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The structure-function relationship of electronic dynamics
Conformers of amino acids: glycine and phenylalanine

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).
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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.
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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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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.
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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
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Separating para and ortho water
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Filsinger, Erlekam, von Helden, JK, Meijer, Phys. Rev. Lett. 100, 133003 (2008)

Filsinger, JK, Meijer, Hansen, Maurer, Nielsen, Holmegaard, Stapelfeldt, Angew. Chem. Int. Ed. 48, 6900 (2009) 

Conformer selection with the m/µ deflector
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Holmegaard, Nielsen, Nevo, Stapelfeldt, Filsinger, JK, Meijer, Phys. Rev. Lett. 102, 023001 (2009)       

Nevo, Holmegaard, Nielsen, Hansen, Stapelfeldt, Filsinger, Meijer, JK, Phys. Chem. Chem. Phys. 11, 9912 (2009) 

Fixing molecules in space
3D orientation



Trippel, Mullins, Müller, Kienitz, Omiste, Stapelfeldt, González Férez, JK , Phys. Rev. A 89, 051401(R) (2014)

Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Adiabatic alignment with a 485 ps pulse
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Trippel, Mullins, Müller, Kienitz, Omiste, Stapelfeldt, González Férez, JK , Phys. Rev. A 89, 051401(R) (2014)

Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Intermediate-case alignment with a 50 ps pulse
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Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Intermediate-case alignment with a 50 ps pulse

A simple two state wave packet,
a working coherent control experiment
and a strongly-driven quantum pendulum
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Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Intermediate-case alignment with a 50 ps pulse

A simple two state wave packet,
a working coherent control experiment
and a strongly-driven quantum pendulum
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Trippel, Mullins, Müller, Kienitz, González Férez, JK, arXiv:1409.2836 [physics]

Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Non-adiabatic orientation with a 500 ps pulse
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Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Non-adiabatic orientation with a 500 ps pulse
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Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Non-adiabatic orientation with a 500 ps pulse
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Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Non-adiabatic orientation with a 500 ps pulse
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Scenarios of rotational dynamics in OCS (X, v=0, J=0) 
Non-adiabatic orientation with a 500 ps pulse
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Imaging structural dynamics
(nuclear and electronic)



 

MFPADs of molecular aggregates
using a pure beam of indole-water



JK, Stern, et al (53 authors), Phys. Rev. Lett., 112, 083002 (2014)

CFEL ASG Multi-Purpose Chamber (CAMP) 
A traveling Free-Electron Laser endstation (now at FLASH)



JK, Stern, et al (53 authors), Phys. Rev. Lett., 112, 083002 (2014)

Coherent (fs) X-ray diffractive imaging of 2,6-diiodobenzonitrile 
Analysis of anisotropic part of molecular x-ray diffraction pattern
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FIG. 3: (color online) Di↵erence angular distributions along the photoline for aligned minus randomly oriented molecules for
five di↵erent photoelectron kinetic energies. The upper row shows raw data and the results after Abel inversion normalized
to the number of shots. The polarization directions of alignment laser and FEL were parallel and are indicated by the arrow.
The lower row shows the same di↵erences, but normalized to the di↵erent partial ionization cross sections, i.e. normalized to
an integral of zero, together with simulated di↵erences obtained from DFT calculations normalized in the same way and scaled
by a factor of 0.18. In order to match with the data, the simulations were shifted in energy by 11 eV.

in the simulation by averaging over a two-dimensional
Gaussian with a FWHM of 40 degrees. The simulated
di↵erence patterns are in good agreement with the ex-
perimental ones for all energies except the lowest, where
both experiment and simulation show a rather small ef-
fect with di↵ering angular shapes. For the highest energy
the simulation reproduces the shape, but overestimates
the amplitude of the e↵ect.

The clear changes observed when varying the electron
kinetic energy from 31 to 62 eV and thus the deBroglie
wavelength from 2.16 to 1.53 Å demonstrate the sensitiv-
ity of this method to the molecular distances between the
fluorine and other atomic constituents which range from
1.3 to 4.3 Å. Measuring di↵raction patterns at varying
electron wavelengths gives a first glimpse at the changes
one might expect when taking time-dependent di↵raction
patterns of a changing molecular geometry at a fixed pho-
toelectron energy in a pump-probe set-up. In this sense,
the results presented here can be understood as ’freeze
frames’ of a molecular movie.

We would like to point out that the limiting factor
in the present experiment was clearly the achieved de-
gree of alignment of cos2✓2D =0.85, which averages out
the di↵raction patterns for perfectly aligned molecules

(cos2✓2D =1), as can be seen in Fig 4a). This reduces
the contrast between the images for aligned and ran-
domly oriented molecules considerably. However, it has
been shown that with careful preparation, it is possi-
ble to obtain an alignment of up to cos2✓2D =0.97 for
quantum-state-selected iodobenzene molecules [48]. For
such a degree of alignment, the simulated photoelectron
di↵raction pattern still contains a rich structure.

The photofragmentation of fluorobenzene by UV-
pulses (193 nm) has been studied previously [49] and its
major dissociation channel was found to be elimination
of HF within < 1 ps. Calculations predict two possi-
ble pathways for intermediate molecular geometries of
the transition states, [50]. Fig. 4b) shows the two ex-
pected di↵raction patterns for these geometries of pFAB,
demonstrating that the presented photoelectron di↵rac-
tion approach should be able to clearly distinguish be-
tween them. In addition, Fig. 4c) displays the patterns
for pFAB with an increased F-C bond length correspond-
ing to the photodissociation after overcoming the tran-
sition state, showing a pronounced dependence on the
distance. Based on these results, we are convinced that
the time-dependent changes in molecular geometry in the
photodissociation of pFAB can be studied in an FEL-

Boll, Rolles, et al (25 authors), Phys. Rev. A 88, 061402(R) (2013)

Photoelectron diffraction of aligned molecules
F(1s) ionization of 1-ethynyl-4-fluorobenzene

Photoelectron angular distribution difference between aligned and randomly 
oriented molecules as function of electron kinetic energy 
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  Erk, et al (21 authors), Science 345, 288 (2014) 

Imaging charge transfer in iodomethane
upon x-ray photoabsorption

At small distances, the 
valence electrons can freely 
move within the molecule.

▪ Break up the molecule: strong-field ionization with a near-infrared (NIR) laser pulse
▪ Knock out inner-shell electrons from the iodine atom with the delayed x-ray pulse 
▪ Vary the delay to tune the distance between the fragments

In the transition regime, the 
electrons exhibit a certain 
degree of localization.

At large separations, the 
probability of electron transfer 
becomes negligible. 



 

Light sources at DESY Photon Science

CFEL



 

part II – experiments at free-electron lasers (FELs)
CFEL-ASG Multi-Purpose endstation

• CAMP @ FLASH – a BMBF supported program to 
convert CAMP into a (the first) permanent endstation 
at FLASH

• Installation, commissioning, and operation headed 
by Helmholtz Young Investigator Group (Daniel 
Rolles)
• local coordination from summer 2015 by Benjamin Erk
• MEDEA coordination by Daniel Rolles (and Jochen Küpper)



 

part II – experiments at free-electron lasers (FELs)
CFEL-ASG Multi-Purpose endstation

Assembly of CAMP@FLASH-BL1



 

part II – experiments at free-electron lasers (FELs)
CFEL-ASG Multi-Purpose endstation

Assembly of CAMP@FLASH-BL1

optical
lasers



 

part II – experiments at free-electron lasers (FELs)
CFEL-ASG Multi-Purpose endstation

Assembly of CAMP@FLASH-BL1

split and delay

optical
lasers



 

CAMP – experiments at free-electron lasers (FELs)
CFEL-ASG Multi-Purpose endstation

A variety of detectors available
electron and ion spectrometers

(REMI/COLTRIMS, VMI)

Both charged-particle spectrometers can be 
operated with delay line detectors (coincidence 
mode) or MCP/phosphor screen detectors 
(covariance mode)

ion imaging

electron imaging

imaging of scattered 
and fluorescent photons

FEL

two planes of large-area pnCCD photon detectors

front pnCCD is 
movable in-situ,
rear pnCCD has fixed 
gap and preset position



Example video: http://desy.cfel.de/cid/cmi/outreach/jove_video

Summary

• Generation of well defined samples
• separation of quantum states, structural isomers, cluster species

• Fixing molecules in space
• one- and three-dimensional alignment and orientation

• Imaging of molecules
• x-ray and electron diffraction, ion and electron momentum imaging

• CAMP @ FLASH
• a permanent endstation at FLASH for AMO/imaging experiments

• ESR DESY: Attosecond dynamics in conformer-selected amino acids 
• ESR training/secondments

• “sample preparation” – cold intense beams, species selection, 
alignment and orientation concepts

• (imaging) experiments with complex molecules

http://desy.cfel.de/cid/cmi/outreach/jove_video
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