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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 NH, 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.

Keywords: Molecular quantum dynamics - Spectroscopy - Structure—reactivity relationship -

Vibrational adiabaticity

*Correspondence: PD Dr. D. Luckhaus
Laboratorium fiir Physikalische Chemie ETH Zirich
ETH-H6nggerberg HCI

CH-8093 Zurich

Present address:

Institut fiir Physikalische Chemie
Universitat Gottingen
Tammannstrasse 6
D-37077Géttingen

Tel.: +49 551 39 3126

Fax: +49 551 39 3117

E-Mail: dluckha@gwdg.de

David Luckhaus, born 1961 in Remscheid (Ger-
many), studied chemistry at the universities of
Cologne and Géttingen. He received his diplo-
ma in chemistry in 1987 from the University of
Gottingen with the thesis ‘The Optimization of
Molecular Geometries in Electronically Excited
States withinthe CNDO-Approximation’. Work-
ing on high-resolution IR spectroscopy with
Prof. Martin Quack at ETH Zurich he received
his Dr. sc. nat. in 1991 with a thesis on ‘Spec-
troscopic and Theoretical Investigations of the
Vibrational Dynamics of Dideuteromethylfluo-
ride’.

David Luckhaus was postdoctoral fellow at
ETH Zirich (1991/2) and at the University of
Wisconsin (Madison, USA) (1992/3), where he
worked with Prof. F. Fleming Crim on IR/UV
doubleresonance spectroscopy, collisional en-
ergy transfer, and vibrationally mediated pho-
todissociation of highly excited molecules. In
1994 and 1997 he spent short periods as visit-
ing scientist at the University of Wisconsin.
From 1993 to 1998 he was research assistant,
senior research assistant (1997) and lecturer
(1998) at the Department of Chemistry of ETH
Zurich.

In 1999 he was named Privatdozent on the
basis of his Habilitationsschrift ‘Molecular Quan-
tum Dynamics and Spectroscopy’. In 2000
David Luckhaus was awarded the Latsis Prize
of ETH Zurich and the Akademiepreis fiir Chemie
der Akademie der Wissenschaften zu Géttin-
gen. Current research interests are centered
around the investigation of the microscopic
foundations of chemical reactivity combining
experimental and theoretical methods of mod-
ern molecular spectroscopy.

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 qguantum 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 model
of the underlying molecular motion.
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techniques €.g. photo-acoustic [4][5]

and cavity ring-down spectroscopy [6].

Various experimental approaches arkective symmetries. To extract the interinformation could provide some of
available to simplify dense and compleesting dynamical information from the exthe missing information but it requires
spectra. Thermal congestion is most effperimental spectroscopic data the spectkaowledge of the dipole moment hyper-
ciently removed in supersonic jet exparhave to be simulated on the basis of a reurface. From these considerations it is
sions by reducing effective temperaturealistic model for the molecular motion. clear that some priori information is

down to 20 K and below [7]. Double-res- necessary to constrain any empirical de-
onance techniques allow selected levels termination of potential surfaces. One of
to be studied in a dense manifold. Promi- the most important sources for this kind
nently among these feature double res8- Models for the Molecular of information are quantum chemicab(

nance ionization techniques [8][9] andQuantum Dynamics initio) calculations. Even i@b initio cal-

vibrationally mediated photo-dissocia- culations generally do not reach ‘experi-
tion [10] experiments. The detailed modeling of the molecumental accuracy’ they can provide a

The enormous technical progress itar quantum dynamics splits into twoqualitatively or even semi-quantitatively
modern experiments provides access main problems: (i) the construction oftorrect model for the molecular quantum
spectroscopic information on an unprecesuitable multi-dimensional potential surdynamics. For example they are crucial
dented level of detail. This requires nevaces and (ii) the solution of the equationf®r developing appropriate analytical
methods to evaluate and analyze a hugémotion, the ro-vibrational Schrédingefforms for model potentials and to define
amount of data. With automated assigrequation. ‘physically reasonable’ ranges for their
ment procedures and efficient simulation Extracting potential surfaces from exparameterizationAb initio theory thus
techniques [11] high-resolution ro-vibraperimental spectra alone is wrought witpprovides the theoretical frame within
tional spectra with their literally hun-difficulties. Experimental spectra onlywhich quantum dynamical models can be
dreds of thousands of lines can be anhave access to a subset of the eigenvahegined empirically. Numerical interpola-
lyzed up to the highest level of detail aspectrum. But not even the completdon schemes have become increasingly
illustrated in Fig. 1. Beyond simple dataigenvalue spectrum allows for thesfficient and versatile tools for the con-
reduction this procedure allows the iderndnambiguous determination of a multistruction of multidimensional potential
tification of coupling hierarchies and ef-dimensional potential function. Intensityfunctions directly fromab initio data
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[12][13] circumventing the laborioustive contribution to the potential energythis phenomenon? Are there types of mo-
task of fitting analytical functions. V(q). Explicit expressions in terms of thetion characteristic of certain structural
Given a potential function the nextCartesian molecular geometry can be fouridatures that give rise to a particular
step is the solution of the ro-vibrationain [15]. It should be noted that Egn. (1) ishemical behavior? Are these dynamical
Schrodinger equation. In contrast to thexact and completely general. It is partigeroperties transferable and if so how are
problem of electronic motion for whichularly suitable in combination with grid-they influenced by the molecular envi-
various quantum chemical progranbased representations of the Hamiltonianonment? These fundamental questions
packages offer numerical solutions therehere all terms involved can be calculatan be studied by isolating the subunits of
is no comparable approach to the numeed numerically, without any further com-interest in small model systems where the
ical treatment of nuclear (ro-vibrationalplicated algebra [15]. Thus one and thiaws of motion can be described in the
guantum dynamics. Different moleculesame computer program can be used fgreatest possible detail. But how can
require different coordinate systems, anithe complete treatment of small molefunctional groups follow their own sepa-
the Hamiltonian usually has to be reeules as well as for multi-dimensionatate dynamics? They are bound strongly

derived for each new class of systemsiodels of large systems. to the molecular frame, so that their mo-
The recent development, however, of the tion should be strongly coupled to the lat-
Generalized Z-Matrix Discrete Variabled. Vibrational Adiabaticity and ter. This seeming paradox can be re-
Representation (DVR) represents signifQuantum Dynamics of Functional solved within an adiabatic picture in per-
cant progress towards a truly unified deGroups fect analogy to the familiar Born-Oppen-
scription of multi-dimensional molecular heimer approximation of electronic

motion. This method is based on ideas Once the numerical tools are in placstructure theory. The idea of adiabatic
put forward by Meyer and Gunthardhe main task still remains: the formulaseparability is completely general for
more than 30 years ago [14]. It relies ontéon of a physical-chemical model. Everseparating fast and slow motions and has
very general formulation in terms of anif it were feasible, the complete numerifound applications in chemical kinetics
gular moment#&/.) and vibrational coor- cal description of a complex systenjl6] as well as in molecular spectroscopy
dinates and momeri@, »;) largely inde- would not provide much insight beyond17].
pendent of the coordinate system: another (most probable) confirmation of
guantum mechanics. The physical-cher#.1. Mode-selective Stereomutation
L AN ical understanding lies in simplified modin Hydrogen Peroxide
&= g(fvf*)( ) ( ) +ul@+Vi@ (1) els, which allow us to understand regular- The mode-selective stereomutation of
ities, such as the separation of charactdrydrogen peroxide (}0,) affords a per-
istic time scales in the motion of complexect illustration for the effects of vibra-
| is the tensor of inerti&; is the Coriolis systems. One of these regularities olional adiabaticity. HO, exists in two
coupling matrix, andy is the covariant served in chemistry — in fact one of itghiral equilibrium configurations along
vibrational metric tensor, effectively thebuilding blocks — is the relation betweethe torsional angle of the two OH groups
inverse reduced mass for the vibrationaholecular structure and reactivity. Butvith a barrier intrans conformation of
motion. u(q) is a mass dependent effecwhat are the microscopic foundations aibout 400 cnit. The quantum mechani-

E/he [10'cm™]

Fig. 2. Adiabatic stereomutation tunneling in *
H,O,. Top left: adiabatic torsional potentials. G u
Top right: Adiabatic wave packet dynamics in Slareamutation
the predissociative continuum of the fourth ranhe:
OH-stretching overtone (5v4). T is the torsional 0"y
angle. |¥12 is the time-dependent probability
density in the torsional angle resulting from an - ) ) ) . :
exact snx-dnmenqual wave functllon integrat- o L 10000 163 2000
ed over the remaining five coordinates. Bot- % ;
tom: Experimental (asterisks) and theoretical v lem ]
(circles) stereomutation rates as a function
of the OH stretching overtone excitation. The
O-0 dissociation limit lies around 17052 cm™".
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cal tunneling interconverts the two enamous increase of the tunneling period §19]. This is a rare example where such a
tiomeric forms within about a picosecondhis extremely high excitation. complete set of information is available.
even at 0 K. In the spectrum this same ef- The quantum dynamical simulationsThe literally tens of thousands of data
fect gives rise to a small splitting of theagree perfectly with the systematic deprovide deep insight into the intramo-
ground state by 11 crh The splittings crease of the tunneling or stereomutatidecular quantum dynamics of this model
observed in the infrared spectrum for virate observed experimentally with insystem, which is now understood in great
brationally excited states, however, vargreasing OH stretching excitation. Thusletail [13]. A particularly interesting as-
all over the place, sometimes tunneling iadiabaticity is a by no means trivial resulpect concerns the overtones of the OH
faster, sometimes it is slower than in thef the experimental observations. Even #tretching vibration shown in Fig. 4. In-
ground state. How can we make sense tfe life time of chiral states barely reachereasing excitation leads to a slight
such a behavior at energies high abows nanoseconds it is still intriguing tdoroadening of the rotational fine structure

the torsional barrier? speculate about the possibility of vibrain line with the effective increase of the
We have been able to show that this teonally induced chirality in reactionsdensity of states. At the fourth overtone,
the immediate result of the adiabaticity ofuch as the dissociation 05®. however, the fine structure suddenly van-
the torsional stereomutation dynamics ishes altogether [10]. This effect cannot
[18]. As illustrated in Fig. 2 there is a sep4.2. Reactive Vibrational Dynamics  be due to dissociation as the lowest sin-
arate effective torsional potential for eacin Hydroxylamine glet N-O dissociation channel lies slight-

state of the fast stretching and bending H,O, provides a beautiful examplely higher in energy. Rather it must reflect
vibrations just like the electronic potenfor the role of adiabaticity for mode sethe onset of a fast intramolecular process.
tials of the Born-Oppenheimer approxitective dynamics, but can this concept be Detailed model calculations provide
mation. Each adiabatic potential has extended to the dynamics of chemicatrong evidence that this process must be
different torsional barrier. Exciting thechange? A seemingly small change illughe intramolecular H-transfer, which leads
asymmetric bending vibration, for examitrates the idea: substituting one of the Otd the isomeric ammonia oxide NB.
ple, accelerates the tunneling by reducirgroups of HO, with a NH, group leads This molecule turns out to sit in a deep
the effective barrier. But the opposite efto the isoelectronic hydroxylamine. Aspotential well bound by about 100 kJ/mol.
fect is observed, too. The OH stretchingetastable intermediate it plays an imfhe broad absorption features result from
vibration is an example where putting enportant role in the radical chemistry ofather unusual highly excited states with
ergy into the molecule slows down the@xygen and nitrogere.g.in atmospheric an H atom still bound but orbiting al-
stereomutation. One can even excite tl@d combustion processes. For thmost freely about a flexible NJ@ core
molecule beyond the dissociation limit opresent purposes the main interest lies [b3][20]. Fig. 4 shows the energy profile
the O—0O bond and still observe very reghe wealth of its intramolecular dynamicgalculated for this procesd initio.

ular wave packet dynamics effectivelyllustrated in Fig. 3. The interaction be-

localized in the torsional degree of freetween the two functional groups OH and

dom. Fig. 2 shows the correspondin§lH, opens up a new path not available if. Conclusions and Outlook
time-dependent probability density in théd,0,: The intramolecular H-transfer be-

torsional coordinate for a chiral waveween the two functional groups. The example of the reactive vibra-
packet. Initially localized in one of the The almost complete ro-vibrationakional dynamics of NEDH completes
minima the wave packet performs a vergpectrum of NHOH has been measuredhe line which connects molecular vibra-
regular periodic motion over many periand analyzed from the far-infrared to théons to chemical reactions. The exam-
ods without any decay. Note the enowisible range of the spectrum (see Fig. les discussed here together with many

NHj + O3 —— NH30 = NH,OH
E! < 19000 cm™?!
trans = cis T

Ef ~ 4400 cm™! trans = cis

H ]
H///N\ [{‘\J@;
i H NH, + OH

. D, ~ 24200 cm*

trans = cis /. NH + H,O
/ -
E* ~ 4400 cm ! Do(X%2") = 11360 cm ™!
Dy(a’A) = 23950 cm™?! Fig. 3. Intramolecular pathways for conforma-

tional dynamics and chemical change in hy-
droxylamine.




AWARDS AND HONORS

12

--'I;G-'I\:\l.l T4 IH;I.-I;

=l
ﬂaLu.f_l.u'f‘l"'f i

i.‘.‘"\'_"'\-'\—

3o

.
-

1350 13553 00

iy ‘-.H'I‘le "'!-i.__.:hlullln':.l.f N | P

=|'|

——

WD 1naon 1M1

¥ [l:m-"!

M) [pml

Fig. 4. Reactive vibrational dynamics in NH,OH. Left: OH stretching overtone absorption bands.
The effective ro-vibrational line widths deduced from simulations are 0.3 cm=!, 0.9 cm-1, and
10 cm™ for 3vpou, 4von, and Svgy, respectively. Right: 2D minimum energy profile for the
intramolecular H-transfer in hydroxylamine. Ab initio calculations at the MP2/6-31G** level.
Contour lines every 2000 cm~!, NH,OH minimum at 0 cm~', NH3O minimum at 8409 cm~'. The
saddle point energy E, was calculated at the CCSD(T)/6-31G** level using the corresponding

MP2 geometry (MP2 value: 17218 cm™).
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