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ABSTRACT: Gas-phase IR—UV double-resonance laser spectroscopy is an IR absorption
technique that bridges the gap between experimental IR spectroscopy and theory. The IR
experiments are used to directly evaluate predicted frequencies and potential energy surfaces as
well as to probe the structure of isolated molecules. However, a detailed understanding of the
underlying mechanisms is, especially in the far-IR regime, still far from complete, even though
this is crucial for properly interpreting the recorded IR absorption spectra. Here, events
occurring upon excitation to vibrational levels of polycyclic aromatic hydrocarbons by far-IR
radiation from the FELIX free electron laser are followed using resonance-enhanced
multiphoton ionization spectroscopy. These studies provide detailed insight into how ladder
climbing and anharmonicity influence IR—UV spectroscopy and therefore the resulting IR
signatures in the far-IR region. Moreover, the potential energy surfaces of these low-frequency
delocalized modes are investigated and shown to have a strong harmonic character.

Infrared absorption spectroscopy has proven to be a are of particular importance within the framework of
powerful technique for characterizing and monitoring the astrophysics where relative and absolute cross sections are
physical and chemical properties of molecules. The technique used to determine the composition and abundance of
provides vibrational fingerprints that give direct access to their molecular species in the universe.'* To relate IR—UV ion
electronic and conformational structure. At the same time, they dips to absolute absorption cross sections, a detailed
are also essential for obtaining insight into their thermochem- understanding of the IR—UV ion dip mechanism is essential.
istry and reaction dynamics. At the core of these applications is Although the general principles of the method are well
a full and detailed understanding of vibrations in terms of understood, detailed insight into the underlying processes is to
nuclear motions and the characteristics of the multidimen- a large extent lacking. The far-IR region is of special interest
sional electronic potential energy surface on which these because it is less congested15’16 than the mid- or near-IR
motions take place. This is most effectively realized by regions, and the emission from interstellar space in the far-IR
comparing experimentally measured quantities with theoretical region is inherently less broad."” Moreover, the low-frequency

predictions. Such comparisons provide on one hand the means
to assign an experimental spectrum but, equally importantly,
are also key to assessing theoretical methods. High-resolution
spectroscopy on isolated molecules plays in this respect an
important role as it is the most direct means for making such
comparisons. IR—UV ion dip spectroscopy is the ideal method
for obtaining high-resolution, mass- and conformer-selective IR
spectra.’ In an astronomical context, IR—UV spectroscopy has
proven to be indispensable for providing accurate band
positions for relevant molecules such as polycyclic aromatic
hydrocarbons (PAHs) and for evaluating various theoretical
methods that aim to incorporate anharmonicity.””® More
widely, it is being used for the structural characterization of
neutral and isolated molecules that range from peptides and
DNA bases to molecular machines."” ™"

The comparison between experiment and theory relies on
not only the band positions but also their intensities. The latter

modes of PAHs involve their global structure and thereby
provide diagnostic fingerprints of their size and topology.
IR—UV ion dip spectroscopy is based on the change of the
vibrational population in the electronic ground state of a
molecule by IR absorption, which is probed by resonance-
enhanced multiphoton ionization (REMPI) spectroscopy.
Resonant IR excitation leads to a decrease in the magnitude
of the REMPI signal due to the difference in vibrational
frequencies in the electronic ground and excited state, and/or

Received: September 6, 2020
Accepted: September 30, 2020
Published: October 9, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpclett.0c02714

W ACS Pu b | ications 8997 J. Phys. Chem. Lett. 2020, 11, 8997—9002


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+K.+Lemmens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danie%CC%88l+B.+Rap"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+M.+M.+Thunnissen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Se%CC%81bastien+Gruet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amanda+L.+Steber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjana+Panchagnula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjana+Panchagnula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+G.+G.+M.+Tielens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melanie+Schnell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wybren+Jan+Buma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anouk+M.+Rijs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anouk+M.+Rijs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c02714&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02714?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02714?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02714?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02714?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02714?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/21?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/21?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/21?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/21?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02714?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
the change in the overlap of the vibrational wave functions.'® ' ' ' ' '
Often, a decrease of >50% is observed, which implies that the IR off

IR absorption step cannot simply be described with a two-level
model consisting of the vibrationally ground and excited state.
Instead, different processes involving more than two states,
such as IR-induced fragmentation or intramolecular vibrational
energy redistribution (IVR), must occur within the time scale
of these experiments.'””” More insight into the IR—UV
depletion mechanism can be obtained by probing the molecule
after IR absorption and determining the vibrational state(s)
that is populated. This can in principle be done by recording
REMPI excitation spectra after IR excitation.'®”'~** Such an
approach is especially attractive for far-IR vibrational modes
where excitation localizes the population in a few eigenstates,
whereas in the case of near-IR excitation, statistical
inhomogeneous broadening by IVR impedes a straightforward
interpretation of the UV excitation spectrum.'®

Here we report far-IR studies on naphthalene, anthracene,
phenanthrene, acenaphthene, acenaphthene-d;,, chrysene,
pyrene, and benzo[ghi]perylene, all of which are prototypical
PAHs that feature various topological aspects of importance
(see Figure SL1). The far-IR region has so far remained out of
reach for PAHs under astronomically relevant conditions, that
is, as isolated gas-phase molecules and at low temperatures.
Table SI.1 summarizes the experimental IR frequencies found
for each molecule in the region of 80—250 cm™" together with
the calculated frequencies in this region.

Generally, delocalized, low-frequency vibrational modes of
aromatic rings, such as ring puckering and other large-
amplitude motions, are being termed anharmonic,”>~*° but
from an experimental point of view, this is far from clear. In
our experiments, we probe not only the depopulation of the
vibrational ground state but also the population of distinct low-
energy vibrationally excited states. Our studies, therefore,
enable us to obtain insight into the mechanism of IR—UV ion
dip spectroscopy and to determine the (an)harmonic character
of delocalized low-frequency vibrational modes of PAHs.

The black traces in Figure 1 show the UV excitation
spectrum near the 0) origin band of acenaphthene-d,,, while
the red traces correspond to REMPI spectra taken after
resonant IR excitation of a mid-IR band at 1604 cm™ (CC in-
plane vibration) and a far-IR band at 189 cm™ (drumhead
motion). Excitation in the mid-IR region causes depopulation
of the ground state and leads to statistical inhomogeneous
broadening of the origin band due to the high density of states
at this energy.'® IR absorption in this region thus results in
depletion at the band origin frequency (see Figure SI.2) and a
smoothly varying IR ion gain (IRIG)**** at frequencies other
than the band origin. In contrast, in the far-IR excitation
experiment, a low-frequency vibrational state is populated at an
energy where the density of states is much lower. As a result,
IR excitation produces a vibrational population distribution
over only a few eigenstates, leading to resolved features in the
UV excitation spectrum that probes this distribution. In the
following, we will first assign these resolvable IRIG bands and
then discuss the implications of these assignments on the
mechanism of far-IR—UV ion dip spectroscopy. Finally, we will
evaluate the (an)harmonic properties of the low-frequency
modes of the studied PAHs on the basis of the observed
spectral features.

The appearance of resonant transitions in the ion gain
spectrum (Figure 1b) at frequencies lower than the origin
band, after excitation of v5 at 189 cm™, indicates that distinct
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Figure 1. Experimental REMPI excitation spectrum (black traces) of
the origin band of acenaphthene-d,, at 31599 cm™ recorded in the
absence of IR excitation. The colored traces show spectra with the IR
laser FELIX preceding the REMPI process at a resonant frequency of
(a) 1606 cm™" (pulse energy of 13 mJ, red) or (b) 189 cm™ [6 m]
(red) and 1.5 mJ (blue), red and blue traces scaled such that the

(v3)"722 bands have the same intensity]. In both cases, there is a
decrease [ion dip (see Figure SL.2)] at the origin transition and an
increase (ion gain) at frequencies other than the origin after IR
absorption. The unresolved gain in panel a reflects the outcome of
statistical inhomogeneous broadening, while panel b shows distinct
bands indicating that vibrational excitation is restricted to only a few
eigenstates.

vibrational levels in the electronic ground state are populated
after far-IR excitation. The ion gain bands show a regular
spacing of 25.5 cm™’, which necessarily must be associated

with (1)’ transitions because 25.5 cm™ is lower than the
lowest-frequency vibrational mode of acenaphthene-d;. Such a
regular spacing is possible only if the potential energy surface
in the electronic ground and excited state along the normal
mode v; is highly harmonic. Indeed, we find from the variation
in band spacings an anharmonicity of ~0.1%.

A schematic energy diagram with the possible IR and UV
excitation routes is shown in Figure 2. The ladder-climbing
pathway displayed in Figure 2a results in the population of
higher vibrational levels of the harmonic vibrational mode at
the IR frequency for which the fundamental transition is
excited (possible deviation of 1% resulting from the full width
at half-maximum of FELIX). Vibrational overlap consider-
ations dictate that UV transitions will predominantly take place
between vibrational levels with the same vibrational quantum
number in the electronic ground and excited state. Because the
frequencies of vibrational modes in these two states are
different, with typically lower frequencies in the excited state,

the (v;)"2" transitions are observed as a regular red-shifted
progression with a spacing corresponding to the difference in
the vibrational energy of mode v in the two electronic states.
Such a ladder-climbing pathway was considered in the far-IR
study of tryptamine, but the presence of multiple conformers
precluded an unambiguous assignment of the observed
transitions, unlike what is possible in the study presented
here.”

Figure 1 shows that the IR pulse energy has a marked
influence on the REMPI spectrum. First, we observe that with
a lower pulse energy (blue trace) higher vibrational quanta

https://dx.doi.org/10.1021/acs.jpclett.0c02714
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Figure 2. (a) Schematic representation of ladder climbing leading to a regular red-shifted progression in IRIG spectra. (b) “Restricted” absorption
in an anharmonic potential with nonequidistant vibrational levels, which results in IVR for low-frequency vibrational modes being largely inhibited.
(c) “Unrestricted” depopulation of the ground state in a harmonic potential with equidistant vibrational levels where ladder climbing in low-
frequency vibrational modes allows access to otherwise nonaccessible IVR pathways.

levels are not reached. Second, the red trace taken at higher
pulse energies shows bands marked with an asterisk that are
not (or hardly) present in the blue trace. These bands are

associated with transitions involving the (r,)%2} transition.
Their presence implies a redistribution of vibrational energy to
the (v,),.-; level that clearly occurs only if levels of vy are
reached with sufficiently high quantum numbers. Similar
redistributions are observed at other IR frequencies and for the
other molecules we have studied (see Figure 4). Generally, we
find that at very low IR frequencies, we can still assign quite
reliably transitions occurring upon IVR, but for higher-
frequency transitions, the number of possibilities becomes
too large for unambiguous assignment.

Ladder climbing in harmonic vibrational modes has
important consequences for the interpretation of IR ion dip
intensities. In the case of anharmonic modes, only one photon
can be absorbed (Figure 2b). For low-frequency modes, the
density of states at the accessed vibrational energy is so low
that IVR is not possible, resulting in a maximum depopulation
of 50% of the ground state. Ladder climbing followed by IVR
from higher vibrational levels (Figure 2c) allows for multiple
IR photon absorption and depopulation of the ground state by
>50%. The (an)harmonic character of a vibrational mode thus
strongly determines the amount of depopulation of the ground
state and, thereby, the observed IR ion dip intensity.

The pathways described above imply that REMPI spectra
obtained after far-IR excitation should depend critically on the
IR laser pulse energy. On one hand, the harmonic ladder is
climbed to relatively low vibrational quantum numbers at low
energies and IVR is restricted. At higher pulse energies, on the
other hand, vibrational levels with higher quantum numbers
are accessed and IVR is enhanced. Our experiments confirm
this: at a low IR laser pulse energy (Figure 3d, red trace),
distinct, narrow transitions are observed and IVR-induced
broadening is limited. As we move to higher pulse energies,
these features disappear as an IVR threshold is reached and
only a broadened IR-induced REMPI feature remains (Figure
3a, purple trace).
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Figure 3. REMPI spectra near the origin region of acenaphthene-d,,
at an IR excitation frequency of 624 cm™". The IR laser pulse energies
used were approximately (a) S0 mJ (purple), (b) 16 mJ (green), (c) S
mJ (blue), and (d) 1.6 mJ (red). The black trace in each plot shows
the REMPI excitation spectrum without IR excitation and serves as a
reference. Unscaled REMPI spectra are provided in Figure SI.3.

Another important consequence of this power dependence is
that one should be cautious when interpreting signal intensities
in IRIG spectra because a lower IR pulse energy might very
well result in a stronger IRIG signal at particular UV probe
frequencies. IRIG signals are, thus, not necessarily related to IR
cross sections in a 1:1 manner. Moreover, normally an
exponential relation between laser power and IR depletion is
assumed, but this model is based on the assumption of a fast
irreversible IVR process without a threshold. This may clearly
fail under conditions such as those used in our experiments.

Figure 4 displays an overview of REMPI spectra measured
near the origin transition to the lowest electronically excited
singlet state of selected PAHs with (color) and without (black)

https://dx.doi.org/10.1021/acs.jpclett.0c02714
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Figure 4. Experimental REMPI spectra of naphthalene, acenaphthene, acenaphthene-d,,, anthracene, and phenanthrene (black traces) near the
origin bands (set to zero). The colored traces show REMPI excitation spectra with the IR laser at the resonant IR frequency indicated within each
subplot preceding REMPI probing. Full unscaled spectra are provided in Figure SI.2.

IR pre-excitation. The IR frequencies range from the far-IR to
mid-IR (for unscaled spectra, see Figure SI.2). For IR
excitation up to 600 cm™, regular progressions are observed,
while excitation at higher frequencies leads to broadened
spectra. The vibrational modes are either out-of-plane butterfly
or drumhead motions, except for those of acenaphthene-d,,
(383 cm™) and anthracene (232 cm™), which are in-plane
scissoring modes. A full overview of the transitions that have
been assigned on the basis of quantum chemical calculations in
the electronic ground and excited states of the pertinent
compound is provided in Table SL.2. Secondary progressions
associated with transitions involving a decrease in the
vibrational quantum number are visible for acenaphthene-d,
upon excitation with IR frequencies of 189 and 383 cm™. In
the case of 189 cm™! excitation, a second progression is shifted
by exactly twice the fundamental frequency, while for the 383
cm™! excitation, the second progression is shifted by exactly
the fundamental frequency. The assignment of the progression
of naphthalene to a transition between two different vibrational
mode numbers is justified by the fact that these modes are the
same normal modes and, therefore, have the largest vibrational
overlap. A similar situation exists for the 232 cm™' IR-pumped
REMPI spectrum of anthracene. In some IR ion gain spectra,
the red-shifted bands consist of a doublet or series of bands,

9000

e.g, for acenaphthene-d;, with 189 cm™' and acenaphthene
with 210 cm™" IR excitation. We tentatively assign these bands

to result from lower-frequency (v;),=} transitions that become
observable after IVR to a lower-frequency mode v;.

Figure 4 (bottom, left) also displays a “hot” molecular beam
REMPI spectrum of acenaphthene that illustrates the differ-
ence between the population of vibrational states at a higher
temperature® and the population of vibrational states due to
resonant IR excitation. A clear difference in structure is
observed between the hot bands in the “hot” spectrum and the
IR ion gain features in the REMPI spectra obtained with 1600
or 780 cm™' excitation. Compared to the 1600 cm™ IRIG
spectrum, there is relatively more intensity close to the band
origin in the “hot” spectrum. The 780 cm™ gain spectrum
shows a broadening of the band origin to both the red and blue
side of the band origin, whereas the “hot” spectrum shows the
most intensity on the red side. Resonant vibrational excitation
cannot simply be seen as creating a Boltzmann distribution of
vibrational energy. Even well within the mid-IR range, a
notable difference in structure is observed in the IR ion gain,
which becomes clear when the 624 and 1606 cm™ excitation
REMPI spectra of acenaphthene-d;, are compared. Similarly,
this can be seen in the 780 and 1600 cm™" excitation REMPI
spectra of acenaphthene. These observations indicate that the

https://dx.doi.org/10.1021/acs.jpclett.0c02714
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redistribution of vibrational energy follows quite different
pathways after excitation at 780 or 1600 cm™.

An interesting case arises when the vibrational frequencies of
the ground and electronically excited states are very similar;
the normally observed red-shift in the ion gain REMPI spectra
is no longer resolvable. This occurs partly in the case of the IR
excitation of acenaphthene-d;, at 144 cm™. REMPI spectra
taken after IR excitation show a red shift of ~7 cm™, partly
falling within the width of the origin transition and impeding
optimal detection of depletion. This observation is in particular
important in the context of studies of large PAHs as these
PAHs undergo only a small structural change upon electronic
excitation and have similar vibrational energies in the
electronic ground and excited state. To be able to probe the
effect of IR absorption, one relies on a change in Franck—
Condon factors upon excitation or of the ionization cross
section from the electronically excited state.

REMPI spectra obtained after IR excitation of specific
vibrational levels in the far-IR and mid-IR regions have
provided unique insight into the mechanisms of IR—UV ion
dip spectroscopy in the different frequency regimes. At low IR
frequencies, vibronic transitions from distinct vibrational levels
have been observed that unambiguously prove ladder climbing
occurs. This is an important conclusion as it means that many
more transitions can contribute to the depletion of the
vibration-less ground state than what has been assumed to
date. Moreover, vibrational energy redistribution pathways
become available that previously were not taken into account.
The IVR threshold that, depending on the IR photon energy,
can or cannot be reached can introduce nonlinearity into the
intensity of IR ion dip absorption bands. This conclusion
provides a gratifying explanation for puzzling observations
from the past, in which low-frequency modes appeared with a
much higher intensity in IR—UV ion dip spectra than
predicted by theoretical calculations. At higher frequencies,
vibrational energy redistribution readily occurs, which, in
combination with differences in vibrational frequencies in the
electronic ground and excited states, leads to a reasonably
smooth ion gain feature.

The observation of ladder climbing in low-frequency
vibrational modes is surprising because it has been assumed
that these modes would be quite anharmonic as calculated
anharmonic force constants are relatively large. To calibrate
(an)harmonic theory for the PAHs in the far-IR range, we have
compared experimental IR frequencies obtained in this work
with theoretical predictions of harmonic and anharmonic
frequencies (Figure SI.4). As expected from the IRIG results,
the scaled harmonic frequency predictions are at least as
accurate as anharmonic frequencies. Contrary to a priori
expectations, the low-frequency modes are very harmonic
(some with a deviation of only 0.1%), which is, from an
astronomical point of view, positive news because harmonic
models are often used to interpret interstellar infrared emission
features. They can thus be used to accurately predict far-IR
frequencies.

B EXPERIMENTAL SECTION

The experiments were performed at the FELIX laboratory in
The Netherlands using a pulsed molecular beam time-of-flight
mass spectrometer and are fully described in the Supporting
Information.”’ The mass-selective IR spectra of the selected
PAHs were recorded by IR—UV ion dip spectroscopy using
the free electron laser FELIX. Subsequently, their IR ion gain
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spectra were obtained by fixing the IR laser at the selected IR
absorption, while scanning the UV laser. The assignments are
supported by harmonic IR frequency calculations performed
using density functional theory at the B3LYP/6-31G* level of
theory in the Gaussianl6 program pzackage:.32’33 Anharmonic
frequency calculations are performed using the same package
at the B3LYP/NO7D level of theory.
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