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Abstract: The physical understanding of chemical reactivity builds on the connection between structural and
dynamical molecular properties, such as the specific dynamical properties of functional groups which
determine a molecule’s chemical behavior. Studies of OH- and NH2 groups in different environments
demonstrate how experiment and theory combine to draw a detailed picture of the molecular quantum-
dynamics. The hydrogen motion in a series of model systems elucidates important aspects of the N/O/H
chemistry, with implications for radical and atmospheric chemistry. In perfect analogy to the separation of
electronic and nuclear motion in the Born-Oppenheimer approximation, characteristic motions of individual
structural features are adiabatically separated from the overall system dynamics. This phenomenon of
vibrational adiabaticity will play a central role in the understanding of the microscopic foundations of empirical
structure–reactivity relationships.
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1. Introduction

Spectroscopy and quantum dynamics –
what do they have to do with chemistry?
What can the interaction of matter with
light tell us about the fast processes on a
molecular scale that are chemical reac-
tions? The purpose of this article is to il-
lustrate how the proper combination of
experiment and theory can translate high-
resolution spectra into a detailed picture
of the molecular quantum dynamics that
induce chemical change.

Unraveling the mechanisms of energy
transfer on a molecular level is one of the
central problems of chemical reaction ki-
netics. Most intriguing from the chem-
ist’s point of view is the connection be-
tween a molecule’s dynamical and struc-
tural properties. Although empirically
well-established, this relationship leaves
many open questions. Which are its mi-
croscopic foundations? Are there trans-
ferable properties of functional groups
and how do they determine the course of
chemical reactions? Modern spectro-
scopy opens a unique approach to these
problems. The key is provided by the in-
terpretation of molecular spectra in terms
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of explicit quantum-mechanical models
of the underlying molecular motion.

2. Experimental Approach

The analysis of high resolution ro–
vibrational spectra on the basis of micro-
scopic models of the molecular motion
has been used with great success to reveal
‘hidden’ (approximate) symmetries, cou-
pling hierarchies, and ‘constants’ of the
motion on different time scales not easily
detected in time-dependent experiments
[1–3]. The experimental basis of such
studies is provided by high-resolution
spectroscopy ranging from the far-infra-
red up to the visible range of the spec-
trum, covering rotations and slow large
amplitude vibrations as well as the fast
energy redistribution processes in highly
excited molecules. The measurements
are stationary but the resolution of spec-
tra determines the time scales accessible
through this approach while the band
width limits the temporal resolution.
These needs together with the require-
ment of high sensitivity are not easily
reconciled by a single experimental
method. Modern spectroscopy provides a
whole arsenal of techniques, with differ-
ent strengths and weakness, which can be
combined. So the broad band width of
Fourier transform IR/Vis spectroscopy
supplements the high resolution and sen-
sitivity of various Laser spectroscopic
techniques (e.g. photo-acoustic [4][5]
and cavity ring-down spectroscopy [6].
Various experimental approaches are
available to simplify dense and complex
spectra. Thermal congestion is most effi-
ciently removed in supersonic jet expan-
sions by reducing effective temperatures
down to 20 K and below [7]. Double-res-
onance techniques allow selected levels
to be studied in a dense manifold. Promi-
nently among these feature double reso-
nance ionization techniques [8][9] and
vibrationally mediated photo-dissocia-
tion [10] experiments.

The enormous technical progress in
modern experiments provides access to
spectroscopic information on an unprece-
dented level of detail. This requires new
methods to evaluate and analyze a huge
amount of data. With automated assign-
ment procedures and efficient simulation
techniques [11] high-resolution ro-vibra-
tional spectra with their literally hun-
dreds of thousands of lines can be ana-
lyzed up to the highest level of detail as
illustrated in Fig. 1. Beyond simple data
reduction this procedure allows the iden-
tification of coupling hierarchies and ef-

fective symmetries. To extract the inter-
esting dynamical information from the ex-
perimental spectroscopic data the spectra
have to be simulated on the basis of a re-
alistic model for the molecular motion.

3. Models for the Molecular
Quantum Dynamics

The detailed modeling of the molecu-
lar quantum dynamics splits into two
main problems: (i) the construction of
suitable multi-dimensional potential sur-
faces and (ii) the solution of the equations
of motion, the ro-vibrational Schrödinger
equation.

Extracting potential surfaces from ex-
perimental spectra alone is wrought with
difficulties. Experimental spectra only
have access to a subset of the eigenvalue
spectrum. But not even the complete
eigenvalue spectrum allows for the
unambiguous determination of a multi-
dimensional potential function. Intensity

Fig. 1. The complete rotationally resolved vibrational spectrum of hydroxylamine (NH2OH). High-
resolution FTIR spectra [19] except PAD: photo-acoustic overtone spectra [4].

information could provide some of
the missing information but it requires
knowledge of the dipole moment hyper-
surface. From these considerations it is
clear that some a priori information is
necessary to constrain any empirical de-
termination of potential surfaces. One of
the most important sources for this kind
of information are quantum chemical (ab
initio) calculations. Even if ab initio cal-
culations generally do not reach ‘experi-
mental accuracy’ they can provide a
qualitatively or even semi-quantitatively
correct model for the molecular quantum
dynamics. For example they are crucial
for developing appropriate analytical
forms for model potentials and to define
‘physically reasonable’ ranges for their
parameterization. Ab initio theory thus
provides the theoretical frame within
which quantum dynamical models can be
refined empirically. Numerical interpola-
tion schemes have become increasingly
efficient and versatile tools for the con-
struction of multidimensional potential
functions directly from ab initio data
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tive contribution to the potential energy
V(q). Explicit expressions in terms of the
Cartesian molecular geometry can be found
in [15]. It should be noted that Eqn. (1) is
exact and completely general. It is partic-
ularly suitable in combination with grid-
based representations of the Hamiltonian
where all terms involved can be calculat-
ed numerically, without any further com-
plicated algebra [15]. Thus one and the
same computer program can be used for
the complete treatment of small mole-
cules as well as for multi-dimensional
models of large systems.

4. Vibrational Adiabaticity and
Quantum Dynamics of Functional
Groups

Once the numerical tools are in place
the main task still remains: the formula-
tion of a physical-chemical model. Even
if it were feasible, the complete numeri-
cal description of a complex system
would not provide much insight beyond
another (most probable) confirmation of
quantum mechanics. The physical-chem-
ical understanding lies in simplified mod-
els, which allow us to understand regular-
ities, such as the separation of character-
istic time scales in the motion of complex
systems. One of these regularities ob-
served in chemistry – in fact one of its
building blocks – is the relation between
molecular structure and reactivity. But
what are the microscopic foundations of

this phenomenon? Are there types of mo-
tion characteristic of certain structural
features that give rise to a particular
chemical behavior? Are these dynamical
properties transferable and if so how are
they influenced by the molecular envi-
ronment? These fundamental questions
can be studied by isolating the subunits of
interest in small model systems where the
laws of motion can be described in the
greatest possible detail. But how can
functional groups follow their own sepa-
rate dynamics? They are bound strongly
to the molecular frame, so that their mo-
tion should be strongly coupled to the lat-
ter. This seeming paradox can be re-
solved within an adiabatic picture in per-
fect analogy to the familiar Born-Oppen-
heimer approximation of electronic
structure theory. The idea of adiabatic
separability is completely general for
separating fast and slow motions and has
found applications in chemical kinetics
[16] as well as in molecular spectroscopy
[17].

4.1. Mode-selective Stereomutation
in Hydrogen Peroxide

The mode-selective stereomutation of
hydrogen peroxide (H2O2) affords a per-
fect illustration for the effects of vibra-
tional adiabaticity. H2O2 exists in two
chiral equilibrium configurations along
the torsional angle of the two OH groups
with a barrier in trans conformation of
about 400 cm–1. The quantum mechani-

Fig. 2. Adiabatic stereomutation tunneling in
H2O2. Top left: adiabatic torsional potentials.
Top right: Adiabatic wave packet dynamics in
the predissociative continuum of the fourth
OH-stretching overtone (5ν1). τ is the torsional
angle. |Ψ|2 is the time-dependent probability
density in the torsional angle resulting from an
exact six-dimensional wave function integrat-
ed over the remaining five coordinates. Bot-
tom: Experimental (asterisks) and theoretical
(circles) stereomutation rates as a function
of the OH stretching overtone excitation. The
O–O dissociation limit lies around 17052 cm–1.

[12][13] circumventing the laborious
task of fitting analytical functions.

Given a potential function the next
step is the solution of the ro-vibrational
Schrödinger equation. In contrast to the
problem of electronic motion for which
various quantum chemical program
packages offer numerical solutions there
is no comparable approach to the numer-
ical treatment of nuclear (ro-vibrational)
quantum dynamics. Different molecules
require different coordinate systems, and
the Hamiltonian usually has to be re-
derived for each new class of systems.
The recent development, however, of the
Generalized Z-Matrix Discrete Variable
Representation (DVR) represents signifi-
cant progress towards a truly unified de-
scription of multi-dimensional molecular
motion. This method is based on ideas
put forward by Meyer and Günthard
more than 30 years ago [14]. It relies on a
very general formulation in terms of an-
gular momenta     and vibrational coor-
dinates and momenta            largely inde-
pendent of the coordinate system:

      (1)

I  is the tensor of inertia, C is the Coriolis
coupling matrix, and g is the covariant
vibrational metric tensor, effectively the
inverse reduced mass for the vibrational
motion. u(q) is a mass dependent effec-
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cal tunneling interconverts the two enan-
tiomeric forms within about a picosecond
even at 0 K. In the spectrum this same ef-
fect gives rise to a small splitting of the
ground state by 11 cm–1. The splittings
observed in the infrared spectrum for vi-
brationally excited states, however, vary
all over the place, sometimes tunneling is
faster, sometimes it is slower than in the
ground state. How can we make sense of
such a behavior at energies high above
the torsional barrier?

We have been able to show that this is
the immediate result of the adiabaticity of
the torsional stereomutation dynamics
[18]. As illustrated in Fig. 2 there is a sep-
arate effective torsional potential for each
state of the fast stretching and bending
vibrations just like the electronic poten-
tials of the Born-Oppenheimer approxi-
mation. Each adiabatic potential has a
different torsional barrier. Exciting the
asymmetric bending vibration, for exam-
ple, accelerates the tunneling by reducing
the effective barrier. But the opposite ef-
fect is observed, too. The OH stretching
vibration is an example where putting en-
ergy into the molecule slows down the
stereomutation. One can even excite the
molecule beyond the dissociation limit of
the O–O bond and still observe very reg-
ular wave packet dynamics effectively
localized in the torsional degree of free-
dom. Fig. 2 shows the corresponding
time-dependent probability density in the
torsional coordinate for a chiral wave
packet. Initially localized in one of the
minima the wave packet performs a very
regular periodic motion over many peri-
ods without any decay. Note the enor-

mous increase of the tunneling period at
this extremely high excitation.

The quantum dynamical simulations
agree perfectly with the systematic de-
crease of the tunneling or stereomutation
rate observed experimentally with in-
creasing OH stretching excitation. Thus
adiabaticity is a by no means trivial result
of the experimental observations. Even if
the life time of chiral states barely reach-
es nanoseconds it is still intriguing to
speculate about the possibility of vibra-
tionally induced chirality in reactions
such as the dissociation of H2O2.

4.2. Reactive Vibrational Dynamics
in Hydroxylamine

H2O2 provides a beautiful example
for the role of adiabaticity for mode se-
lective dynamics, but can this concept be
extended to the dynamics of chemical
change? A seemingly small change illus-
trates the idea: substituting one of the OH
groups of H2O2 with a NH2 group leads
to the isoelectronic hydroxylamine. As
metastable intermediate it plays an im-
portant role in the radical chemistry of
oxygen and nitrogen, e.g. in atmospheric
and combustion processes. For the
present purposes the main interest lies in
the wealth of its intramolecular dynamics
illustrated in Fig. 3. The interaction be-
tween the two functional groups OH and
NH2 opens up a new path not available in
H2O2: The intramolecular H-transfer be-
tween the two functional groups.

The almost complete ro-vibrational
spectrum of NH2OH has been measured
and analyzed from the far-infrared to the
visible range of the spectrum (see Fig. 1)

[19]. This is a rare example where such a
complete set of information is available.
The literally tens of thousands of data
provide deep insight into the intramo-
lecular quantum dynamics of this model
system, which is now understood in great
detail [13]. A particularly interesting as-
pect concerns the overtones of the OH
stretching vibration shown in Fig. 4. In-
creasing excitation leads to a slight
broadening of the rotational fine structure
in line with the effective increase of the
density of states. At the fourth overtone,
however, the fine structure suddenly van-
ishes altogether [10]. This effect cannot
be due to dissociation as the lowest sin-
glet N–O dissociation channel lies slight-
ly higher in energy. Rather it must reflect
the onset of a fast intramolecular process.

Detailed model calculations provide
strong evidence that this process must be
the intramolecular H-transfer, which leads
to the isomeric ammonia oxide NH3O.
This molecule turns out to sit in a deep
potential well bound by about 100 kJ/mol.
The broad absorption features result from
rather unusual highly excited states with
an H atom still bound but orbiting al-
most freely about a flexible NH2O core
[13][20]. Fig. 4 shows the energy profile
calculated for this process ab initio.

5. Conclusions and Outlook

The example of the reactive vibra-
tional dynamics of NH2OH completes
the line which connects molecular vibra-
tions to chemical reactions. The exam-
ples discussed here together with many

Fig. 3. Intramolecular pathways for conforma-
tional dynamics and chemical change in hy-
droxylamine.
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others studied in recent years provide
strong evidence that the relationship be-
tween molecular structure and reactivity
is determined by specific quantum-dy-
namical properties of individual subunits
such as functional groups. Transferable
properties can and do exist to the extent
that the dynamics of functional groups
are adiabatically separated from the over-
all dynamics of the molecular system.
This report has concentrated on small
model systems, where experiments can
be compared with more detailed quantita-
tive models and where the important dy-
namical features are more clear cut. But
the general concept of vibrational adiaba-
ticity has much wider scope. It is ideally
suited to focus on the dynamically impor-
tant aspects of complex systems. This en-
compasses the mode selectivity of the
tunneling dynamics in large systems [17]
as well as intramolecular proton transfer
processes through hydrogen bonds. An
interesting extension of the concept of
adiabatic separation relates to the time
scales of conformational change in H-
bonded networks [21].
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