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Molecules in Motion
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Abstract: The group for molecular kinetics and spectroscopy at ETH Zurich investigates the fundamental
physical-chemical primary processes of chem ical reactions. We have developed a conceptually new approach
to derive these primary processes of intramolecular kinetics on time scales leading into the femtosecond and
subfemtosecond domain on the basis of infrared spectroscopy with high frequency resolution but without
short-time resolution. Selected applications include intramolecular wavepacket dynamics of chemical func-
tional groups of isolated, individual molecules and IR-Iaser chemistry of molecules under infrared multiphoton
excitation, hydrogen bond tunneling dynamics in hydrogen fluoride clusters (HFh and the tunneling stereomutation
of prototypical chiral molecules. One of the greatest current challenges is the elucidation of the influence of the
parity violating weak interaction mediated by the Z-boson of high energy physics on the dynamics of chiral
molecules.
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where the concentration of the catalyst
(acid, with S for concentration of 'Saure')

1. Introduction: Molecular Kinetics
and Spectroscopy from the Pseudo
First Order Rate Law to the
Schrodinger Equation and Quantum
Chemical Kinetics
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These are new areas of chemical ki-
netics, where the analysis can either fol-
low the traditional rate equation (I) ap-

2. Molecular Multiphoton Excitation
and Infrared Laser Chemistry

The general, somewhat abstract
scheme is outlined in Fig. 1. Molecular
infrared spectra consist of many thou-
sands of lines whose positions and inten-
sities can be accurately measured. Their
analysis provides in several complicated
st~s the molecular Hamiltonian operator
(H in Eqn. (2), from which the time evo-
lution operator (0 in Eqn. (3» and the
time-dependent wavefunction 'P(q, t) are
derived. 'P(q, t) contains all the relevant
information on the time dependent mo-
lecular motion in the complete coordinate
space (q). The experimental results can
be compared with theoretical results de-
rived from ab initio Hamiltonians, which
may also aid the analysis of experiments.
For a detailed outline of this approach we
refer to [9-13][ 15-17] . We shall present
here some exemplary applications.

is considered as constant as well as the
proportionality factor M, which today
would be called the rate constant.

With the additional concept of reac-
tion mechanisms composed of elementa-
ry reactions, much of today' s chemical re-
action kinetics studies follow these lines,
with major progress having been made in
terms of time resolution, reaching micro-
seconds with the relaxation [2] and flash
photolysis [3] techniques of the 1950's
and a few femtoseconds today [3-5] (ex-
cepting for the famous 0 fs pulses [6]).
Bimolecular reactions have also been in-
vestigated by the conceptually independ-
ent approaches of molecular beam scat-
tering [7] (see also the general reviews
[8-11]).

We have developed a conceptually
new approach to investigate fast intramo-
lecular primary processes with effective
time resolutions reaching about 0.2 fs in
practice, and even better, in principle
[12]. This approach starts out from high-
frequency resolution spectroscopy of
polyatomic molecules (but no, or unim-
portant time resolution) to derive the true
molecular quantum motion at short time,
either in isolation [12] or with strong la-
ser irradiation, which may control molec-
ular motion [13]. The method of analysis
is the time dependent (and time inde-
pendent) SchrOdinger equation (in mod-
ern notation Eqn. 2 - very similar to the
original one [14]), solved by Eqn. (3)

(I)M·Z·dZ
dl

The history of chemical kinetics is deeply
linked to time-dependent spectroscopic
observation. Indeed, the starting point of
quantitative chemical kinetics was the
formulation of a time-dependent pseudo
first-order rate law for the spectroscopi-
cally observed hydrolysis ('inversion') of
cane sugar (2 for the concentration of
'Zucker') in 1850 by Wilhelmy [1], given
in Eqn. (1) in its original form
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MOLECULAR SPECTRA
Fig. 1, Scheme to derive fundamental process-
es of molecular kinetics from high-resolution
spectroscopy (after [12])
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plies that we are able to select in a reac-
tion mixture the molecules we desire for
a chemical reaction. In particular, one
can select different isotopomers of the
same molecule (such as I2C or 13C in
Egn. (4), and the method can be used rath-
er routinely for efficient isotope separa-
tion following several schemes [21-23].
Today there is still hardly a useful market
for the use of such isotopes, but once
such a market evolves (for instance with
potential medical applications of 13C),
the method can be made a starting point
for an industrial process.

In contrast to intermolecular selectivi-
ty in a mixture of molecules, intramo-
lecular selectivity would allow us to do
some kind of selective molecular 'laser
surgery' within a single, isolated mole-
cule (Fig. 2). It turns out that the realiza-
tion of this dream of 'mode-selective
chemistry' requires a deeper knowledge
of intramolecular processes.

3. Intramolecular Vibrational
Redistribution and Quantum
Wavepacket Motion for the
Dynamics of Functional Groups

What happens in a molecule upon lo-
cal excitation of an infrared chromophore
(Fig. 2)? How does the energy migrate
from one part of the molecule to another?
How do molecules really move? These
questions are at the starting point of
chemical reaction kinetics and shall be
answered here for the fundamental exam-
ple of just two coupled molecular vibra-
tional modes in organic molecules of the
type HCX3, where for short times (up to 1
ps) just the C-H bond stretching and the

n :::l 500 (5)~ +e

Ab initio Potential Hyper-
surfaces and Hamiltonians
(theoretical symmetries)

60

liO Nov c:, + I (56 +2(2 etc (6)

and subsequent fragmentation

The most interesting fundamental
questions in this kind of kinetics concern
the role of intermolecular selectivity and
of intramolecular selectivity as outlined
in Fig. 2.

Intermolecular selectivity of the high-
ly monochromatic laser excitation im-

Another example is C60, which after
multiphoton excitation with about 500
infrared photons shows vibrational
preionization and demonstrated for the
first time for a neutral molecule in our
work on this example [20]

(4)

MOLECULAR HAMILTONIANS -..•--(observed symmetries)

H
TIME EVOLUTION OPERATOR (Matrix)

H

II == 20)

where for the first time the distribution of
products over different hyperfine levels
(F = 1, 2, 3, 4) could be measured and
was found to be statistical, as is the prod-
uct translational and internal energy on
ns to ps time scales [19].

proach or the quantum chemical kinetics
- Schrbdinger equation (2) approaches.
Indeed, it can be shown, on the basis of
the fundamental Schrbdinger equation,
under which conditions and in which
form the rate equation approach may ap-
ply [13][18]. The method consists in ex-
citing molecular vibrations with many
(typically between 10 and 50, but up to
500) infrared photons. Typical times are
between 1 ns and 500 ns. Recent applica-
tions concern the reactions of organic
iodides such as in Eqn. (4)
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Fig. 2. Intermolecular and intramolecular selectivity in laser chemistry (after [211)

mode description'), depending on the ini-
tial excitation, perhaps with slow, period-
ic exchange between the two directions
of motion.

In the other description, S in Fig. 3
(which forms the basis of statistical theo-
ries like the transition state theory of
chemical kinetics), the excitation is delo-
calized on the average over the whole
energetically accessible coordinate range.
Fig. 4 shows how for the molecule CHF3
an initial pure stretching excitation (0 fs)
spreads over the whole coordinate range
of stretching and bending in less than 100
fs. The probability densities 1'Pj2 really
look like waves covering the whole bath-
tub. The interpretation gives a loss of lo-
calized structure in addition to energy
migration, a typical quantum mechanical
effect [11][25][26]. While the result
shown here dates back some time and is,
indeed, the very first experimentally de-
rived multidimensional molecular femto-
second wavepacket for energy migration,
there have been numerous results since
then, showing very different behavior for
this wavepacket evolution for different
functional groups in molecules. For in-
stance the R-C=C-H group leads to rath-
er long-lived C-H stretching excitations
with relatively slow energy migration (10
ps to 1 ns) and further interesting phe-
nomena are observed for chiral XYZCH
[27-29], aldehydic C-H in R-CHO [30]
and other characteristic chemical envi-
ronments [15-17][27][28]. The discov-
ery of mode-selective energy migration
[25-28] has opened numerous avenues
for future studies. It is expected to re-
place old dogmas related to the transition
state theory of chemical reactions and
may allow the design of intramolecular
energy transport in the future.

Reaction 2Reaction 1

Intermolecular Selectivity

hVA IVV\r+ @0 • A reacts

® 0
hVB IVV\r+ @® • B reacts

® 00
Intramolecular Selectivity

hv IIVV\r+ Chr 1 Chr 2 +VVV\ hv2

C-H bending vibration exchange excita- lute square of the wave function (1'P12)
tion energy. The quantum motion can be gives the probability density of the posi-
described by a two-dimensional potential tion of the H-atom along a stretching or
similar to a bathtub, with equipotential bending direction. There have been in the
lines of the same potential energy being past two fundamentally different descrip-
depicted in Fig. 3 [24]. One may consider tions. In the first, the excitation remains
the description of quantum motion like localized in one or the other direction of
'waves in this bathtub', where the abso- motion (pictures N in Fig. 3, for 'normal

y 4. Tunneling Reaction Dynamics in
Hydrogen Bonds of (HF)n
Complexes and in the
Stereomutation of Simple Chiral
Molecules

The quantum mechanical tunnel ef-
fect plays an important role in many areas
of atomic and molecular physics and is
expected to be particularly prominent in

A B x

s
'------""'"------'""

N Fig. 3. Scheme of equipotential lines and prob-
ability distributions in a model of two coupled
molecular vibrational modes (after [24])
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Fig. 4. Wavepacket motion for the two strongly
coupled CH-stretching (OJ and CH-bending
(Ob) vibrations in the CHF3 molecule 1'P(Os,
ObI t)12is the probability distribution on the fs
time scale after initial CH-stretching excitation
at t = 0 (after [11]

These processes are of fundamental
importance for our understanding of the
dynamics of hydrogen-bonded liquids
such as hydrogen fluoride itself [31], but
also water, which is similar, though more
complex, and hydrogen bonds in biomol-

chemistry whenever hydrogen atoms are
involved in a reaction. As a first proto-
typical example studied by the spectro-
scopic approach described in Fig. 1, we
mention hydrogen-bond dissociation and
rearrangement dynamics in hydrogen
bonded (HF)2:

H

or pyramidal amines (RIR2R3N)
[36][37]. The chemical reaction of stereo-
mutation transforms the chiral R-enanti-
orner into the S-enantiomer (or Pinto M
in axially chiral molecules):

(9)R

The time scales in aniline (-NHD)
(C6Hs-NHD) are 700 fs to a few ps, de-
pending on whether promoting (catalyz-
ing) or inhibiting modes are excited
[35][37]. Tunneling stereomutation in
hydrogen peroxide is similarly mode se-
lective with various excitations [35].
While such results are important for our
current and future understanding of
chemical reaction dynamics, the study of
chiral molecules opens an avenue of re-
search that may prove revolutionary in
the future of the fields bordering chemis-
try and physics and will be addressed in
the last section of this short report.

ecules. We have been able to show that
the switching process (7) depends strongly
on the type of excitation of various vibra-
tional and rotational modes in the com-
plex, and falls in the range of 10-100 ps
times. In contrast, the dissociation (i.e.
evaporation-like) can take much longer,
even nanoseconds, even.if the total ener-
gy in the complex is more than sevenfold
the energy needed to break the hydrogen
bond (about 12.7 kJ mol-I) [32]. Again,
the time needed depends very strongly
upon the nature of the initial excitation,
not just the total amount of energy in the
complex: It is highly mode selective and
nonstatistical [31-34].

Another interesting and fundamental
class of chemical reactions where we
have observed this nonstatistical, highly
mode selective behavior, is the tunneling
stereomutation in simple chiral prototype
molecules such as nonplanar X- Y- Y-X
molecules which are axially chiral [35]
(such as hydrogen peroxide H-O-O-H

( )
II'

2 HF (7)H-FF· ..

And

1111
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5. The Influence of the Z-Boson of
Elementary Particle Physics on the
Chemical Dynamics of Chiral
Molecules

Fig. 5 illustrates the stereomutation of
an axially chiral molecule Cl-S-S-Cl in
a simplified one-dimensional potential
diagram. In the traditional quantum
chemical picture, such a potential arises
in the framework of the Born Oppen-
heimer approximation using as a founda-
tion the electromagnetic interaction, as
one of the four fundamental interactions
of physics, which leads to an exact sym-
metry and energetic equivalence of the
enantiomers. This symmetry is in fact in-
dependent of the particular approxima-
tion and depends only upon the funda-
mental physical interactions incorporated
in the treatment. These fundamental in-
teractions are distinguished 'ab initio' by
their symmetries (see Fig. I), which can
thus be tested. Whereas the electromag-
netic interaction is mediated by photons
and shows the inversion symmetry men-
tioned, which leads to conservation of the
quantum number parity, the Z-boson me-

diates the so-called weak interaction,
which adds an effectively antisymmetric
potential to the one shown in Fig. 5. Thus
the two enantiomers are no more energet-
ically equivalent, but have slightly differ-
ent energies. It turns out that these energy
differences are exceedingly small, on the
order of 10-11 Jmol-1• Only recently have
accurate calculations of this effect been
possible [38-40], showing that it is in
fact orders of magnitude larger than pre-
viously anticipated. Experiments to
measure the energy difference have been
proposed, but have not yet been carried
out [41][42]. Whether or not the energy
differences are important, depends upon
the relative magnitudes of tunneling
splittings /)'E± for stereomutation in the
symmetrical case and of parity violating
energy asymmetries /)'Epv' Most recent
calculations have for the first time shown
the transition between several regimes of
chiral molecules, those like H202 and
aniline-NHD, where parity violation is in
fact unimportant, and those like S2Cl2,
where parity violation dominates. In-
deed, the time for parity change is esti-
mated here to be about 15 s only, whereas

the tunneling stereomutation time would
exceed the age of the universe. D2S2and
T2S2 fall in an interesting intermediate
range [43][44]. These results change our
understanding of the dynamics and kinet-
ics of chiral molecules (Table).

In the more distant future, this kind of
spectroscopic investigation on chiral
molecules might lead to fundamentally
new physics in relation to the symmetries
C, P, and T, to our understanding of the
symmetry of space and time directions,
and the possibility of an absolute molecu-
lar clock defining a time direction, not
just time intervals [42].
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Fig. 5. Stereomutation in the chiral CI-S-S-CI
molecule. The picture shows the symmetrical
torsional potential for transforming the P-enan-
tiomer into the M-enantiomer. There is an ad-
ditional asymmetrical potential from the weak
interaction, which is about 15 orders of magni-
tude smaller but governs the dynamics of chi-
rality (after [44])

Molecule [ref.] E.!!:..-
E '[

Table. Parity violating I1Epv energy differences~
<"c)l.'m I

I/uicOl I s and times (I1tpv) for chiral molecules as well as
tunneling splittings 6E± (and tunneling periods

H202 [35][38](40) 4 x 10-14 400 11 3 x 10-12 T) for the symmetrical potentials.

D202 [35][40J 4 x 10.1 400 2 2x10-11

H2S2 [39](43J 1 x 10.12 16 2x 1~ 2 X 10-5

D2$2 (43) 1 x 10 12 16 5 x 10.10 0.07

T2S [43] 1 x 10-12 16 1 X 10-12 33

S2Cl2 [44] 1 x 10-12 16 « 10-70 » 1060



THE DEPARTMENT OF CHEMISTRY, ETH ZORICH, IN THE NEW HONGGERBERG BUILDINGS 758
CHIMIA2001. 55, No. 10

[1] N. Wilhelmy, Annalen der Physik 1850,
81,413.

[2] M. Eigen, 'Die unmessbar schnellen
Reaktionen (Ostwalds Klassiker der exak-
ten Naturwissenschaften)', Vol. 28 I, Har-
ri Deutsch, Thun und Frankfurt, 1996.

[3] G. Porter, 'Flash photolysis into the fem-
tosecond - a race against time', Chap 1, in
'Femtosecond Chemistry', Vol. 1, Eds. J.
Manz, L. Woeste, Verlag Chemie, Wein-
heim, Berlin, 1995, p. 3.

[4] A.H. Zewail, 'Femto chemistry: concepts
and applications', Chap. 2, in 'Femtosec-
ond Chemistry' (Eds.: J. Manz, L.
Woeste), Verlag Chemie, Weinheim,
1995, p. 15.

[5] G. R. Fleming, 'Chemical applications of
Ultrafast Spectroscopy', Oxford Universi-
ty Press, Oxford, 1986.

[6] W.H. Knox, R.S. Knox, 1.F. Hoose, R.N.
Zare, Opt. Photon News 1990, 1, 44.

[7] Y.T. Lee, Angew. Chern. 1987, 26, 939;
(see also M. Quack, Chirnia 1986, 40,
386-388).

[8] M. Quack, S. Jans-Bi.irli, 'Molekulare
Thermodynamik und Kinetik, Teill: Che-
mische Reaktionskinetik', Verlag der
Fachvereine, Zi.irich, 1986, (new edition
by M. Quack, J. Stohner, in preparation)

[9] D. Luckhaus, M. Quack, 'Gas Phase Ki-
netics', Chap. A.3.4, in 'Encyclopedia of
Chemical Physics and Physical Chemis-
try', lOP Publishing, Bristol, 2001.

[10] D. Luckhaus, M. Quack, 'Gas Phase Ki-
netics Studies', Chap. B.2.5, in 'Encyclo-
pedia of Chemical Physics and Physical
Chemistry', lOP Publishing, Bristol,
2001.

[11] R. Marquardt, M. Quack, 'Energy Redis-
tribution in Reacting Systems', Chap.
A.3.!3, in 'Encyclopedia of Chemical
Physics and Physical Chemistry', lOP
Publishing, Bristol, 2001.

[12] M. Quack, 'Molecular Femtosecond
Quantum Dynamics Between Less than
Yoctoseconds and More than Days: Ex-
periment and Theory', Chap. 27, in 'Fem-
tosecond Chemistry', Eds. 1. Manz, L.
Woeste, Verlag Chemie, Weinheim, 1995,
p. 781.

[13] M. Quack, 'Multiphoton Excitation'. in
'Encyclopedia of Computational Chemis-
try', Vol. 3, Eds. P.v.R. Schleyer, N.
Allinger, T. Clark, J. Gasteiger, P.A. Koll-
man, H.F.I. Schaefer, P.R. Schreiner, John
Wiley & Sons, Chichester, 1998, p. 1775.

[14] E. Schrodinger, Annalen der Physik IV.
Folge 1926, 81, p. 109.

[IS] M. Quack, Annu. Rev. Phys. Chern. 1990,
41,p.839.

[16] M. Quack, 'Mode selective vibrational re-
distribution and unimo]ecular reactions
during and after lR-laser excitation', in
'Mode Selective Chemistry, Jerusa]em
Symp.', Vol. 24, Eds. J. Jortner, R.D. Lev-
ine, B. Pullman, D. Reidel Publishers,
Dordrecht, 1991, p. 47.

[]7] M. Quack, J. Mol. Struct. 1995,347,245.
[18] M. Quack, Chirnia 1981, 35, 463.
[19] Y.B. He, J. Pochert, M. Quack, R. Ranz,

G. Seyfang, Faraday Discuss. 1995, 102,
275.

[20] M. Hippler, M. Quack, R. Schwarz, G.
Seyfang, S. Matt, T. Mark, Chern. Phys.
Lett. 1997,278, 111.

[21] DW. Lupo, M. Quack, Chern. Rev. 1987,
87, 181.

[22] M. Quack, Infrared Physics 1989, 29,
441.

[23] M. Quack, 1nfrared Phys. Technol. 1995,
36,365.

[24] M. Quack, Bulletin der ETH Zurich 1984
189,19. '

[25] R. Marquardt, M. Quack, 1. Stohner, E.
Sutcliffe, 1. Chern. Soc. Faraday Trans. 2
1986,82,1]73.

[26] R. Marquardt, M. Quack, J. Chern. Phys.
1991, 95, 4854.

[27] A. Beil, H. Hollenstein, O.L.A. Monti, M.
Quack, 1. Stohner, J. Chern. Phys. 2000,
113,2701.

[28] J. Pochert, M. Quack, J. Stohner, M.
Willeke, J. Chern. Phys. 2000, 113,2719.

[29] R. Marquardt, M. Quack, I. Thanopulos,
J. Phys. Chern. A 2000, 104,6129.

[30] M. Quack, J. Stohner, J. Phys. Chern.
1993, 97, 12574.

[31] M. Quack, M.A. Suhm, 'Spectroscopy
and quantum dynamics of hydrogen fluo-
ride clusters', in 'Advances in Molecular
Vibrations and Collision Dynamics, Vol.
III, Molecular Clusters', Eds. Z. Bacic, J.
Bowman, JAl press, Stamford, Conn. and
London, England, 1998, p. 205.

[32] W. Klopper, M. Quack, M.A. Suhm, J.
Chern. Phys. 1998, 108, 10096.

[33] K. von Puttkamer, M. Quack, Chern. Phys.
1989,139,31.

[34] M. Hippler, L. Oeltjen, M. Quack, Proc.
17th coil. High Res. Mol. Spectrosc. Pap-
endal (2001), p. 107; and to be published.

[35] B. Fehrensen, D. Luckhaus, M. Quack,
Chern. Phys. Lett. 1999, 300, 312.

[36] B. Fehrensen, M. Hippler, M. Quack,
Chern. Phys. Lett. 1998, 298, 320.

[37] B. Fehrensen, D. Luckhaus, M. Quack, Z.
Phys. Chern. 1999, 209, 1.

[38] A. Bakasov, T.K. Ha, M. Quack, 'Ab ini-
tio calcu]ation of molecular energies in-
cluding parity violating interactions', in
'Chemical Evolution: Physics of the Ori-
gin and Evolution of Life, Proc. of the 4th
Trieste Conference', Eds. J. Chela-Flores,
F. Rolin, Kluwer Academic Pub!., Dor-
drecht, 1996, p. 287.

[39] A. Bakasov, T.K. Ha, M. Quack, J. Chern.
Phys. 1998,109,7263.

[40] R. Berger, M. Quack, J. Chern. Phys.
2000,112,3148.

[41] M. Quack, Angew. Chern. 1989, 101,588;
Angew. Chern. Int. Ed. in Engl. 1989, 28,
571.

[42] M. Quack, Nova Acta Leopoldina 1999,
81, 137.

[43] M. Gottselig, D. Luckhaus, M. Quack, 1.
Stohner, M. Willeke, Helv. Chirn. Acta
2001, 84, 1846.

[44] R. Berger, M. Gottselig, M. Quack, M.
Willeke, 2001, Angew. Chern. Int. Ed.
2001, in press.


