture, one could expect two
chromophore absorptions for '3C!'?CsHg in this overtone
region, a strong absorption due to local '>CH Morse-
oscillators, and a weaker absorption due to the local
13CH Morse oscillator. Assuming now that the absorption
of the local '2CH Morse oscillators is dominating, one
can attempt a similar quantitative analysis as before for
the '2CeHg isotopomer. In Figure 22, G(v) is shown
for the jet-cooled N =2 CH-chromophore absorption of
13C12C5Hg. The effective band center is obtained at Vg =
5993 cm~! with width I" = 40cm™!, and a corresponding
Lorentzian curve envelops indeed all absorption features
of the 3C!2CsHg jet spectrum. The center of gravity
of the band is shifted by only —2cm™' compared to
the value for '?C¢Hs (Hippler et al. 2003), presumably

because the dominating chromophore absorption is in
both cases due to 'CH Morse-oscillators (as detailed
before, the '3*CH Morse oscillator has an expected shift
of —17cm™1). Since the inherent assumption of one single
chromophore absorption in this analysis is presumably not
strictly valid for '3C!2CsHg, the actual I" due to IVR will
be somewhat smaller than the 40cm™' obtained by the
integration method. We thus estimate I <40cm™! and a
resulting approximate decay time of vibrational excitation
T > 130 fs. This very fast decay of initial vibrational
excitation is most likely due to strong anharmonic Fermi
resonances between CH-stretching and CH-bending modes,
since similar resonances and redistribution times have been
found for '?C¢Hg (see above) and CHX3 or CHXY,
compounds (Diibal and Quack 1984, Peyerimhoff er al.
1984, Amrein et al. 1985, Baggott et al. 1986, Lewerenz
and Quack 1986, 1988, 1992, William et al. 1987, Wong
et al. 1987, Segall et al. 1987, Diibal et al. 1989, Quack
1990, 1993, Hollenstein et al. 1990a, 1993, Ha et al.
1990, Marquardt and Quack 1991, Luckhaus ef al. 1993,
Marquardt et al. 1995).

Zhang and Marcus (1992) have calculated the absorp-
tion spectrum of '2C¢Hg in the 6000cm~' region using
an anharmonic force field together with dipole moment
derivatives (Pulay et al. 1981). More recently, Rashev et al.
(1998a) have also published a calculated spectrum based
on anharmonic force fields (Pulay efal. 1981, Maslen
et al. 1992) and symmetrized complex coordinates. Relative
intensities were calculated assuming local CH-oscillators
as zeroth-order “bright” states. A comparison with our
experimental jet spectrum shows qualitative but no quan-
titative agreement; furthermore, both calculations differ
markedly (see Hippler ef al. 2003 for more details). Fur-
ther progress in the understanding of IVR in the important
model molecule benzene could be achieved by alternative
theoretical models to be developed in close comparison with
experimental jet spectra.

8.2 Isotope-selective Overtone Spectroscopy
(ISOS) of the CH-stretching Vibration in
12C¢HDs and of 3C12CsHDs

One of the promising candidates for further experimental
and theoretical studies is the isotopomer Cg¢DsH (Milo-
glyadov et al. 2008). It has a lower Cyy-symmetry (Wilson
1934a, Brodersen and Langseth 1959, Thakur et al. 1986),
as compared to the Dgy-symmetry for C¢Hg and only one
“localized” CH-stretching vibration that reduces the num-
ber of strongly coupled states and simplifies the spectrum.
Measurements of '3C-isotope shifts are also useful for the
determination of an accurate force field for benzene. It is
also interesting to study the effect of the changes in mass
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Figure 23 Molecular beam spectra of the first overtone of the
CH-stretching vibration for '?C¢HDs (- - -) and *C'2CsHDs(—).
The spectrum of the '*C-isotopomers is scaled by a factor 60.
The expected wavenumber shift of 22.3cm™! (x) for the isomer
with the '*CH-chromophore with respect to the other '*C-isotope-
isomers is indicated. The peak shifted by 10.3 cm™!(x) is assumed
to result from a not yet identified resonantly coupled level (after
Miloglyadov et al. 2008).

and of the reduced symmetry in '3C'>CsHDs on IVR, as
the shift of vibrational states in >C'2CsHDs relative to the
ones in 12C¢HDs will affect Fermi and other anharmonic
resonances. We present the first overtone spectra of the CH-
stretching vibration of rotationally cooled C¢HDs and the
isotope-isomers of 3C!2CsHDs.

The spectrum of the first overtone of the CH-stretching
vibration for C¢HDs5 is presented in Figure 23. The main
band responsible for the first overtone of the CH-stretching
vibration is centered at 5975cm~!' and has a width of
about 35cm™! at room temperature (Reddy er al. 1982).
At a rotational temperature 7 = 3 K, it is split into two
peaks: one at 5973+0.2cm~! with a width of about
6 cm™! (about 48% of the integral intensity of the spec-
trum) and one at 5982.940.2cm™! (about 28%). Together
with the band at 6049 cm™!, (about 24%) these three
bands form a triad resulting presumably from strongly cou-
pled states. The weak band at 5847.5cm™! in the room-
temperature spectra is resolved into three bands at 5841,
5850.3, and 5859.1cm™! in the molecular beam spectrum.
There are also a number of additional weak bands in the
spectrum.

The strongest band at 5973cm™! corresponds to the
first overtone of CH-stretching vibration 2v, (in Wilson
notation). To find possible candidates for the assignment
of the other bands we might consider the “three-quantum
combination bands” falling in the measured spectral range
from 5750 to 6100cm~!. There are 11 such states of
Aj-symmetry with one quantum of CH-stretching in the
range of the measurement. The main candidates for the
assignment are v, + 2vig, for one of the bands (5841,

5850.3, and 5839.1cm™!), and vy + vigp + v, and vy +
V1ga + vsa for the bands at 6049cm~! and 5982.9cm™!
respectively (Brodersen and Langseth 1959).

There are four distinguishable isotope-isomers of CcHDs
with one '3C atom and all of them have to be present in
the spectrum of the natural mixture. The only isomer that
is expected to have a noticeable CH-stretching shift with
respect to the others is the one with the '3CH-chromophore
and the rough overall spectrum without consideration of the
resonances would consist of two bands with an expected
intensity ratio of approximately 1:5. The relative isotopic
shift of all 3C-substituted isomers of pentadeuterated ben-
zene can be estimated using quantum chemical calcula-
tions. The harmonic frequencies for C¢HDs and all its
isotope-isomers with one '3C were calculated with ab ini-
tio methods with full optimization at the MP2/aug-cc-pVTZ
level of theory. The calculations show that only one har-
monic frequency is shifted significantly, the frequency of
the isomer with the '3CH-chromophore. It has a calcu-
lated isotope shift of about —10.2 cm™! relative to the
other isomers for the fundamental vibration and a frequency
shift of around —20 cm~! may be expected for the first
overtone, neglecting the influence of vibrational couplings.
The overtone spectrum of C¢HDs5 substituted with one 3¢
atom (Figure 23) is presented together with the spectrum
of 2C¢HDs. If we assume that the intensity of the tran-
sitions is given by the relative abundance of the isomers,
we can identify the two relevant peaks in the spectra: the
main peak at 5970.5 cm™! and one at 5948.2 cm™! (**), sep-
arated by 22.3 cm™!. The third peak at 5960.2 cm™!(*) may
correspond to the strongly shifted coupled state, which is
found for C¢DsH at 5982.9 cm~ L. Tt is clear, however, that
the situation remains quite complex and at present such an
analysis must be preliminary.

9 CONCLUSIONS AND OUTLOOK

In the present review we have stressed on the developments
in mass and isotope selective infrared spectroscopy that
have been carried out by us over the last two decades in
the framework of our studies of intramolecular dynamics as
derived from high-resolution spectroscopy. We have tried to
relate this effort to alternative approaches by other research
groups, wherever possible, and apologize for any possible
omissions in the citation of work from our colleagues
worldwide that may have occurred because of limited
information on our side, due to the necessary restrictions
being imposed on the length of our review, or that might
have occurred inadvertently.

We have demonstrated in the foregoing sections the
power of the methods developed in their application
to various aspects of isotope effects in high-resolution
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spectroscopy. It should be clear that the methods described
here open new avenues for high-resolution spectroscopy.
The selective ionization of vibrationally excited molecules
in the IR + UV double-resonance schemes allows indi-
rect, but extremely sensitive, detection of the IR excitation.
The technique has been applied to overtone spectroscopy
in supersonic jet expansions, where the cooling of vibra-
tional and rotational degrees of freedom greatly reduces
hot-band congestion and simplifies spectra, which is often
essential for a reliable assignment. Ionization detection of
the IR excitation can be coupled very efficiently with a TOF
mass spectrometer, which allows the separation of spectral
contributions of different components in a mixture. Mass
spectrometry is thus added as a second dimension to IR
spectroscopy, which greatly increases the selectivity. The
IR excitation can also increase the selectivity of mass spec-
trometry, since it allows the separation of species, which
have nearly the same mass (isobars). Through their different
IR spectra, isotope-isomers can be distinguished in princi-
ple, and the application of the technique to '*C!'?CsHDs
in Section 8.2 provides an example. With these mass- and
isotopomer-selective spectroscopic techniques, it is possi-
ble to study isotope effects in intramolecular dynamics and
energy redistribution (Marquardt and Quack 2001) with iso-
topomers in mixtures of natural abundance or enriched only
to a limited extent.

An application of great physical significance concerns
the study of intramolecular primary processes in a vari-
ety of isotopomers of polyatomic molecules by means
of high-resolution spectroscopy. Here we have summa-
rized some of these results for IVR in CHCljz, ani-
line, and benzene, among others. The study of quasi-
adiabatic channel above barrier-tunneling stereomutation
in the “large” chiral molecule aniline-NHD provides an
exemplary case as this isotopomer can hardly be studied
separately by other techniques because of the fast H/D iso-
tope exchange leading always to mixtures with aniline-NH,
and —ND, isotopomers. The demonstration of the mode-
selective inhibition of stereomutation by NH-stretching

excitation discussed in Section 7.3 is a most striking result
in opposition to some of the classic dogmas of unimolec-
ular rate theory. In considering the power of the presently
discussed isotope-selective techniques of OSVADPI, ISOS,
and IRSIMS, it may be useful to compare these with
other powerful current techniques of high-resolution molec-
ular spectroscopy as summarized in Table 3 (Quack 2003).
As measures of spectroscopic power, we use here, firstly,
the obvious resolving power v/év, and the effective res-
olution or instrumental bandwidth §v. Given the present
limitations of our pulsed laser light sources, the current
implementations of IRSIMS/ISOS perform only moderately
well compared to FTIR spectroscopy, midinfrared diode
laser spectroscopy, or near-infrared cw-diode laser cav-
ity ring down (CRD) spectroscopy. There is clearly room
for improvement in this area and, in the future, power-
ful cw-optical parametric oscillators may be able to fill
this gap and generate resolving powers larger than 103
with instrumental resolutions in the megahertz or even sub-
megahertz range in combination with Doppler-free methods
(Dietiker et al. 2010). The scanning range Av and scan-
ning power of ISOS/IRSIMS is already excellent today
(Table 3). The sensitivity is not to be measured by effective
absorption length [, as absorption signals are not mea-
sured directly, but rather by an ionization signal. While
this detection scheme has the usual disadvantage of lack-
ing information about absolute absorption intensities, it
is outstandingly sensitive, which more than compensates
for the disadvantage. But clearly the largest advantage
in detection is the additional discrimination through the
mass selectivity. The combination of the several tech-
niques in Table 3 obviously provides additional possibil-
ities (see articles by Albert ef al. 2011b: High-resolution
Fourier Transform Infrared Spectroscopy and by Snels
et al. 2011: High-resolution FTIR and Diode Laser Spec-
troscopy of Supersonic Jets, in the present handbook).
An interesting future development might be the combina-
tion of this advantage with the interferometric techniques,
thus providing hypothetical mass-selective interferograms

Table 3 Powerful spectroscopic techniques to apply to atmospheric analysis and quantum chemical kinetics®.

Rp® Sp© 8v/MHz@ AP /cm™!1© I/m®
FTIR <2x10° ~ 107 20-70 20000 100
Diode laser, direct absorption >2x 10° <5x%x10* 20-30 20 (2500) 100
NIR-diode laser, cw-CRD >2x 108 < 107 ~1 500 1000-10 000
ISOS/IR >6x 10 >30000 (> 10°) ~ 500 500 (20000) 1073

@ After Quack (2003).

®Resolving power, Rp = v/8v.

©Scanning power, Sp = Av/8v.

@Effective resolution or instrumental bandwidth, Sv.
(®Effective scanning range, AD.

(D Effective absorption length, /.
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as already proposed some time ago (Quack 1990). This
would combine the great scanning power, scanning ranges,
and high resolving powers of interferometric FTIR spec-
troscopy with the additional mass and isotope selectivity.
However, the efficient implementation of such an experi-
mental technique is highly nontrivial and very demanding,
indeed.

Besides an overview and outlook on possible extensions
of the present techniques and their alternatives, we should
discuss also some further applications. Beyond the appli-
cations concerning molecular spectroscopy and dynamics
already discussed in some detail in this article, one can
also conceive of mere analytical applications. One could
think of ordinary analyses making use just of mass-selected
infrared spectra of ordinary chemical mixtures (for instance,
in environmental or industrial applications). The application
to mixtures of aromatic compounds including polycyclic
aromatic hydrocarbons following the lines discussed here
for aniline and benzene isotopomers would be straightfor-
ward. The isotopomer-selected infrared spectra could also
be used in special analyses studying isotope fractionation
in natural processes or even in dating with isotopes. Here,
infrared molecular spectroscopy would provide the addi-
tional dimension to isotope analysis.

Another obvious application of ISOS/IRSIMS is in a
preparatory phase of laser isotope separation. Laser isotope
separation by molecular infrared multiphoton absorption
had been discovered already in 1975-1976 (Ambartsumyan
etal. 1975, Lyman etal. 1975) and is now a well-
established technique (Ambartsumyan ef al. 1975, Lyman
et al. 1975, Quack 1978, 1989a, 1995a, 1998, Outhouse
et al. 1985, Lupo and Quack 1987, Letokhov 1987, Fuf3
et al. 1994, Chen et al. 1995). Traditionally, spectroscopic
techniques have been employed in optimizing the overall
process, or else the laser isotope separation is optimized
by simple trial of the laser frequencies used with respect
to effective separation. ISOS/IRSIMS is obviously ideally
suited to test for optimum frequency selection in appropriate
laser isotope separation schemes. A particularly useful
application of ISOS/IRSIMS would be in planning two-
step laser isotope separation schemes (Kowalczyk 2000,
Boyarkin et al. 2003). As there is now renewed interest
in possible medical applications of stable isotopes (Quack
1989a, 1995a, Widmer 1989, Krumbiegel 1991, Ful} et al.
1994, de Meer et al. 1999), this application might become
more important in the future. In a more general context,
laser isotope-isomer separation of organic molecules might
also become of interest as demonstrated in Grof3 et al.
(1998).

A further future application might concern spectroscopic
studies of molecules aiming at problems of fundamen-
tal physics. In this context, possible spectroscopic inves-
tigations of the new isotope effects based on differences

in electroweak charges of isotopes in enantiomeric iso-
topomers (Sieben et al. 2003) discussed in the intro-
duction are obvious applications. ISOS/IRSIMS can be
used here for preparatory spectroscopic studies of pos-
sible molecular candidates. If combined with appropriate
additional experiments, it could also be used to study the
effects of the weak nuclear interaction on energy differ-
ences of isotopic enantiomers, similar to the case of other
enantiomers (Quack 1986, 1989b, 1995b, 2002, Gottselig
et al. 2004). There is clearly room for many exciting

lonization

— n, n
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=} Ap\,E1>>AE]£
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i

Figure 24 Enantiomers of chiral molecules of the general type
X-Y-Y-X and scheme for the experiment to measure A,,E
(red arrows for time-dependent experiment) and A ,,v/v (blue
arrows). The combination of red and green arrows in the scheme
leads to a measurement of A, E in the frequency domain. The
excited state of well-defined parity (plus signs) can be in an
electronically excited state or in an excited vibrational state as
shown (Quack and Willeke 2006). The red arrow in absorption
corresponds to a transition between an S and a positive parity
level (energy hvs:). The green arrow in absorption corresponds
to a transition between an R and a positive parity level (energy
hvgs). The difference is (hvsy — hvgs) = Ay E°. The energy
difference between the two blue absorption lines within R and
S, (hvs — hvg) = ApyE' — A, E®, is the difference of parity-
violating energy differences. The black arrows correspond to the
detection step in the ISOS scheme.
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developments of isotope-selective infrared spectroscopy in
the future. In conclusion, we might also note that the
detection scheme ISOS/IRSIMS by ionization and mass
selection can be also directly used in the experimental
scheme for measuring the parity-violating energy difference
Apy E of enantiomers of chiral molecules. This is illustrated
in Figure 24. Instead of the initial one-photon infrared
excitation, one then has a sequential two-photon absorp-
tion/stimulated emission preparation of “parity isomers”
of chiral molecules (red arrows) and subsequent probing
by UV/VIS excitation and ionization (black arrows). For
details of this interesting application, we refer to the article
Quack 2011: Fundamental Symmetries and Symmetry
Violations from High-resolution Spectroscopy, this hand-
book.
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ABBREVIATIONS AND ACRONYMS

BBO B-barium borate

CRD cavity ring down

FTIR Fourier transform infrared

FWHM full width at half maximum

IRLAPS infrared laser-assisted photofragment
spectroscopy

IR-REMPI infrared resonance enhanced multiphoton
ionization

IRSIMS infrared spectroscopy with isotope and mass
selection

ISOS isotopomer-selective overtone spectroscopy

IVR intramolecular vibrational redistribution

LIF laser-induced fluorescence

NMR nuclear magnetic resonance

OSVADPI  overtone spectroscopy by vibrationally
assisted dissociation and photofragment
ionization

OPA optical parametric amplifier

RE2PI resonantly enhanced two-photon ionization

REMPI resonantly enhanced multiphoton ionization

SEP stimulated emission pumping
SRE stimulated Raman excitation

TOF time-of-flight
UHV ultrahigh vacuum
vVUVv vacuum ultraviolet
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