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Unraveling the ultrafast dynamics of thermal-
energy chemical reactions

Matthew S. Robinson ab and Jochen Küpper *abc

In this perspective, we discuss how one can initiate, image, and disentangle the ultrafast elementary

steps of thermal-energy chemical dynamics, building upon advances in technology and scientific insight.

We propose that combinations of ultrashort mid-infrared laser pulses, controlled molecular species in

the gas phase, and forefront imaging techniques allow to unravel the elementary steps of general-

chemistry reaction processes in real time. We detail, for prototypical first reaction systems, experimental

methods enabling these investigations, how to sufficiently prepare and promote gas-phase samples to

thermal-energy reactive states with contemporary ultrashort mid-infrared laser systems, and how to

image the initiated ultrafast chemical dynamics. The results of such experiments will clearly further our

understanding of general-chemistry reaction dynamics.

I. Introduction

For decades, femtochemistry has given us glimpses into the
ultrafast world of chemical dynamics.1,2 With the tried and
tested pump–probe technique, a vast array of probes were used
to track and interpret the photo-induced excited-state dynamics
of countless molecules using transient-absorption,3–5 photo-
electron spectroscopy,6–8 and diffraction9–14 techniques. To
date, the majority of these experiments initiate the dynamics
of interest through electronically-excited states, using high-
energy visible,12,15 ultraviolet,6,16 or X-ray photons17 or the
strong fields of intense ultrashort ionizing laser pulses.18–20

However, most chemical processes that are key to everyday
life, from biology to materials, occur at lower, thermal energies.
As an example, the final, heat-induced decarboxylation step in
the Reissert indole synthesis reaction21 is depicted in Fig. 1. We
propose to mimic such thermal-energy processes by triggering
cold molecules with low-energy photons, i.e., using light in the
mid-infrared (mid-IR) region of the electromagnetic spectrum.
To time-resolve these processes they must be initiated and
probed with pulses of suitably short duration, typically from
ultrafast-laser sources.

The time-resolved dynamics of thermal-energy-excited
condensed-phase systems were investigated, for example,
through 2D-IR spectroscopy in solution.22,23 This allowed for

the study of the secondary structures of proteins24 and for bio-
molecular recognition.25 Femtosecond infrared pulses enabled
the triggering and time-resolved spectroscopic observation of
the isomerization of HONO in cryogenic solid matrices26 as well
as the acceleration of thermal (poly)urethane formation in
room-temperature solution.27 Furthermore, the evaporative
dissociation of iron-pentacarbonyl clusters due to infrared-
radiation-induced heating was tracked on a (sub)nanosecond
timescale.28 However, the imaging of such dynamics at thermal
energies in the gas phase, free from solvent backgrounds and
with femtosecond temporal resolution, is a milestone that has

Fig. 1 Cartoon depictions of thermal-energy chemical reactions. (left)
The heating by a Bunsen burner induces the final decarboxylation step
of the Reissert indole synthesis in solution. (right) The mode-specific
excitation of the N–H bond of a solvated indole system using a single
photon of mid-IR light (red arrow) leads to bond breaking and the
dissociation of the molecular system.
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yet to be reached, but one that we step closer to with progres-
sing technologies.

Advances in laser technology, especially the development of
mid-IR optical parametric amplifiers (OPAs), now allow for
simultaneously suitably bright and ultrashort mid-IR pump
pulses for initiating reactions.29,30 Molecular beams combined
with skimming and deflection techniques allow us to cool,
control and choose specific species31,32 that are suitable for
initiating and observing reactions with thermal-energy pump
pulses. The high-repetition rates at free-electron laser (FEL) facil-
ities provide us with the opportunity to probe the initiated thermal-
energy dynamics using techniques ranging from Coulomb-exp-
losion ion imaging33–35 to coherent X-ray diffraction9,36 in a reason-
able time frame. Table-top-laser-based methods like photoion37,38

and photoelectron imaging39–41 as well as laser-induced electron
diffraction42–47 provide the opportunity to observe such dynamics
with low-density targets in the laboratory.

We propose that combining these techniques allows for
thermal-energy reactions to be investigated using advanced
femtochemistry techniques. Prototypical reactions include the
dynamic interaction between water and (bio)molecules in micro-
solvated systems,16 isomerizations of organic molecules,48–50 or
folding pathways of larger biological systems.18,51 Disentangling
these prototypical reactions will provide time-resolved rationales
to the generally-used statistical models of everyday textbook
chemistry and it will allow us to derive intrinsic key reaction
modes for a dynamical basis of chemistry.

In this perspective, we detail experimental approaches to be
used for studying ultrafast thermal-energy reaction dynamics in
gas-phase systems and how these mimic the initial steps of
thermal-energy processes. This includes details on how suitably
cooled samples can be prepared and selected, how contemporary
mid-IR OPAs can be used to trigger the reactions of interest, and
how the ongoing reactions can be observed in real time. We
provide quantitative estimates of excitation and detection efficien-
cies, which demonstrate that these experiments are now possible.

II. Proposed initial prototypical
reaction systems

A fundamental process in ‘‘everyday chemistry’’ is the dissocia-
tion of a species into parts. This is a process that can be
induced by mid-IR excitation for both small clusters52 and
molecular ions53 alike. One system that we propose as a
suitable starting point for time-resolving, and thus better
understanding, mid-IR induced dissociation dynamics is the
prototypical microsolvated (bio)molecular cluster indole–water,
which has a well-defined structure54 depicted in Fig. 1 (top
right). Indole is the chromophore of tryptophan, one of the
strongest near-UV-absorbing amino acids in nature, whose
photochemistry was shown to strongly depend on its
environment.55 With indole, we take a bottom-up approach to
understanding how this chromophore and building block of
proteins behaves under thermal-excitation conditions. Investi-
gating its hydrated cluster, we provide insight into the

dynamics of these systems in aqueous environments. Ultimately,
this will allow for a better understanding of the elementary steps
of such effects of the molecular environment, which in turn can
be related back to studies of aqueous systems previously studied
using 2D-IR spectroscopy.56,57

With this wider context in mind, several key properties of
the cluster make indole–water a prime candidate for bench-
marking techniques to study ultrafast thermal-energy-reaction
dynamics. The location of the water molecule, which is loca-
lized at the N–H bond of indole through a hydrogen bond,54

yields a well-defined reactant system that can be purified in the
gas phase58 and is even of relevance in aqueous solution.59

Following solvation, the cross section of the N–H stretch of the
indole moiety at B2.9 mm (3425 cm�1, 0.425 eV) becomes
significantly enhanced with respect to all other vibrational
modes in the system, by approximately an order of magnitude
in comparison to the unsolvated system.60 This strong contrast
of oscillator strengths between the N–H stretch and other
stretching modes means that one can expect the N–H-stretch
vibration to be the dominant absorption of the system in this
spectral range, even considering the broad spectral bandwidth
of the ultrashort mid-IR pulses necessary to excite the system
with high temporal resolution. As the excitation energy of this
transition is considerably larger than the binding energy of the
hydrogen-bound cluster (B0.210 eV61) the system could directly
dissociate after the vibrational excitation as depicted in Fig. 2,
pathways 1. However, intramolecular vibrational redistribution
(IVR) could also lead to more involved threshold-like reaction
dynamics, such as roaming,62 as depicted in Fig. 2, pathways 2.

Further prototypical experiments to consider would be the
mid-IR induced conformational changes of organic or biologi-
cal molecules – processes that are key to folding mechanisms of
larger biological systems like proteins.63,64 Initial investigations

Fig. 2 Artistic interpretation of two possible dissociation pathways for
indole–water following excitation of the molecule by a mid-IR photon
(solid red arrow), including (pathway 1, orange-red arrow) the direct
ejection of the water molecule and (pathway 2, white-gray arrow) a longer,
roaming-like process before eventual dissociation.
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could focus on single-bond rotations in small molecules, like
that of the dihedral rotation around the C–C bond of cyclopro-
pane carboxaldehyde (CPCA),50,65 i.e., fHCCO, as depicted in
Fig. 3. Previous work utilized a mid-IR laser, centered around
2750 cm�1, to induce a reversible anti 2 syn-conformational
change that was observed on a timescale on the order of a few
100 ps, 16 times slower than what was predicted by statistical
methods.50 This highlights the need for ultrafast-dynamics
techniques, including atomic-resolution imaging, to disentan-
gle these fundamental processes.

Larger molecular species that showed interesting thermal-
energy induced conformational changes include tryptamine,
for which different isomerization pathways became accessible as
certain thermal-energy barriers were overcome when scanning
the IR excitation over the range 7–13 mm (B1500–800 cm�1),49

see Fig. 4. Similarly, tunable mid-IR lasers were used to induce
conformer-specific isomerization processes in gas-phase sam-
ples of N-acetyl-tryptophan methyl amide (NATMA) via single-
mode vibrational excitation of the N–H stretch at B2.9 mm.48

Infrared multiple-photon dissociation (IRMPD) experiments
were used to induce unfolding and dissociation processes of
protein(-like) structures,66,67 including short sequences that
match DNA telomeres,51 following excitation with mid-IR light
in the 6–11 mm region.

Investigating these thermal-energy-induced intramolecular
structural changes, and wider (un)folding mechanisms of
protein(-like) systems, in an ultrafast-time-resolved manner,

will allow us to develop a better understanding of these low-
energy vibrational and conformational changes. This should also
enable comparisons to statistical methods that were typically
used to describe these processes so far, as well as to coherent-
wavepacket-dynamics simulations, and it should trigger further
theoretical work on these processes to eventually unravel the
actual physics underlying these elementary steps of thermal-
energy chemistry.

Further work could be guided by discussions of non-
statistical reactivity, e.g., due to phase-space bottlenecks.68,69

Moreover, even reactions with seemingly well-behaving kinetics
could show intriguing ultrafast dynamics, including roaming-
or trapping-like processes due to long-range interactions of the
reactants and products.70,71

III. Sample preparation

To be able to effectively monitor the gas-phase thermal-energy
dynamics one must prepare samples so that the induced
changes can be observed above background signals. Preferably,
one would prepare a molecular ensemble of a single well-defined
reactant. For small molecular species, supersonic expansion of a
seeded gas into a vacuum, combined with skimmers, is common
practice to produce vibrationally- and rotationally-cold mole-
cules in the few/sub-Kelvin temperature regime.72,73 These
beams can be further controlled or species selected for better
purification. For example, the electric deflector allows for the
dispersion and separation of individual species in a molecular
beam according to their dipole-moment-to-mass ratios.31 This
allows for the production of pure samples, clear from the seed
gas, as well as the selection of specific conformers or clusters,31

including, for instance, pure samples of indole–water16,32 or
similar hydrated-molecule dimers.74,75 It also allowed for the
separation of individual conformers.76–78 Experimentally, these
deflected beams have typical thicknesses of B2 mm,32 with
sample densities of 107–109 molecules per cm3.9,71,78

For larger systems, alternative methods are available to
bring samples into the gas phase. For example, laser desorption
techniques, such as MALDI (matrix-assisted laser desorption/
ionization),79 were used to transfer neutral and charged systems
into the gas phase, ranging from single molecules80–82 to kilo-
Dalton-sized structures.83 Electrospray-ionization methods84 can
be used to bring solvated systems into the gas-phase in various
charge states. High densities of uncharged species can also be
obtained when utilizing neutralizers.85 Once these larger mole-
cules are in the gas-phase, contemporary apparatus, such as drift
cells and ion-mobility techniques, can be used to separate these
larger species based on the their size and shape.86,87 Recently,
control techniques developed for small molecules were applied
to larger species, including the use of inhomogeneous electric
fields to separate artificial and biological nanoparticles as a
function of their mass-to-charge ratio.85,88 Proposals have also
suggested that this can be applied to neutral large molecules,
separating out different protein conformers as a function of their
dipole-moment-to-mass ratios.85

Fig. 3 Sketch of anti- and syn-cyclopropane carboxaldehyde (CPCA) and
a possible transition state (TS) structure, including fHCCO dihedral angles.
These structures are based on computational results from ref. 65.

Fig. 4 Diagrammatic representation of selected ground-state structures
of tryptamine and a schematic potential energy curve that connects them.
Transition-state energy barriers are represented by the vertical arrows and
are based on experimental results.49
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IV. Ultrashort mid-IR pulses for
inducing thermal-energy excitations

We propose to initiate the thermal-energy dynamics in a
temporally well-defined fashion though the absorption of a
single, or a few, mid-IR photon(s) provided by an ultrashort
laser pulse. However, this range of 2.5–25 mm (4000–400 cm�1,
B0.5–0.05 eV, B120–12 THz) is on the cusp of the so-called
‘‘THz gap’’, a wavelength region where it was notoriously
difficult to develop compact and intense light sources,89 which
until recently limited our ability to use mid-IR light in ultrafast
experiments. Modern OPAs are now able to produce mid-IR
pulses with sub-picosecond durations and sufficient brightness
to effectively induce excitation of vibrational modes in a con-
trolled manner.30,90 A full review of OPAs is outside the scope of
this perspective and provided elsewhere,29,30 however, as refer-
ence, a current state-of-the-art mid-IR OPA centered at B2.8 mm
can provide 520 mJ per pulse at a repetition rate of 1 kHz, with a
spectral bandwidth of B500 nm, corresponding to a Fourier-
limited pulse duration of B25 fs.91 Typical commercial OPAs
have similar bandwidth and pulse duration properties, albeit
with a reduced output power for higher wavelength tunability.
To reach sufficient intensities for performing the envisioned
pump–probe experiments, the mid-IR light from an OPA needs
to be focused using lenses made from CaF2 or similar materials
possessing high transmission and low dispersion for mid-IR
light. Assuming a 30 cm focal-length lens,92 1 cm diameter
beams will be focused to a spot size of B110 mm.

Alternatively, one could use free-electron laser sources, such
as specific IR and THz facilities93,94 or THz-undulator sources
at X-ray free-electron lasers.95 This could be especially interesting
to extend the proposed studies to lower-energy-photon excita-
tions, at the cost of limited accessibility to beamtime at facilities.

V. Scientific feasibility

With both the sample preparation and mid-IR lasers for inducing
thermal-energy dynamics clarified, the remaining experimental
details depend on the exact probing technique of interest. We
do not expect this to differ widely from established experimental
set-ups used in other pump–probe experiments.16,32 To quantify
the probability of exciting the desired vibrations to trigger a
chemical reaction, we return to the prototypical indole–water
dimer, i.e., the breaking of its hydrogen bond. Our calculation
takes into account the mid-IR absorption properties of indole–
water as well as the experimental parameters defined in the
previous sections. It is similar to models used in other IR
experiments.28,96 Advanced experimental techniques, such as
pulse shaping, which could increase the excitation probability
by several orders of magnitude,97 were not included, but could
eventually be used to yield higher reaction probabilities as well as
to control reaction pathways.

The N–H stretch of indole–water at B2.9 mm (B3450 cm�1)
has a recorded absorption width of B10 cm�1.60 No absolute
absorption cross section for indole–water were found in the

literature, though typical absorption cross sections for compar-
able systems are generally on the order of 10�18–10�20 cm2 per
molecule.98 The two peaks in the indole–water spectrum at
B3650 and B3750 cm�1 60 correspond to water stretching
bands, which have known absorption coefficients of B2 �
10�19 cm2.99 Normalizing the spectrum to these peaks suggests
that the N–H stretch of indole–water is a ‘‘strong’’ transition
with an absorption coefficient of \1 � 10�18 cm2.

We assume the use of an OPA with its output central
wavelength matching the center of the N–H-stretch band and
with a pulse energy at the sample of B70 mJ, i.e., B1015 photons
per pulse. This pulse energy is representative of commercial OPAs,
while taking into account transport losses between the OPA and
the sample. The use of sub-50 fs laser pulses corresponds to a
B500 cm�1 bandwidth. This is significantly wider than the width
of the N–H-stretch band and hence only 2% of the photons will
have the correct wavelength to be absorbed, i.e., B2 � 1013

photons. A typical focal spot size of 110 mm equates to an area
of B1 � 10�4 cm�2. Together, the above parameters yield an
excitation probability for an indole–water molecule of B20%.

The excitation probability seems very adequate. Standard
femtochemistry experiments typically work with a 2–10% exci-
tation probability as a balance between significant single-
photon excitation signals and the minimization of undesirable
multi-photon processes. In this light, the predicted value for
the mid-IR excitation probability may be considered to be too
high. However, it is generally easier to reduce laser intensity
than to increase it and thus, importantly, these experiments
can be considered clearly feasible with current technology.

Nonetheless, certain experimental features could move this
excitation probability to one side or the other. For example, a
B100 fs laser pulse would allow for a much narrower band-
width of B200 cm�1, yielding a better spectral overlap with the
molecular absorption and hence a higher effective number of
usable photons. Other molecules or vibrational bands will have
smaller absorption cross sections than what was used in the
estimate above, corresponding to smaller excitation probabil-
ities. While our calculations suggest that these experiments are
feasible, careful planning is still needed to execute them.
Properties such as the absorption strengths and the temporal
resolution required to observe the dynamics of the system of
interest will need to be considered on a case-by-case basis.

Returning to indole–water, appropriate techniques for study-
ing the thermal-energy dynamics need to be carefully consid-
ered. Assuming the aforementioned molecular beam density and
laser spot size, we expect B40 of the B200 molecules in our
laser-interaction region to be excited and undergo dynamics per
shot. Suitably sensitive probes are necessary.

VI. Time-resolved imaging of ultrafast
thermal-energy dynamics

When investigating the properties of highly-diluted gases,
photoion and photoelectron imaging techniques are at the
forefront of experimental techniques for elucidating ultrafast
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dynamics. We will, therefore, discuss these methods, as well as
advanced atomic-resolution imaging, utilizing laser-induced
electron diffraction, coherent X-ray diffraction, and electron
diffraction, for obtaining time-resolved information of the
ultrafast thermal-energy dynamics.

A. Ion and electron imaging

Photoion-detection techniques are a powerful tool for identify-
ing energetic and structural changes in gas-phase systems after
photoexcitation, with photoion mass spectrometry acting as a
valuable first-principle tool. Achievable with relatively simple
setups,100 one typically monitors the changes in signal strength
of the parent and fragment ions of a system produced in the
ionization process as a function of the pump–probe delay.
Careful analysis, often guided by computational chemistry,
allows one to unravel how the individual atoms or functional
groups within a molecule rearrange. This was used to deduce
the dynamics of many small molecules7,37,38,101 and protein
(-like) structures.18,51 Time-resolved photoion mass spectrome-
try was also used for studying the mid-IR-induced dissociation
of [Fe(CO)5]n by monitoring the time-dependent signal of the
Fe(CO)5

+ ion.28 Similar tools were utilized to track the dissocia-
tion of the indole–water dimer following UV excitation.16

Tunable lasers were used to selectively excite and ionize
structural isomers.102 This allowed for the determination of the
composition of a molecular beam of the dipeptide Ac-Phe-Cys-
NH2

103 and for monitoring the degree of separation of different
conformers after the beam passed through a Stark deflector.77,78

In principle, similar spectroscopic approaches could track the
appearance or loss of conformers after mid-IR excitation. How-
ever, for ultrafast-dynamics studies the necessarily broad band-
width of the laser pulses would reduce specificity, as typically the
resonances of conformers are spectrally close.

Coulomb-explosion imaging (CEI),33 leading to the
complete35 or partial stripping of the electrons of a
molecule19,34,104–106 following multiple ionization, by X-ray35,106

or intense-ultrashort-laser-pulse ionization,15,45,104,105,107–109 pro-
vided structural information of gas-phase systems. This includes
the identification of structural isomers106,110 and individual
enantiomers,34,111 and it was used to image nuclear wavepackets
in pump–probe experiments.15,45,104,105,107–109,112,113 A combi-
nation of mid-IR pump pulses and CEI observations would allow
one to track the structural changes in a system undergoing
ultrafast thermal-energy dynamics.

Photoelectrons provide information about the intrinsic and
dynamic electronic properties of gas-phase molecules. The
kinetic energy of electrons emitted by photoionization provides
information about the electronic states of molecules.39,114–116

Changes in the photoelectron spectra also allowed for the tracking
of structural changes.40,117 Similarly, high-resolution techniques,
like zero-kinetic-energy (ZEKE) photoelectron spectroscopy,118 were
able to distinguish different conformers.119,120

Photoelectron-momentum-distribution (PEMD) techniques,
including velocity-map-imaging spectrometers or so-called
reaction microscopes, map the momentum of the emitted
electrons and could provide information on the orbital from

which the electron is ejected.121,122 Photoelectron circular
dichroism (PECD) was used to identify populations of enantio-
mers and conformers in the gas phase and how this may
change over time after photoexcitation.123,124

All the techniques listed above could provide important
information on ultrafast structural changes in molecular sys-
tems following thermal-energy excitation. However, for a sig-
nificant number of the techniques discussed in this section, the
structural information is largely indirectly inferred through the
comparison of experimental results to theoretical models.119,123

CEI conceptionally provides direct structural information.
Small-charge CEI can provides information on certain bonds
within the axial recoil approximation. High-charge CEI, with
practically all atoms individually charged, could conceptually
provide direct information on the full molecular structure. It
can also provide high-order correlations of nuclear positions.
However, for all but the simplest molecules one has to retreat to
machine-learning or similar big-data approaches to invert the
experimental data to molecular structure.35 Moreover, the
approach is limited in molecule size by charge-trapping effects
leading to incomplete explosion.125

With these considerations in mind, we turn to diffractive-
imaging techniques for the recording of thermal-energy ultra-
fast dynamics with atomic resolution.

B. Atomic-resolution diffractive imaging

Coherent-diffractive-imaging (CDI) techniques allow one to
follow the ultrafast atomic-scale structural changes of a react-
ing molecule, with ultrafast electron and X-ray diffraction being
at the forefront of these methods. Ultrafast electron diffraction
(UED),11,14,126,127 performed both with table-top128,129 and
accelerator-facility-based sources,10,130,131 proved to be a power-
ful tool for observing the ultrafast structural dynamics of gas-
phase molecules. However, the temporal resolution was limited
to B100 fs due to charge repulsion between electrons,132

although shorter electron pulses were demonstrated.133 While
these temporal limitations currently prevent us from observing
the fastest molecular dynamics using UED, the temporal reso-
lution is still sufficient for many important chemical processes
at thermal energies which will include significant structural
dynamics at picosecond timescales.16

X-ray CDI, using ultrashort pulses from XFELs, on the other
hand, can already image molecules with sub-100 fs pulses,134

but suffers from significantly smaller scattering cross sections
compared to electrons.135 Serial femtosecond crystallography
successfully demonstrated the recording of ultrafast dynamics
of proteins in nanocrystals.134,136–138 CDI was also demon-
strated for small gas-phase molecules,9,139,140 based on access
to the molecular frame through the imaging of laser-aligned
species.9,141–143 Assuming that analyzable gas-phase diffraction
patterns can be captured in hours, if not minutes,36,144 and the
recent drive to develop and integrate THz/mid-IR sources at
FEL experimental endstations to deliver thermal-energy-scale
pump pulses,95 coupled with Stark deflectors for separating out
specific molecular species,9 the coherent-diffractive imaging of
thermal-energy induced reactions at FELs is closer than ever.
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Most gas-phase diffraction experiments worked with sample
densities on the order of 1014–1017 molecules per cm3. However,
as noted above, the densities provided by controlled molecular
beams after passing through the deflector are lower. While a few
CDI experiments were performed with these very diluted sam-
ples, these were so far limited in signal-to-noise levels.

Laser-induced electron diffraction (LIED) is a very promising
table-top-laser-based, sensitive technique42,145–147 for the ima-
ging of ultrafast thermal-energy dynamics. LIED is an extension
of PEMD to the rescattering regime, as sketched in Fig. 5. Using
intense ultrashort IR laser pulses, molecules can be strong-field
ionized. The ejected electron is subsequently accelerated in the
laser field, resulting in velocities proportional to the pondero-
motive energy, Up of the ionizing laser field.148 However, as the
electric field of the laser reverses with respect to the interaction
region, a fraction of the electrons are driven back towards the
molecular ion to rescatter at energies up to 3.2�Up. The elastically
back-scattered electrons yield kinetic energies of up to 10Up

149

and ultimately contain diffraction information that can be
extracted to provide structural information on the system.42

On the scale of diffractive-imaging experiments, the return-
ing electrons have relatively low energies, typically on the order
of a few 100 eV, yielding large scattering cross sections –
making it a powerful technique for looking at low-density gas
targets – but still have a small enough de Broglie wavelength to
allow for few-picometer-resolved structure retrieval.44 The tech-
nique was already used to image a number of small
molecules.42,44,46,47,150 As the electron typically returns within
a single cycle of the ionizing laser, the technique has the

potential to image molecular structure on the few-femtosecond
timescale42 or even electronic dynamics.43,147

However, while LIED is, in principle, single-molecule sensi-
tive, the signal of the backscattered electrons is significantly
weaker, by several orders of magnitude, compared to the so-
called ‘‘direct’’ electrons.151 This leads to experiments needing
typically 104–108 laser pulses to produce a single diffraction
pattern,44,145,152 i.e., a data collection time between B10 s and
B1 day using a 1 kHz laser. Another consideration is the
ionization energy of the molecular system of interest: when
the photon energy of the ionizing laser is on the same order as,
or greater than, the ionization energy of the molecule, single-
photon or few-photon ionization processes will be favored over
strong-field-tunneling processes. This ultimately limits the
effectiveness of the technique, especially as one moves to image
larger systems, which typically posses smaller ionization ener-
gies. However, this can be mitigated by advanced analysis
techniques153 or longer-wavelength laser fields.

Moreover, the application of LIED to pump–probe ‘‘femto-
chemistry’’2 experiments is hindered by the strongly varying
ionization energies while the system traverses different electro-
nic states.147 With thermal-energy dynamics, one can expect
small changes in the ionization energy of the system of interest,
suggesting that the efficiency of the tunnel-ionization process,
which is intrinsically linked to the Keldysh parameter,154,155

will remain relatively constant. Conversely, as near-/mid-IR
light is typically used to perform the strong-field ionization
step, careful consideration of the wavelength used for LIED
must be made to ensure that the probe does not inadvertently
induce or alter the dynamics in the system itself.

To demonstrate the power of diffraction techniques for
monitoring thermal-energy-induced ultrafast structural dynamics,
we simulated electron-diffraction signals for the thermal-energy
anti–syn-conformer conversion of CPCA, cf. Fig. 3, shown in Fig. 6.
The simulation was performed for experimental parameters,
specified in Fig. 6, corresponding to a typical UED apparatus156

and an isotropic-gas sample. The predicted diffraction patterns
were radially averaged about the center of the detector. One can
expect similar results if the dynamics were studied using X-ray
diffraction or LIED.

Fig. 6a shows the differences in the radial scattering signal with
respect to the anti-conformer as a function of the fHCCO dihedral
angle. Fig. 6b shows the individual radial scattering signals for the
anti- and syn-conformers, shown in Fig. 3, as well as the difference
signal between the two. The data in both panels display clear
signal changes between the conformational structures that are well
within the experimentally demonstrated resolution limits.10,131

Changes in atomic distances are clearly visible in the structural
data in Fig. 6c obtained by Fourier transforming the diffraction
data. For example, the peak at B360 pm for anti-CPCA moves to
become a shoulder at B330 pm for syn-CPCA. This relates to the
shortening of the C–O distance as the CO group moves atop the
cyclopropane ring. Given that the rotation is expected to occur on a
timescale of B100 ps,50 similar to the actual indole–water bond-
breaking timescale,16 vide supra, all CDI methods discussed here
should be able to capture such structural dynamics.

Fig. 5 Schematic of the LIED process in indole–water. The strong electric
field of the laser (red) initiates ionization of the system and ejection of an
electron (green) at times around peak intensity (1). As the electric field
changes direction, (2) the electron can return to its ion and scatter. Using a
velocity-map imaging (VMI) apparatus, the electron momenta can (3) be
imaged to produce an photoelectron diffraction pattern such as the shown
preliminary experimental data.
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VII. Mimicking thermal chemistry

We note that the dynamics of isolated gas-phase systems is not
identical to thermal reactions in gases or the condensed phase.
However, we point out that there is sufficient similarity that the
insights gained from the experiments proposed here will
strongly benefit our understanding of truly thermal chemistry.
Moreover, in any case the benchmarking of computational
chemistry approaches with precision data from the isolated
systems will directly benefit predictions for condensed-phase
reactions.

Regarding condensed-phase chemistry, e.g., in aqueous
solution, one surely has to consider the influence of the solvent.
In the isolated-molecule approach, this can be partly built up
using microsolvation, i.e., investigations of the reaction while
adding water molecules one by one.16 Furthermore, even in

solution there are hierarchies of interactions, with solvation
effects often being weak and thus slow couplings. The
indole(H2O) system discussed above is in fact a good example
for indole in aqueous solution,59 highlighting the hierarchy in
that case. Therefore, especially the ultrafast first steps of a
chemical reaction, in solution, might often not be strongly
influenced by the weak interactions due to solvation and thus
can be mimicked by the dynamics of the, possibly microsol-
vated, isolated system.

Furthermore, it is intriguing to consider the presence and
the effect of coherence in these processes. For thermal chem-
istry, one would possibly consider the system, at any given time,
to be in an eigenstate, whereas the excitation with an ultrashort
laser pulse would routinely be ascribed to trigger wavepacket
dynamics. However, the difference could be quite small. As an
example, we consider the excitation of the N–H stretch vibra-
tion in indole(H2O) in a molecular beam at B3400 cm�1.60 One
could describe this as an excitation of a single vibrational
eigenstate, as no other bright modes exist in the wavenumber
range B3200–3650 cm�1. However, the shift of the excitation
line compared to bare indole60 highlights that this N–H-stretch
vibration is significantly coupled to other vibrations, i.e.,
combination modes likely including various of the low-
wavenumber intermolecular vibrations. Similar couplings
would also exist in the modes leading to conformational
rearrangements discussed in Section II. Ascribing this to the
excitation of a wavepacket of a set of coupled modes with
intensity-borrowing from the N–H stretch is essentially identical
to the excitation of an eigenstate of the NH-stretch vibration with
subsequent ultrafast energy flow into coupled dark modes.157

The same holds for the corresponding excitations due to statis-
tical fluctuations in the thermal solution-phase system.

The coherence times in the condensed phase will be shorter
than in the isolated gas-phase system, as the solvation bath will
always provide additional couplings. Considering coherence
times as defined by the time-dependent autocorrelation func-
tion, for instance, of the excited N–H-stretch mode, indicates
significant correspondence between the microsolvated gas-
phase system and the thermal condensed-phase system.

These arguments are not valid in the case of broad wave-
packets produced by simultaneous coherent excitation of multi-
ple quanta of bright modes, e.g., v = 1, 2,. . . of the N–H-stretch,
which would be a different approach and possibly also open up
control of chemical reactivity.

VIII. Conclusion

The imaging of ultrafast elementary steps of thermal-energy
chemical dynamics with atomic resolution is within reach,
thanks to advances in both techniques for preparing pure,
controlled samples and mid-infrared laser technology. Over the
next few years, we expect to see experiments that utilize ultra-
short mid-IR laser pulses to initiate ground-state thermal-energy
dynamics within gas-phase systems and, in first instances, to be
probed with ion- and electron-imaging techniques. Moreover,

Fig. 6 (a) Simulated electron-diffraction-difference pattern of CPCA as it
undergoes the anti–syn-conformer change, presented as function of the
fHCCO dihedral angle. The difference signal was obtained by subtracting
the anti-CPCA signal from the individual fHCCO angle-dependent signals.
The simulation assumed the use of a UED setup operating at an electron
energy of 3.7 MeV, with a 3 m sample-to-detector distance, and a 2 mm
radius hole in the center of the detector.156 (b) Simulated scattering curves
for anti- and syn-CPCA as well as the difference signal. (c) Simulated radial
distribution curves of anti and syn-CPCA obtained through the Fourier
transform of the data in (b).
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lab- and facility-based diffraction techniques will provide oppor-
tunities to monitor these thermal-energy dynamics with atomic
resolution. While early work will likely focus on smaller and
highly-controllable systems, like indole–water or CPCA, the
techniques and methods detailed here are general and will be
extended to the imaging of larger molecular systems.

Beyond imaging the structural dynamics of individual ele-
mentary steps of thermal-energy chemistry, datasets of a variety
of molecular systems and reactions will enable application of
these time-resolved discoveries to further disentangle general
chemistry and everyday processes. This includes the bench-
marking of computational models and enabling their advance
as well as building up correlations regarding decoherence times
and statistical descriptions. It might eventually allow us to
extract the key reaction coordinates of chemical processes at,
for example, transition states, thus furthering our conceptional
understanding of general chemical-reaction dynamics.
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9 J. Küpper, S. Stern, L. Holmegaard, F. Filsinger, A. Rouzée,
A. Rudenko, P. Johnsson, A. V. Martin, M. Adolph, A.
Aquila, S. Bajt, A. Barty, C. Bostedt, J. Bozek, C. Caleman,
R. Coffee, N. Coppola, T. Delmas, S. Epp, B. Erk, L. Foucar,
T. Gorkhover, L. Gumprecht, A. Hartmann, R. Hartmann,
G. Hauser, P. Holl, A. Hömke, N. Kimmel, F. Krasniqi, K.-U.
Kühnel, J. Maurer, M. Messerschmidt, R. Moshammer,
C. Reich, B. Rudek, R. Santra, I. Schlichting, C. Schmidt,
S. Schorb, J. Schulz, H. Soltau, J. C. H. Spence, D.
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J. Küpper, Knife edge skimming for improved separation
of molecular species by the deflector, Rev. Sci. Instrum.,
2018, 89, 096110, DOI: 10.1063/1.5026145, https://arxiv.
org/abs/1802.04053.

33 Z. Vager, R. Naaman and E. P. Kanter, Coulomb explosion
imaging of small molecules, Science, 1989, 244, 426–431,
DOI: 10.1126/science.244.4903.426.

34 M. Pitzer, M. Kunitski, A. S. Johnson, T. Jahnke, H. Sann,
F. Sturm, L. P. H. Schmidt, H. Schmidt-Böcking, R. Dörner,
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C. Desfrançois, Infrared signature of DNA G-quadruplexes
in the gas phase, J. Am. Chem. Soc., 2008, 130, 1810–1811,
DOI: 10.1021/ja077321w.

52 L. Oudejans and R. E. Miller, Photofragment translational
spectroscopy of weakly bound complexes: Probing the
interfragment correlated final state distributions, Annu.
Rev. Phys. Chem., 2001, 52, 607–637, DOI: 10.1146/
annurev.physchem.52.1.607.

53 L. I. Yeh, M. Okumura, J. D. Myers, J. M. Price and
Y. T. Lee, Vibrational spectroscopy of the hydrated hydro-
nium cluster ions H3O+.(H2O)n (n = 1, 2, 3), J. Chem. Phys.,
1989, 91, 7319–7330, DOI: 10.1063/1.457305.

54 T. M. Korter, D. W. Pratt and J. Küpper, Indole-H2O in the
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K. Długołȩcki and J. Küpper, Strongly aligned and oriented
molecular samples at a kHz repetition rate, Mol. Phys.,
2013, 111, 1738, DOI: 10.1080/00268976.2013.780334,
https://arxiv.org/abs/1301.1826.

93 D. Oepts, A. van der Meer and P. van Amersfoort, The free-
electron-laser user facility FELIX, Infrared Phys. Technol.,
1995, 36, 297–308, DOI: 10.1016/1350-4495(94)00074-u.

94 S. Winnerl, D. Stehr, O. Drachenko, H. Schneider,
M. Helm, W. Seidel, P. Michel, S. Schneider, J. Seidel,
S. Grafstrom, L.-M. Eng, T. Roch, G. Strasser, T. Maier, and
M. Walther, FELBE Free-Electron Laser: Status and appli-
cation for time resolved spectroscopy experiments, in Joint
31st International Conference on Infrared Millimeter
Waves and 14th International Conference on Teraherz

Electronics (2006) pp. 159-159, DOI: 10.1109/
ICIMW.2006.368367.
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diffractive imaging of controlled gas-phase molecules:
Toward imaging of dynamics in the molecular frame,
J. Chem. Phys., 2020, 152, 084307, DOI: 10.1063/1.5133963,
https://arxiv.org/abs/1910.13494.

141 J. C. H. Spence and R. B. Doak, Single molecule diffraction,
Phys. Rev. Lett., 2004, 92, 198102, DOI: 10.1103/PhysRevLett.92.
198102.

142 J. C. H. Spence, K. Schmidt, J. S. Wu, G. Hembree,
U. Weierstall, R. B. Doak and P. Fromme, Diffraction and
imaging from a beam of laser-aligned proteins: resolution
limits, Acta Crystallogr., Sect. A: Found. Crystallogr., 2005,
61, 237–245, DOI: 10.1107/S0108767305002710.

143 M. Amin, J.-M. Hartmann, A. K. Samanta, and J. Küpper,
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