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Introduction Topics

Outline in a nutshell

1 The (quantum-mechanical) properties of isolated molecules
2 The interaction of molecules with electromagnetic fields, including the interaction

with light
3 The interaction of atoms and molecules (with each other)
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Introduction Molecular Physics — selected highlights

The Nobel Prize in Chemistry 2013
Multiscale models for complex chemical systems

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 5 / 96
http://nobelprize.org/nobel_prizes/chemistry/laureates/2013/index.html



Introduction Relevance of molecular structure and dynamics

Importance of molecular structure

Black-body radiation of sun and earth! greenhouse effect
Absorption of water vapor, carbon dioxide, methane, ozone

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 6 / 96



Introduction Relevance of molecular structure and dynamics

Importance of molecular structure

Efficient absorption of UV radiation by ozone
But, ozone was generated in the atmosphere AFTER oxygen production had
started (photosynthesis)!
How did the first animals survive?

How does molecular sunscreen work?
Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 8 / 96

Introduction Relevance of molecular structure and dynamics

Relation between molecular structure, function and dynamics

Femtosecond pump-probe spectroscopy on gas phase adenine monomers

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 9 / 96

Introduction Relevance of molecular structure and dynamics

Relation between molecular structure, function and dynamics

Molecular sunscreen: excited state relaxation via conical intersection
(proton transfer)

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 11 / 96



Introduction Relevance of molecular structure and dynamics

Recording the molecular movie – timescales

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 12 / 96



Here: “bottom-up” approach

Watching chemistry 
with atomic spatial (100 pm) and temporal (10 fs) resolution

Barty, Küpper, Chapman, Ann. Rev. Phys. Chem. 64, 415–435 (2013)



Introduction Relevance of molecular structure and dynamics

Recording the molecular movie – the ultimate dream

Imaging chemical reactions of single molecules

with atomic resolution in real time

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 14 / 96



Controlled Molecule Imaging
Toward a microscopic understanding of molecules at work

We are looking for motivated colleagues – please see https://www.controlled-molecule-imaging.org/careers
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Physics and Chemistry of complex molecules 
Structural isomers – conformers – of Glycine



Complexity of molecules – “few body” quantum systems 
Potential energy landscapes of isolated “floppy” molecules

different methods and basis sets. The sequence depicted in
Fig. 6 corresponds, from left to right, to a clockwise rotation
of the amino-acid group around the Ca–CH2C6H5 bond,
accompanied by a reorientation of the –NH2 group.
Different regions of the conformation space are presented in

Fig. 7. Three conformers having an internal OH–NH2 hydro-
gen bond as well as the barriers that separate them are shown.
The highest transition state at 3740 cm!1 separates those
structures from structure V, having an NH2–OH hydrogen
bond. A transition state at 1377 cm!1 leads from this structure
to structure II, and therefore to the conformers depicted in
Fig. 6.
In the experiment, it is observed that several conformers are

simultaneously present. The final rotational and vibrational
temperatures in the molecular beam experiment can be esti-
mated to be a few Kelvin. Thus, considering the energy
differences for the various conformers (see Table 1), it is clear
that the conformational distribution does not correspond to
an equilibrium distribution at the translational or rotational
temperature of the molecular beam. What determines the

relative populations of the various conformers? Clearly, the
experimental conditions as well as the potential energy land-
scape will play a role. When the molecules are brought into the
gas phase (either by evaporation or by laser vaporization), the
internal energy is high enough, so that barriers, such as the
ones depicted in Fig. 6 and 7 can be crossed. When the internal
energy is reduced by collisions, for example, different regions
of phase space can become separated. Their relative popula-
tions can be estimated by an equilibrium at the height of the
barrier that separates them. Such an equilibrium can be
estimated using statistical methods, by the ratios of vibrational
state densities. Considering the calculations shown in Fig. 6
and 7, for example, one can estimate the relative populations
of I, III and IV on one side and II, V–IX on the other, by
considering the relative state densities at the energy of 3740
cm!1. Further lowering the energy to 1725 cm!1 then, for
example, separates I from III and IV and again, their popula-
tions can be estimated from the vibrational state densities.
Fig. 8 shows the vibrational state densities as a function of

energy for the nine lowest energy structures. The calculations

Table 2 Harmonic and anharmonic frequencies (wavenumbers in cm!1) for selected modes of conformer X. The harmonic frequencies are
calculated at the B3LYP/TZP level and the anharmonic frequencies using the CC-VSCF method. The single mode and coupling contributions
(in %) of the anharmonicity are also given

NH2 asym. str. NH2 sym. str. O–H str. CQO str. NH2 bend

Harmonic 3605 3506 3433 1829 1673
Anharmonic 3329 3235 3261 1803 1610
Contribution
Single-mode 0.2 3.2 4.7 0.7 1.4
Coupling 8.5 5.1 0.6 0.8 2.5

Fig. 6 Structures of six phenylalanine conformers as well as the transition states that separate them, calculated at the MP2/6-311þ(2df,2p) level.
The transition states are first pre-optimized at the B3LYP/6-311þþG(2d,p) level and then refined. A vibrational analysis to verify that they are

true first-order saddle points has only been performed at the B3LYP level. The relative energies are the zero-point energy corrected CCSD(T)/

6-311þ(2df,2p) values (see Table 1).

This journal is #c the Owner Societies 2008 Phys. Chem. Chem. Phys., 2008, 10, 1248–1256 | 1253

Fig. 7 Structures of five phenylalanine conformers as well as the transition states that separate them, calculated at the MP2/6-311þ(2df,2p) level.
The transition states are first pre-optimized at the B3LYP/6-311þþG(2d,p) level and then refined. A vibrational analysis to verify that they are

true first-order saddle points has only been performed at the B3LYP level. The relative energies are the zero-point energy corrected CCSD(T)/6-

311þ(2df,2p) values (see Table 1).

Fig. 8 Densities of vibrational states for the nine lowest energy conformers.

1254 | Phys. Chem. Chem. Phys., 2008, 10, 1248–1256 This journal is "c the Owner Societies 2008

Exceptional points on the 

phenylalanine potential energy hypersurface

1 cm-1 ≘ 30 GHz ≘ 12 J/mol ≘ 0.12 meV ≘ 4.6 μHartree ≘ 1.4 K

indole N!H and the free carboxyl O!H stretching vibrations
are missing in the spectrum of one conformer (a), while both
vibrational bands are present in the spectrum of the other
conformer (b). It can be therefore concluded that, in confor-
mer a, the carboxyl O!H group forms a hydrogen bond within
the peptide backbone, while the backbone folds back to the
indole ring, forming a hydrogen bond between the indole N!
H group and the carboxylic C=O group. This structural motif is
what is observed for the two lowest-energy structures (A and
B) of Trp-Gly-Gly, as shown in Figure 6. In contrast, the pres-

ence of free carboxyl O!H and indole N!H stretching vibra-
tions in the IR spectrum of conformer b suggests a stretched
backbone conformation, which is similar to that of structures D
and G in Figure 6. However, based solely on the N!H and O!H
stretching spectra, no definite assignment could be made.

In Figure 7, the IR spectra of Trp-Gly-Gly in the range be-
tween 1000 and 2000 cm!1 are shown. The experimental spec-
tra are obtained by tuning the UV detection laser to 34 651
and 34 870 cm!1 for conformers a and b, respectively.[16] The
highest frequency modes in both IR spectra are assigned to
the C=O stretching vibrations of the carboxyl group. The reso-
nances of conformer b at 1716 and 1681 cm!1 are tentatively
assigned to free or only weakly interacting C=O stretching vi-
brations, and the band at 1671 cm!1 of conformer a to a hy-
drogen-bond-shifted C=O stretching vibration. The bands at
1510 cm!1 (conformer b) and 1504 cm!1 (conformer a) can
safely be assigned to N!H in-plane bending vibrations. Confor-
mer b shows a band at 1106 cm!1, which is most likely associ-
ated with the O!H in-plane bending vibration (OHipb). Due to
the closeness of its absorption frequency to 1100 cm!1, the car-
boxyl O!H group is assumed not to be hydrogen bonded. In
contrast, the O!H in-plane bending vibration of conformer a is

found at either 1393 or 1421 cm!1, which indicates a strong
hydrogen bond with a carbonyl group. This is consistent with
the red-shifted C=O stretching vibration observed at
1671 cm!1. These assignments are also consistent with the
conclusions drawn earlier from the spectra in the region of the
N!H and O!H stretching vibrations.

In the lower part of Figure 7, calculated IR absorption spec-
tra of eight different structures of Trp-Gly-Gly are displayed.
Harmonic frequencies are again scaled by a factor of 0.964. To
distinguish between the vibrations of different peptide-bond
groups, the peptide C=O stretching and N!H in-plane bending
vibrations are numbered starting from the N-terminal amino
acid, for example, CO(1) is the C=O stretching vibration of the
peptide group closest to the tryptophan subunit. In case of
NHipb, the lowest frequency band always corresponds to
NHipb(1), unless stated otherwise. For structures D and G, both
peptide C=O stretching and NHipb vibrations are coupled,
which leads to the appearance of a strong and a weak compo-

Figure 6. Calculated structures of Trp-Gly-Gly at the B3 LYP/6–31G(d,p) level of
theory. Relative electronic energies [in cm!1] are given in parentheses. Struc-
tures A, B, E and H exhibit strong COOH···O=C hydrogen bonds. Structures A
and B are further stabilised by NH···O=C bonds.

Figure 7. IR absorption spectra (top 2 traces) and calculated spectra of Trp-Gly-
Gly in the spectral region from 1000 to 2000 cm!1. The calculated harmonic fre-
quencies are scaled by 0.964. The assigned calculated structures are indicated
by the appropriate conformer labels. Peaks marked with an asterisk correspond
to coupled vibrations involving the O!H in-plane bending and either the CH2

wagging or the C!N stretching vibrations. The labels 1 and 2 classify vibrations
of the peptide groups according to which peptide group they are localised in,
counted from the N-terminus. A combination 1"2 indicates a coupling be-
tween such vibrations, resulting in one symmetric and one asymmetric compo-
nent, with low and high intensity, respectively.
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Folding Structures of Isolated Peptides

convoluted with a Gaussian profile of 15 cm!1 full-width-at
half-maximum (fwhm). Although theoretical methods usually
overestimate harmonic frequencies by up to 15 %, we have
chosen to present unscaled frequencies here.

In the calculated spectra, groups of carboxylic C=O stretch-
ing, peptidic C=O stretching (amide I), N!H in-plane bending
(amide II) and O!H in-plane bending vibrations are discernible.
However, based on the simulations, it is not possible to decide
between a stretched or a folded conformation. The experimen-
tal band shapes are broader than the width of the IR laser.
However, at this point, it cannot be ruled out that a simultane-
ous probing of several conformers takes place, since the UV
spectrum is broad and structureless. Additionally, the tempera-
ture of the probed molecules may be higher than expected.
Although the experiments are carried out under similar condi-
tions as for the di- and tripeptides, the cooling properties of
larger laser-desorbed peptides may be inferior, resulting in a
broadening of the spectral lines. Further investigations at im-
proved spectral resolution throughout the IR spectral region
are planned to elucidate the structure of DSIP in the gas
phase.

3. Conclusions and Summary

The O!H in-plane bending, peptidic C=O stretching and, in
part, the N!H in-plane bending vibrations appear to be relia-
ble and sensitive fingerprints for hydrogen bonding and pep-
tide folding. The IR spectra between 1000 and 2000 cm!1 thus
give complementary information to the spectra in the region
of the N!H and O!H stretching vibrations and can confirm the
hydrogen-bonding character of the carboxylic O!H group,
even if the O!H stretching vibration is not observed directly.

By comparing experimental and calculated spectra, it is
demonstrated that the O!H in-plane bending mode is an es-

pecially sensitive probe for hydrogen-bonding interactions,
and that it can reveal information about the type of hydrogen
bond formed. The OHipb frequencies can be classified into the
following spectral regions: 1) 1100–1175 cm!1: free (non-
bonded) carboxyl O!H group. 2) 1250–1350 cm!1: weak hydro-
gen bond between the O!H group and the p-system of the
indole ring (or with the peptide group). 3) 1400–1500 cm!1:
strong hydrogen bond between the carboxyl O!H group and
a carbonyl group. In the harmonic approximation at the
B3 LYP/6–31G(d,p) level, the frequency shift is mainly a combi-
nation of a change in the reduced mass and the force con-
stant, where their ratio remains roughly constant within each
group of vibrations. No systematic change in reduced mass
and force constant is observed, except in the presence of
strong hydrogen bonds where the reduced mass is substantial-
ly lowered. Unfortunately, no conformer with a weak O!H···
p hydrogen bond is observed experimentally, with which our
predictions for group (2) frequencies could be tested. Current-
ly, we are investigating di-peptides containing serine, which
have a CH2OH side chain in addition to the carboxylic OH
group. These peptides should form a good test for our model
predictions in the OHipb region.

The peptide C=O stretching vibration allows for a clear dis-
tinction between free and strongly hydrogen-bonded C=O
groups, where an electron lone pair on the oxygen atom acts
as proton acceptor. For all systems studied here, the frequency
of a hydrogen-bonded C=O stretching vibration is shifted to
below 1685 cm!1. In contrast to the OHipb vibrations, the red-
shift is dominated by a decrease of the force constant. Thus, a
strongly red-shifted O!H stretching vibration, a blue-shifted
O!H in-plane bending vibration and a C=O stretching frequen-
cy below 1685 cm!1 form the fingerprint of a COOH···O=Cpep

hydrogen bond.
In contrast to the peptide C=O group, the frequency of the

carboxyl C=O stretching vibration is largely insensitive to hy-
drogen bonding and bears little structural information. For ex-
ample, the COcarb band in Trp-Gly-Gly is shifted from 1782 to
1771 cm!1 upon hydrogen bonding with the indole N!H
group. One should keep in mind, though, that N!H groups
form weaker hydrogen bonds than O!H groups, and that the
latter cannot be present due to structural constraints. There-
fore, the COcarb band is not expected to shift significantly for
the systems studied here. IR-UV spectra of Trp-Ser,[35] where a
hydrogen bond between the CH2OH and the carboxylic C=O
groups is possible, suggest a red-shift of about 30 cm!1, which
makes this peptide an ideal candidate for the observation of
COcarb shifts. Effects due to syn- and anti-configurations of the
carboxyl group are small and masked by changes in the elec-
tron density upon hydrogen-bond formation of the carboxyl
C=O or O!H groups.

As in the case of the carboxyl C=O stretching vibration, the
peptide N!H in-plane bending vibration is largely insensitive
to structural changes. Significant blue-shifts of about 30–
40 cm!1 are only observed if an N!H···O=C bond is formed.
Indole N!H in-plane bending vibrations fall in the same wave-
number region but have negligible absorption strengths. The
insensitivity of the COcarb and NHipb bands make them ideally

Figure 9. Calculated structures of DSIP using the semiempirical AM1 method.
Relative electronic energies [in cm!1] are given in parentheses.

ChemPhysChem 2005, 6, 120 – 128 www.chemphyschem.org ! 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 127
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and bigger… 
intra-molecular interactions become dominant

Trp-Gly-Gly Delta sleep-inducing peptide

(Тrр-Аlа-Gly-Gly-Asp-Ala-Ser-Gly-Glu)



Physics and Chemistry of complex molecules 
Unraveling the structure-function relationship

Ultrafast charge (electron hole) migration
Glycine I – 21 fs Glycine II – 6 fs

Kuleff, Cederbaum, Chem. Phys. 338, 321 (2007)

+ hν

Nature 415, 306 (2002); Science 315, 1561 (2007)

+ hν

Photodissociation of iodopropane

“Structure determines function”

Bimolecular reaction – Diels-Alder cycloaddition

Angew. Chem. Int. Ed. 19, 779 (1980)

but how?



Manipulating the motion of neutral molecules 
Production of controlled/cold molecular samples

p ≈ 1-100 bar

0 500 1000
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Introduction Bottom-up approach to molecular movies

Cold and Controlled Molecules – when are molecules cold?
Cold matter is slow – fairly controlled – matter
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Temperature T characterizes the velocity
distribution of atoms/molecules.
Under normal conditions (T ⇤ 300 K, p ⇤ 1 bar):
v̄ ⇤ 500 m/s.
A velocity distribution with a width of 5 m/s,
corresponds to T ⇤ 30 mK.
Cold Molecules are slow molecules,
“kinematically challenged”
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Introduction Bottom-up approach to molecular movies

When are molecules cold?
Internal degrees of freedom

Molecules have various internal degrees of freedom:
electronic, vibrational, rotational, nuclear spin, ...
All these degrees of freedom are quantized!
Orientation of molecules in external fields is also quantized!

Definition: Cold Molecules
Cold Molecules are translationally and internally cold:

they move slowly
they are in a few, or even a single (rotational, vibrational, . . . ) quantum-state(s),
preferably (but not necessarily) in the absolute ground-state.

Additionally, the molecules shall be oriented in space.

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 17 / 96



Introduction Bottom-up approach to molecular movies

Studying cold/slow matter
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Introduction Bottom-up approach to molecular movies

Cold matter behaves di�erently

Matter handled in this way (“kalt gemacht”)
can be studied in greater detail,
might behave fundamentally different.

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 19 / 96
Bayer Research 15, 64 (2004)



Introduction Bottom-up approach to molecular movies

How can we control the velocity of neutral molecules?

Force on a polar molecule in an (in)homogeneous electric field:

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 20 / 96



Introduction Bottom-up approach to molecular movies

Experimental setup of the Stark decelerator
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Introduction Bottom-up approach to molecular movies

Decelerating OH (X 2⇧3/2 , v ⇤ 0, J ⇤ 3/2)

2.0 3.0 4.0 5.0 6.0
time of flight (ms)

237 m/s

194 m/s

142 m/s

95 m/s

LI
F 

sig
na

l (
ar

b.
 u

ni
ts)

(a)

(d)

(c)

(b)

velocity (m/s)

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 22 / 96



Introduction Bottom-up approach to molecular movies

The electric deflector
Quantum-state selection for complex molecules (but no speed change)

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 23 / 96
Chang, Horke, Trippel, Küpper, Int. Rev. Phys. Chem. 34, 557 (2015)



Interactions of molecules with electric fields

In “quantum-mechanical” reality, the Stark 
effect (the laboratory-fixed dipole moment) 
depends on the exact quantum state,
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Toward time-resolved imaging of chemical dynamics 
kHz-rate manipulation experiments

  1 mJ, 30 fs

10 mJ, 40 fs–500 ps 

@ 1 kHz

(>70 nm bandwidth)



Structure of diatomic molecules Introduction

(Diatomic) molecules

M m1 m2
r

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 29 / 126



Structure of diatomic molecules Introduction

Term scheme of OH (radical)
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Structure of diatomic molecules Introduction

Molecule
A set of atoms

Example: diatomic molecule:
Dumb-bell model: two point masses (m1 ,m2) separated by r.

m1 m2
r

Semi-rigid nuclear frame immersed in the charge cloud of the molecular electrons.
homo-nuclear — all atoms identical
hetero-nuclear — different atoms present

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 31 / 126
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Structure of diatomic molecules Introduction

Energy scale

Energy-scale of electronic states: 10000–50000 cm�1

Energy-scale of vibrational states: 100–4000 cm�1

Energy-scale of rotational states: 1–20 cm�1

(for larger molecules down to 1 GHz or less)
Molecules perform all motions at the same time.
Within one rotational period molecules typically
vibrate 10-100 times.

1 eV ⇤ 8065.5 cm�1
⇤ 241.799 THz ⇤ 96.5 kJ/mol (1)

See also the OH term scheme.

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 32 / 126



Structure of diatomic molecules Introduction

Born-Oppenheimer approximation

Separation of electronic and nuclear motion:
Energy-scale of electronic states: 10000–50000 cm�1

Energy-scale of vibrational states: 100–4000 cm�1

Energy-scale of rotational states: 1–20 cm�1

(for larger molecules down to 1 GHz or less)
Molecules perform all motions at the same time.

m1 m2
r

Seen from the electrons, the nuclear frame is rigid in space.
The slowly moving nuclei see a smeared out electronic charge cloud (whose effect
on the nuclei depends on the internuclear separation).
Or: the electrons adjust, essentially instantaneously, to the changing position of
the nuclei.

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 33 / 126



Structure of diatomic molecules Introduction

Born-Oppenheimer approximation
Separation of electronic and nuclear motion

Definition: Born-Oppenheimer approximation
Electrons are lighter and faster than the nuclei. For the electrons the nuclei seem to be
fixed in space, and the nuclei move in an effective distribution of electrons (electron
cloud).

The molecular wavefunction can be written as a product of a nuclear wavefunction
and an electronic wavefunction, where the nuclear coordinates ~Rj are parameters:

 
⇣
~ri , ~Rj

⌘
⇤  e

⇣
~ri;~Rj

⌘
· n

⇣
~Rj
⌘

(2)

The eigenvalues of the electronic wave equation serve as an effective potential for
the nuclear motion in the vicinity of the field configuration ~Rj.
Electrons move as if the nuclei were fixed in their instantaneous positions and
follow the nuclear motion adiabatically.
Electrons do not make transitions to other states, the electronic states are only
deformed by the nuclear displacements.
The electronic isotope shift is zero within the Born-Oppenheimer approximation.
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Structure of diatomic molecules Introduction

Separation of rotational and vibrational motion

Separation of translation: 3N � 3 coordinates in the center of mass frame.
This separation is trivial in the absence of external fields.
Separation of rotation: 3N � 6 (3N � 5 for linear molecules) vibrational coordinates.
But molecules are not rigid bodies, rotation and vibration are coupled! There are
many ways to attach a “molecular frame”, a set of axes that rotate with the
molecule, to a non-rigid body — Eckart conditions, Eckart frame.
The separated nuclear wavefunction reads in the end:

 n
⇣
~Rj
⌘
⇤  t (Xcm ,Ycm ,Zcm) · r

�
↵, �, �

� · v (Q1 , . . . ,Q3N�6) · (3)
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Rotation of Diatomic Molecules

Rigid diatomic rotor

m1 m2
r

classical energy:
Er ⇤

1
2 I!2 with I ⇤ m1r2

1 + m2r2
2 (8)

with the reduced mass µ ⇤
m1m2

m1+m2
and bond length r ⇤ r1 + r2 one obtains

Er ⇤
1
2µr2!2 (9)

with L ⇤ I! this yields

Er ⇤
L2

2I (10)

quantum mechanical energy:

Er ⇤
h2

8⇡2I
J(J + 1) (11)

Er is inversely proportional to I
Er scales with rotational quantum number as J(J + 1)
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Rotation of Diatomic Molecules

Term values
In molecular spectroscopy term values are used for convenience:

F(J) ⇤ Er
hc ⇤ BJ(J + 1) (12)

with the rotational constant

B ⇤
h

8⇡2cI
⇤

h
8⇡2cµr2 (13)

Here we use cm�1, often also Hz (MHz) are used.

Typical rotational constants of diatomic molecules are 20 cm�1 for hydrides (HF, OH,
CH, . . . ) to less than 1 cm�1 for heavier small molecules; they become very small (e.g.,
< 10�6 cm�1) for large polyatomic molecules.

Be (cm�1) re (10�12 m)
H2 60.8 74.16
N2 2.010 109.4
O2 1.446 120.7
Li2 0.673 267.3
NO 1.705 115.1
HCl 10.59 127.4

1 cm�1⇤̂2.99 · 1010 s�1⇤̂1.23992 · 10�4 eV
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Rotation of Diatomic Molecules

Rigid Rotor
Wavefunctions and Probability Distributions

Wavefunctions of the rigid rotor are the spherical harmonics:

 rot(r) ⇤ YJM(#, ') (14)
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Vibration of Diatomic Molecules

Harmonic Oscillator

m1 m2

Potential energy of harmonic oscillator:

V ⇤
1
2k(r � re)2 (15)

Classical vibration frequency:

2⇡⌫osc ⇤

s
k
µ

(16)

Quantum-mechanical vibration energy:

Evib ⇤ h⌫osc(v +
1
2 ) (17)

energy levels are equidistant
ground state has finite (non-zero) energy
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Vibration of Diatomic Molecules

Harmonic Oscillator

Term values in practically used units (cm�1):

G(v) ⇤
Evib
hc ⇤ !e(v +

1
2 ) (18)

with
!e ⇤

⌫osc
c (19)

Example frequencies:

H2 4401 cm�1

HF 4138 cm�1

OH 3738 cm�1

HCl 2991 cm�1

NaCl 366 cm�1
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Vibration of Diatomic Molecules

Harmonic Oscillator

Schroedinger equation:
"
�~

2�
2µ +

k
2 (r � re)2

#
 vib(r � re) ⇤ Evib vib(r � re) (20)

Wavefunctions of the harmonic oscillator are the Hermite polynomials

v Ev  

0 1
2~!e A0 · e

�
↵
2 (r�re)2

1 3
2~!e A1 · 2(r � re) · e�

↵
2 (r�re)2

2 5
2~!e A2 · (1 � 2↵(r � re)2) · e�

↵
2 (r�re)2

mit ↵ ⇤ 1
~

p
µ · k
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Vibration of Diatomic Molecules

Harmonic Oscillator
Wavefunctions
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Vibration of Diatomic Molecules

Morse Oscillator

A more realistic potential must resemble the bond-breaking at large distance!

V ⇤ De
⇣
1 � e��(r�re)

⌘2
(21)

vibrational level spacing decreases
finite number of vibrational levels
(Compare Coulomb potential with an infinite
number of bound states.)
For small r � re:

V ⇤ De
�
1 � (1 � �(r � re))

�2 (22)

term values

G(v) ⇤ !e(v +
1
2 ) + correction term (23)

⇤ !e(v +
1
2 ) � !exe(v +

1
2 )2

+ !eye(v +
1
2 )3

(24)
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Structure of diatomic molecules Introduction

Potential energy surfaces
Electronic states of the simplest molecule: H+

2

Effective potential for the nuclear motion as a function of internuclear distance.
Electrons do not make transitions to other states, the electronic states are only
deformed by the nuclear displacements.

1�g

1�u

2�g

3�g 1⇡u

3�u

4�u

1⇡g
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Structure of diatomic molecules Introduction

Symmetry classification of the electronic states
Electronic states of the simplest molecule: H+

2

1�g

1�u

2�g

3�g 1⇡u

3�u

4�u

1⇡g

The states are labelled by two symmetry labels:
Angular momentum projection on axis � ⇤ |m|:
� 0 1 2 3 4 . . .

� ⇡ � � � . . .
The WF are eigenfunctions of L̂z
 e(z, r, ') ⇤ F(z, r)(2⇡)�1/2eim'

Parity: gerade (g) or ungerade (u)
Which is possible because [He , L̂z] ⇤ 0 and
[He , ⇧̂] ⇤ 0 (where
⇧ (x1 , . . . , xf ) ⇤  (�x1 , . . . ,�xf ) defines the parity
operator)

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 37 / 126



Structure of diatomic molecules Introduction

Introduction to molecular terms for diatomics
Two electrons

Let’s make a product ansatz for the wavefunction:

 (1, 2) ⇤  (a)
m1 ,(g,u) (1) (b)

m2 ,(g,u) (2) (4)

Angular momentum projection on axis ⇤ ⇤ |m1 + m2 |:
⇤ 0 1 2 3 4 . . .

⌃ ⇧ � � � . . .
Parity:

g ⇥ g ⇤ g (5)
u ⇥ u ⇤ g (6)
g ⇥ u ⇤ u (7)

Spin:
 (a) ⌘  (b) : singlet
 (a) ,  (b) : singlet or triplet

Term symbol: 2S+1⇤(+,�)
(g,u)
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Structure of diatomic molecules Introduction

Potential energy surfaces; H2
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Electronic Structure of Diatomic Molecules Electronic states

United Atom picture

ml
m1 m2

for r �! 0: H+
2 �! He+ – n, l “as in atom”

ml can have values �l . . . l
Only |ml | ⇤ � is preserved and a good
quantum number (� ⇤ 0, 1, 2) �, ⇡, �)
�-orbitals: symmetric about internuclear
axis.
⇡-orbitals: 1 nodal plane containing
internuclear axis, always doubly
degenerate.
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Electronic Structure of Diatomic Molecules Electronic states

Electronic angular momentum
Orbital symmetry

� orbital possesses rotational symmetry around the internuclear axis

⇡ orbital has one nodal plane containing the internuclear axis

� orbital has two nodal planes containing the internuclear axis

Principal quantum number n associated with a function that has n � 1 nodes.
For a � orbital these are all radial.

Azimuthal quantum number l specifies the number of angular nodes (l ⇤ 0, . . . n � 1).
Therefore

l angular nodes
n � l � 1 radial nodes

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 49 / 126



Electronic Structure of Diatomic Molecules Electronic states

Multi-electron molecule
Every electron approximately sees an effective field of the other electrons and
nuclei (mean field; Hartree-Fock).
The wavefunction can be written as

 ⇤

NY

i
�i(qi) (25)

�i(qi) are one-electron wavefunctions (molecular orbitals) that can be written as
linear combination of atomic orbitals (LCAO)
 must change sign (antisymmetric) if any electrons i and j are exchanged
(! Slater determinant)
Obtained electronic states are characterized by total orbital angular momentum

⇤ ⇤

������
X

i
mli

������ ⇤
���
X
±�i

��� (26)

States are then denoted ⌃,⇧,� . . .
The overall spin

S ⇤

X

i
si (27)

determines the multiplicity 2S + 1.
general term symbol:

2S+1⇤ (28)
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Homonuclear Molecules
gerade/ungerade symmetry

When the two nuclei in the molecule are identical (i. e., have the same mass and
charge), the orbital angular momentum function can only be

symmetric (even, gerade), or
anti-symmetric (odd, ungerade)

with respect to the inversion symmetry (point reflection at center of symmetry) in the
molecule.

one-electron wavefunctions:
g (gerade) for even l in united atom
u (ungerade) for odd l in united atom

Molecular orbitals are described as �g , �u , ⇡g , ⇡u , . . .

many-electron systems:
g (gerade) for even number of odd orbitals
u (ungerade) for odd number of odd orbitals
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Homonuclear Molecules
Correlation diagram between united atoms and separated atoms picture
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Spin alignment

All states with ⇤ � 1 (⇧,�, . . .) are double degenerate (namely “±⇤”).
Different ways to create ⇤ ⇤ 0 lead to distinctly different ⌃-states!
For a configuration of two ⇡ orbitals one obtains
⇤ ⇤ 2:   or!!

Exactly degenerate for non-rotating molecule
⇤ ⇤ 0: ! or !

Only degenerate to first approximation
In higher order approximations the sum- and difference-wavefunctions are not
really degenerate
Symmetry with respect to reflection at any plane through the internuclear axis
⌃+ Symmetric with respect to reflection at any plane through the internuclear

axis.
⌃� antisymmetric with respect to reflection at any plane through the

internuclear axis.

For the ⇡⇡ configuration (e.g. in the BH molecule which is the united C atom,
(1s)2(2s)2(2p)2 in the molecular (1s�)2(2s�)2(2p⇡)2 configuration), we then get
the following states:

1⌃+ , 1⌃� , 1�, 3⌃+ , 3⌃� , 3� (29)
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Term symbol
Electronic state label

2S+1⇤(+,�)
(u,g)
⌃,⇧,�,�, . . .|       {z       }

doubly degenerate (±⇤)

different ways to create ⇤ ⇤ 0, leading to distinctly
different ⌃-states:
⌃±: symmetric (+) or antisymmetric (-) with respect to
reflection at any plane through the internuclear axis
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Multi electron molecules
Electronic configurations of OH

Symmetrization postulate of QM
(Pauli-principle) forbids putting all
nine electrons of into lowest orbital.
Therefore the configuration of the
lowest electronic state of OH is 2⇧:

(1s�)2(2s�)2(2p�)2(2p⇡)3

The first electronically excited state
corresponds to a (1s�) ! (2p⇡)
(�n ⇤ 1) excitation, resulting in a 2⌃+

state.
The excitation is in the UV (308 nm,
32500 cm�1), showing the energy scale
of the electronic states.
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Molecular orbitals of OH
United atoms orbital 1s�

defaults used                           

                                        

 Edge =  3.71 Space =  0.2000 Psi =  1  
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Molecular orbitals of OH
United atoms orbital 1s�
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Molecular orbitals of OH
United atoms orbital 2s�

defaults used                           

                                        

 Edge =  3.71 Space =  0.2000 Psi =  2  
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Molecular orbitals of OH
United atoms orbital 2p�

defaults used                           

                                        

 Edge =  3.71 Space =  0.2000 Psi =  3  
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Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Molecular orbitals of OH
United atoms orbital 2p⇡

defaults used                           

                                        

 Edge =  3.71 Space =  0.2000 Psi =  4  

                                        

                                        

                                        

M O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E N

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 56 / 126
Gaussian 2003 C.02, MP2/aug-cc-pVTZ

Electronic Structure of Diatomic Molecules Eigenstate Symmetry

Molecular orbitals of OH
United atoms orbital 2p⇡

defaults used                           
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Electronic Structure of Diatomic Molecules Coupling of rotational and electronic motion

Parity

Rotational (eigen-) states are characterized by overall symmetry properties; most
importantly: parity
+ Overall eigenfunction remains unchanged for an inversion of all particles (electrons

and nuclei at coordinates~r) through the origin
- Overall eigenfunction changes sign for an inversion of all particles (electrons and

nuclei at coordinates~r) through the origin

total : P (~r) ⇤ ± (�~r) (30)

electronic : P e(~r) ⇤ (�1)i+j e(�~r) with i ⇤
( 0⇤̂g

1⇤̂u
and j ⇤

( 0⇤̂+
1⇤̂� (31)

vibrational : P v(~r) ⇤  v(�~r) (32)
rotational : P r(~r) ⇤ (�1)J r(�~r) (33)
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The vanishing integral rule 141

Figure 7.3. The lower rotational energies for H2O arranged according to the

symmetry labels in table 7.2. The energies are also labeled by JKaKc as explained
in section 5.3.4, and the ortho/para designations are explained in section 9.2.

7.5 The vanishing integral rule

It is often necessary to calculate integrals of the general form

I =

!

ψ′∗Ôψ′′dτ, (7.38)

where ψ′ and ψ′′ are wavefunctions, and Ô is an operator. Without doing
any numerical calculations, the symmetry labels for the states ψ′ and ψ′′

can be used in a simple way, in conjunction with the symmetry of Ô, to
determine if such an integral has to vanish. As a result we can use symmetry
to simplify the calculation of molecular energies, and to determine selection
rules for molecular transitions.

The integrand of the integral I in equation (7.38) for the water molecule

Furhter details: nuclear-spin hyperfine structure
Nuclear-spin isomers of water (H2O)
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