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Abstract

Abstract

Large amplitude intramolecular motions in non-rigid molecules are a fundamental issue in
chemistry and biology. The conventional approaches for study these motions by far-infrared and
microwave spectroscopy are not applicable when the molecule is non-polar. Therefore, in the
current thesis an alternative approach for the investigation of large amplitude intramolecular
motions was developed and tested. This new method is based on femtosecond rotational
degenerate four-wave mixing spectroscopy (fs DFWM), which is a particular implementation of
rotational coherence spectroscopy. The method was successfully applied for the investigation of

pseudorotation in pyrrolidine and the ring-puckering vibration in cyclopentene.

Another important subject is the photophysics of molecules and molecular clusters which have
an ultrashort lifetime of their electronically excited state (photoreactivity). These ultrashort
lifetimes often represent a protective mechanism causing photostability. The photoreactivity is
usually the manifestation either of an “clementary” reaction, such as proton or electron transfer,
which occurs in the excited state or of a fast non-radiative deactivation processes, such as
internal conversion via conical intersection of the electronically excited and ground state. Due to
a short-lived excited state, the conventional vibrational spectroscopic methods, such as IR
depletion detected by resonance two-photon ionization spectroscopy (IR/R2PI), are not
applicable for the structural investigation of these systems. Therefore, new approach, termed IR
depletion detected by multiphoton ionization with femtosecond laser pulses (IR/fsMPI), was
developed for studying the structure of photoreactive microsolvated molecules. The IR/fsMPI
technique was applied for investigating the clusters of 1H-pyrrolo[3,2-h]quinoline with

water/methanol as well as adenine- and 9-methyl-adenine-hydrates.

In addition, the excited state dynamics of bifunctional azaaromatic molecule 7-(2'-pyridyl)indole
(7PylIn) was studied by femtosecond pump-probe resonance excitation multiphoton ionization
technique (fs REMPI). Under electronic excitation of this molecule a fast proton transfer
(phototautomerization) takes place, which is followed by radiationless excited state deactivation
process. The fs REMPI spectra lead to the conclusion that the phototautomerization in 7PylIn is
coupled with a twisting of the molecule, and that the twisting provides an efficient channel for
ultrafast  radiationless excited state deactivation. This pattern of excited-state
tautomerization/deactivation might be quite general.
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Introduction

1 Introduction

Rotation and vibrations of molecule as well as elementary reactions like proton and electron
transfer, or intramolecular processes like internal conversion occur at time scales from
picoseconds (10™'%s) to femtoseconds (10™°s). It was always a desire for chemists to observe
these ultrafast processes. Recent advances in the ultrashort laser technology have made this
possible and thus a series of new directions of research, called femtochemistry, was opened up.
The pioneering experiments in this new area were performed by Zeweil and co-workers [1-8].
The utmost acknowledge was the award of the Noble prize in chemistry to A.H. Zeweil in 1999
for his contributions in real-time monitoring of transition states in chemical reactions [3, 4, 7].
Nowadays femtochemistry is one of the most rapidly developing fields in modern science. It
addresses a wide range of problems from fundamental physical investigations on small

molecules to materials science and biology.

Most of the ultrafast experiments on molecular dynamics have been carried out using the pump-
probe technique [8]. A variety of different pump-probe schemes has been developed [1, 8]. The
basic principle remains however the same. Namely, a first femtosecond pulse (pulses), called
pump, prepares the system under investigation in a nonequilibrium state, and thus defines the
time zero. The subsequent time evolution of the state is monitored by another femtosecond pulse

(pulses), referred to as a probe, at successive time delays.

One of the applications of the ultrafast pump-probe technique is to study the dynamics of
molecular rotation. The femtosecond pump pulse, due to the broad spectral bandwidth, can
coherently excite many rotational levels within a given vibronic manifold, producing a coherent
superposition state (rotational wavepacket). The time evolution of this state gives rise to
rotational coherence effects, which can be monitored by the probe pulse using different detection
schemes [9]. The rotational coherence effects appear in the experimental observations as
equidistant sequences (pattern) of signals, called recurrences or transients. The positions of these
transients depend in a simple way on the rotational constants of the species being studied [9].
Therefore such experiments can be useful in gaining structural information about a molecule of
interest. This new spectroscopic technique was termed Rotational Coherence Spectroscopy
(RCS) [9].

The time-domain approach to rotational spectroscopy has a significant advantage over the
conventional frequency-domain methods. This is due to the fact that with increasing size of a

species, the spacing between rotational levels decreases, which results in congestion of
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frequency spectrum. Contrary to that the time-resolved rotational spectrum becomes sparser with
increase of the species size, since the separation of the recurrences is proportional to the

moments-of-inertia.

Femtosecond Degenerate Four-Wave Mixing (fs DFWM) [10-14], a particular implementation
of RCS, has proven to be a powerful tool for studying the structure of non-polar molecules.
Recently we have extended the scope of this method towards investigation of the dynamics of
large amplitude intramolecular motions. Fs DFWM spectroscopy was successfully applied for
gaining insight into pseudorotation of pyrrolidine and the ring-puckering vibration of
cyclopentene. Both molecules belong to the biologically relevant group of five-membered ring

compounds.

Another application of pump-probe technique is the observation of the excited state dynamics of
molecules or molecular aggregates. This can be done as follows. The pump pulse excites a
molecule or a molecular complex from its initial into some electronically excited state, the
dynamics of which is going to be studied. A delayed probe pulse transfers the system from the
excited state to another state that can be easily detected by some means. By variation of the time
delay between pump and probe pulses, the population dynamics of the excited state may be
monitored. Commonly, the probe wavelength is tuned to ensure the ionization of the excited
molecules by either one or multi photon absorption. The produced ion current can be measured
by means of Time-Of-Flight (TOF) mass spectrometry, which additionally allows for mass
selection — a mandatory requirement for clusters studies. This technique is called pump-probe

Resonance Excitation Multi Photon lonization (REMPI).

Recently we have shown an application of femtosecond lasers for the vibrational spectroscopy of
molecular clusters [15]. Conventionally, for this purpose, one uses the size and isomer selective
double-resonance two-photon ionization detected IR depletion (IR/R2PI) spectroscopy [16-19].
It utilizes nanosecond laser pulses with wavelengths in UV and mid-infrared and allows for
vibrational analysis in the region of CH, NH and OH stretches. The basic idea behind the method
can be explained as follows. The molecules of the sample are initially affected by the tunable IR
laser radiation. After approximately 50-100 ns the UV laser pulse is introduced to the sample; its
wavelength matches the S;«<—Sy electronic transition of molecule under study, thus, allowing the
efficient ionization of the molecule by the resonant two-photon ionization (R2PI). If the
wavelength of the first IR laser pulse matches any vibrational transition, the ground electronic
state of the molecule becomes depopulated, which results in decreasing the efficiency of R2PI.

This is showed up as a depletion of the ion current, which can be detected by the TOF
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spectrometer. In this way a mass-selective vibrational spectrum of the sample is recorded. In
combination with quantum chemical calculations this technique provides structural information
not only about monomers but also about cluster systems (microsolvations). However when the
excited state life-time of the molecules is too short, in comparison to the laser pulse duration, the
described method cannot be applied, since in this case the efficiency of R2PI is extremely low.
Therefore, in order to study the molecules with short-lived excited state, femtosecond laser
pulses should be applied at the R2PI detection step. We termed this new spectroscopic approach

IR/fsMPI (IR depletion detected by multiphoton ionization with femtosecond pulses).

All three methods described above require the sample to be in the gas-phase. There are several
reasons for that. Thus, rotational coherence effects, detected by RCS, arise only under collision-
free conditions, since collisions change the orientation of molecules randomly, demolishing the
rotational phase [9]. Collision-free in this context means that a collision rate is much slower than
the rotation of a molecule (dozens of picoseconds). This condition is fulfilled neither in liquids
nor in dense gases (benzene, 1 bar, 25 °C: ~100 ps between collisions). Therefore the sample
pressure must usually be kept below 50 mbar (benzene, 25 °C, >2 ns between collisions) in the
RCS experiments at room temperature. The other two methods: pump-probe REMPI and
femtosecond two-photon ionization detected IR (IR/fsMPI) spectroscopy also imply the
molecules to be isolated from any perturbative factors and to have their internal degrees of
freedom cooled down. These two conditions can be only met in molecular beams under
supersonic expansion. Furthermore, molecular jets are widely utilized as sources of formation of

the molecular clusters.

The outline of the thesis is as follows:

In chapter 2 the laser setup designed for production of tuneable femtosecond radiation is
described. The chapter proceeds with an introduction of three methods that are utilized in this
work: fs DFWM (2.2), IR/fsMPI (2.3) and pump-probe REMPI (2.4). In addition the auxiliary

experimental tools, which were developed in the course of this PhD work, are presented.

Chapter 3 presents the results obtained by means of the three aforementioned methods. The
chapter is divided into two parts. The first part (3.1) is devoted to fs DFWM experiments.
Initially, the influence of nuclear spin statistics on fs DFWM spectroscopy of polyatomic
systems is considered (3.1.1). Thus, it will be shown that for the molecules, which have identical

nuclei about one of the principal axis of inertia, additional features appear in fs DFWM
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spectrum; these features can be only explained by considering nuclear spin statistics. The second
part of the chapter (3.1.2) is devoted to large amplitude intramolecular motions such as
pseudorotation and ring-inversion, which is an inherent property of non-aromatic five-membered
rings. Two molecules of this group, pyrrolidine and cyclopentene, were studied by fs DFWM

technique.

The second part (3.2) of the Results chapter deals with the bifunctional molecules and their
microsolvated clusters. These molecules possess both a hydrogen bond donor and an acceptor
groups. When these two groups are close enough or they are bridged by a solvent molecule,
forming a microsolvated complex, an excited state proton transfer (ESPT) may take place,
resulting in a very short lifetime of the excited state. Thus, the IR/fsSMPI method was utilized to
study the photoreactive complex of 1H-pyrrolo[3,2-h]quinoline with a solvent like water or
methanol (3.2.1). The chapter proceeds by the results on 7-(2'-pyridyl)-indole, where the
ultrashort excited state dynamics, measured by pump-probe REMPI, strongly suggests that a
photoinduced intramolecular proton transfer take place in this molecule and, moreover, is
accompanied by the mutual twisting of the pyridyl and indole moieties (3.2.2). The section is
ended by considering the adenine- and 9-methyladenine monohydrates (3.2.3), which have also
ultrashort excited state lifetimes. The vibrational spectrum of adenine-water cluster was assigned
to amino and N3 (N9-H) bound forms. Furthermore, it was concluded that for the N9-H bound
hydrate excited state dissociation is more efficient than internal conversion (IC), whereas for the

amino bound species, IC is dominant.
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2 Methods and Instruments

In this chapter the methods and instruments used in the current work are described. All three
methods employ femtosecond laser pulses. Therefore the first part is devoted to the femtosecond
laser system. The second part introduces the femtosecond Degenerate Four-Wave Mixing (fs
DFWM) technique, one particular implementation of Rotational Coherence Spectroscopy. The
second experimental method described in this chapter is infrared-induced ion depletion
spectroscopy utilizing multiphoton ionization by femtosecond pulses (IR/fsMPI). This technique
was developed for measuring IR spectra of photoreactive molecular clusters. In combination
with quantum chemistry calculations the structure of the molecular complex under investigation
can be obtained. The excited state life-time of these molecular systems can be measured by a
method termed pump-probe Resonance Excitation Multiphoton lonization (REMPI), which is
described in the last part of the chapter.



6 Methods and Instruments

2.1 Generation of femtoseconds pulses
2.1.1 Femtosecond laser setup

Experiments on a gas-phase sample usually require relatively high laser intensities. In all the
experiments described below, fs laser pulses of several hundreds microjoules per pulse were
utilized. Since the pulses are very short (~ 200 fs), their peak power is in the gigawatt range.
Such high power in the amplification stages can cause detrimental nonlinear pulse distortion or
even destruction of the gain medium or of optical elements. Therefore, a different approach is
usually used for the generation of intense femtosecond laser pulses, called chirped pulse
amplification (CPA) [20]. Like many common nanosecond laser systems, the CPA based fs laser
implies the use of two stages: one for generation and one for amplification. However, prior to
amplification, weak femtosecond pulses from the oscillator are stretched temporally to hundreds
of picoseconds by means of a strongly dispersive optical system, called the stretcher. Stretched
pulses can be readily amplified without damaging the gain medium. Then, the amplified pulses
pass through an optical system with opposite dispersion, called compressor, which temporally

compresses the pulses back to femtosecond durations.

The femtosecond CPA laser setup, used in the present work, is shown in Fig. 2.1-1. It consists of
three main parts: the femtosecond oscillator, the stretcher-compressor unit and the regenerative
amplifier. The commercial Ti:sapphire oscillator ( Mira Basic, Coherent) pumped by a diode-
pumped laser (Verdi 5, Coherent) produces 120 fs (FWHM autocorrelation) pulses with a central
wavelength of 800nm. The repetition rate and the pulse energy are 75 MHz and 5.0 nJ,
respectively. Next, these seed pulses are directed into the stretcher/compressor unit (4800 Series,
Quantronix), where they are temporally stretched up to several hundreds picoseconds. The
stretched pulses are further amplified in the regenerative amplifier (4800 Series, Quantronix) by
passing several times through the gain medium (Ti:sapphire). The gain medium is pumped by
nanosecond laser pulses of the Nd:YLF laser (527DP-H, Quantronix) with the wavelength of
527 nm and a repetition rate of 1 kHz. Subsequently, the amplified pulses are directed into the
stretcher/compressor unit using the same optical path, where they are compressed back to
durations in the femtosecond range. Not every pulse from the oscillator is amplified, but only
every 75.000™ one, thus the oscillator high repetition rate of 75 MHz is decreased to 1 kHz. In
order to synchronize the Pockels cell of the amplifier with the sequence of the incoming
oscillator pulses, a fast photodiode is utilized. Thus, the laser system produces 240 fs (FWHM
autocorrelation) laser pulses with a repetition rate of 1 kHz, a central wavelength of 800 nm and
an energy of about 800uJ/pulse. The amplification gain is therefore about 160.000 times (52dB).
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Usually the amplification brings about the elongation of the laser pulses (in our case the
amplified pulses are twice longer than those from the oscillator). There are several reasons for
that. The first one is the reduction of the spectral bandwidth of the pulse. This is the result of the
limited gain bandwidth of the amplifier and called gain narrowing phenomenon. The narrower
the spectrum of a femtosecond pulse, the longer its duration. The further reasons for the pulse
elongation are various optical nonlinearities and chirp sources that cannot be compensated in the

compressor.
£ : | stretcher rege ner:.-::tive
ﬁ} Vl .I 0 compressor amplifier
2 2 Nd:YLF
& &
o @)
- = :
oo ] :
v

Ti:sapphire -
oscillator diode-pumped
laser

Fig. 2.1-1 The femtosecond laser setup. 1 - autocorrelator, 2 - spectrometer, 3 - fast photodiode.

‘3257

Though the oscillator wavelength can be slightly tuned (775-825nm), it is frequently desirable to
have fs pulses in the visible and ultraviolet wavelength regions. For instance, the S;<-Sp origin
transition of most molecules corresponds to the wavelengths in the near and middle UV regions
(200-400 nm). Therefore, two additional conversion tools were utilized in the IR/fsMPI and
pump-probe REMPI experiments. The first tool is based on the generation of the second and the
third harmonics of the fundamental wavelength at 800 nm. Tunability in a wider spectral range
was achieved by a commercially available collinear optical parametric amplifier of super-
fluorescence, called TOPAS.

2.1.2 Generation of the second and the third harmonics

Generation of the second and third harmonic of fundamental radiation of 800 nm provides two

additional wavelengths: 400 nm and 267 nm.

Second harmonic generation (SHG) is conventionally done by using the media exhibiting so-
called ;((2) nonlinearity, the property that gives rise to the phenomenon of frequency doubling
[21]. One of these media is a BBO (B-BaB,0,) crystal; because of its high conversion efficiency
it is widely used in different conversion schemes. SHG is the simplest scheme, which consists of

a single BBO crystal. Of two types of SHG, type | and type I, the former is the most frequently
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used. Type | SHG means that the two input photons of 800nm having an ordinary polarization -
with respect to the crystal axis - polarization combine to form one photon of a double frequency

(400 nm) and extraordinary polarization.

The third harmonic generation (THG), in principle, can be done by analogy with SHG using the
medium with »® nonlinearity. Commonly, however, the easier and more efficient way is to
employ two conversion steps: frequency doubling and subsequent sum frequency generation.

Both processes are based on nonlinear crystal materials having 7 nonlinearity.

The optical scheme of THG is depicted in Fig. 2.1-2. First, the second harmonic (400 nm, in
dark blue) is generated by passing the fundamental wavelength (800 nm in red) through the
BBOL crystal. After the BBO crystal the two wavelengths 400 nm and 800 nm are separated into
two beams by means of a dichroic mirror (DM). The polarization of 800 nm radiation is then
rotated by an angle of n/2 using a half-wave plate in order to match the polarization of the
400 nm prior to entering BBO2 crystal. In BBO2 crystal two beams are mixed to produce the
sum frequency radiation at 267 nm (light blue), which is the third harmonic of fundamental

wavelength.

DM BBO2
/2
DM 267nm
40ud
800nm
200pd : ' 2/1 ;
delay

Fig. 2.1-2 The optical scheme of third harmonic generation.

2.1.3 TOPAS

TOPAS is the commercially available Traveling-wave Optical Parametric Amplifier of
Superfluorescence (Light Conversion Ltd). Parametric generation in TOPAS is accomplished
within five stages using a single BBO crystal. On the first stage superfluorescence is generated

and subsequently amplified by passing through the crystal on the next four stages.

TOPAS is pumped by the fundamental wavelength of the Ti:sapphire laser and originally allows
for generation of radiation in the near infrared region: 1160-1620 nm (signal) and 1608-2650 nm
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(idler). This range may be considerably extended by frequency up- and down-conversion. The

possible wavelengths are presented in Fig. 2.1-3.

100 SFs
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Fig. 2.1-3 TOPAS output energies vs. wavelength. The wavelengths produced by down-conversion of the
signal radiation are shown in blue, whereas the wavelengths originated from idler radiation are shown in
green. S —signal, | — idler, SHS — second harmonic of signal, SHI — second harmonic of idler, SFS — sum
frequency of signal (with 800 nm), SFI — sum frequency of idler (with 800 nm), FHS — fourth harmonic
of signal, FHI — fourth harmonic of idler, SH(SFS) — second harmonic of sum frequency of signal,
SH(SFI) — second harmonic of sum frequency of idler.

2.1.4 Inverted autocorrelator

The CPA technique allows for the generation of intense fs pulses, however improper alignment
of the stretcher-compressor unit can cause a significant spatial and temporal beam distortion.
One of these distortions is an angular chirp, which means that the different spectral components
of the pulse have slightly different directions of propagation. This is also shown up as the front
of a fs pulse being tilted in the near field (the pulse front is not orthogonal to its direction of
propagation) [22]. In the focal region (far field) such pulses are both spatially and temporally
larger than non-distorted ones [22, 23]. This leads to the reduction of the intensity in the focus by
a factor of 2 or more, which is of great importance in frequency conversion (e.g. in TOPAS) or
in experiment, where the efficiency (signal) is usually improved by proper focusing of the
beams. A tilted front occurs when the angular dispersion, which is introduced both in the

stretcher and in the compressor, is not completely canceled.

The presence of an angular chirp is rather difficult to detect using standard diagnostic techniques

such as beam profilers, spectrometers and conventional autocorrelators. For this purpose two
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new autocorrelators were designed: an interferometric inverted field autocorrelator and an
inverted single-shot autocorrelator. The main operating principle of both autocorrelators is the
same; it consists in splitting the laser beam into two parts, one of which is subsequently inverted
with respect to another one in either the vertical or horizontal plane, which is collinear to the
direction of propagation. These two pulses are spatially and temporally overlapped in the
interferometric inverted field autocorrelator in order to produce the interferometric pattern,
which can be monitored by a CCD camera [22]. If there is no tilt in a pulse front the
interferometric pattern will remain uniform over the whole beam area even by changing the
delay between the two pulses. This interferometric method is, however, not the best choice when
both the pulse duration and the front tilt should be detected simultaneously. In this respect the
inverted single-shot autocorrelator is preferred [23, 24]. Here two inverted pulses, coincided in
time, are overlapped at some small angle in a BBO crystal, generating a stripe (trace, prolonged
stretched ellipse) with the wavelength shorter by a factor of two than that of incident radiation.
The thickness of the stripe relates to the pulse duration, while the angle formed by this stripe
with the plane of the two incident beams depends on the pulse front tilt. Thus only the angle of
90° indicates that there is no angular chirp in the pulse under test. Other angles indicate that the
stretcher-compressor unit must be aligned. The optical scheme of the inverted single shot
autocorrelator is shown in Fig. 2.1-4. The input pulse is split in the horizontal plane into two
parts by means of beam splitter BS. One part remains in this horizontal plane and is directed by
two mirrors (one of which is M2) into the BBO crystal. The other part is transferred to the higher
horizontal plane using a vertical retro-reflector (VRR) and subsequently directed into the BBO
crystal by mirror M1 (beam paths on this higher plane are shown by dashed lines). The two
beams are overlapped in the BBO crystal in the vertical plane at an angle of 2¢ (see Fig. 2.1-4,
side view). If the front of the input pulse is horizontally tilted, two replicas of this pulse have
opposite angles of the tilt prior to entering the BBO crystal (see Fig. 2.1-4). This causes the
autocorrelation trace (second harmonic after the BBO crystal) to have an additional vertical
component (see Fig. 2.1-4), whereas a horizontal trace means that there is no tilt in the pulse
front.
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Fig. 2.1-4 The inverted single-shot autocorrelator (left) and standard single-shot autocorrelator (right).

The angle ¥ by which the front of the pulse is tilted can be calculated as follows [24]:
A dn .
=arctan|| 1-—— |tanasin 1-
4 {( ndl) a ¢}, (2.1-1)

where n and dn/dA are the index of refraction and the dispersion of the BBO crystal at the
wavelength A, respectively; « is the angle by which the trace is rotated with respect to the
horizontal axis; ¢ is the half angle at which the two replicas of the incident beam are overlapped
in the BBO crystal. It follows from eq. (2.1-1) that the smaller the overlapping angle 24, the
higher the slope of the autocorrelation trace () resulting from the front tilt y. Thus, by reducing

the angle at which two beams are overlapped in the BBO crystal, a very small tilt of the pulse
front can be detected.

For comparison the optical scheme of conventional single-shot autocorrelator is also shown in
Fig. 2.1-4. All beam paths in the scheme lay in the same horizontal plane, therefore, the
autocorrelation trace is vertical. There is, however, no rotation of the trace associated with the tilt
of the pulse front.
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2.2 Femtosecond Degenerate Four-Wave Mixing

2.2.1 Introduction

The pump-probe rotational fs DFWM technique is a particular implementation of rotational
coherence spectroscopy (RCS). In general, RCS is based on coherent excitation of the molecular
rotational energy levels employing ultrashort laser pulses in order to generate a rotational
wavepacket from an ensemble of molecules [9, 25]. The periodic movement of this wavepacket
on the picosecond timescale is probed via a vector property (‘antenna’), like the transition dipole
moment or the axis of maximum polarizability (in fs DFWM). The obtained time-resolved
spectrum consists of equidistant signal double-peaks, so-called rotational recurrences, and is a
manifestation of rotational coherence effect [26]. This can be understood qualitatively by the
picture of a classically spinning top, which exhibits periodic realignments that are directly
related to its moments-of-inertia at fixed rotational energy. However, the rotational coherence
effect can only be explained by a quantum mechanical description of rotation. Namely, if
molecules were “allowed” to rotate with arbitrary speeds, there would be no such effect, since
the superposition of all rotating ‘antennas’ in a molecular ensemble would be destructive on all
time scale. Because of the quantization of the rotational speeds there is a constructive

interference of these ‘antennas’ at certain times, which shows up as signal recurrences.

The main advantage of the RCS approach over the frequency-resolved spectroscopy is that, in
contrast to a frequency spectrum, a time-resolved spectrum becomes sparser with increase of the
species size. This property makes RCS applicable for the structural study of large molecules,
which is usually not suitable for conventional frequency-resolved spectroscopic methods.

Different experimental implementations have been successfully used for RCS. One can classify
them by the way of signal detection into two groups: The first group consists of “noncoherent”
methods, which are based on the detection of incoherent signals, such as fluorescence
(fluorescence depletion methods) [14, 27, 28] or ion currents (multiphoton ionization methods)
[29-33]. The methods of the second group detect the coherent signals (e.g. laser radiation). They
commonly exploit non-linear optical effects such as four wave mixing and the Raman induced
Kerr effect. The most widely used coherent methods are RIPS [34], CARS [35] and DFWM [10-
14].

Coherent non-linear RCS methods have several advantages over the other RCS implementations.

Since coherent approaches are based on Raman type scattering processes, they can be applied for
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the structural investigation of non-polar molecules. Another advantage is the background-free
detection, which causes a high signal-to-noise ratio.

In the following a brief explanation of the fs DFWM technique will be given. Subsequently, the
theory of the fs DFWM process will be presented together with the detailed description of the
simulation of fs DFWM spectra. In the second part of this chapter the two different ways of
preparing a gas phase sample for fs DFWM experiments will be discussed.

2.2.2 Technique

Conceptually the fs DFWM technique may be explained in the context of a transient grating
evolution. Two femtosecond laser pulses, acting as a pump, are overlapped at zero time within a
molecular sample. The laser fields of the two pulses interfere with each other creating a grating-
like intensity pattern. The polarization of the molecules in the region will follow the intensity,
leading to the formation of a polarization grating in the sample (Fig. 2.2-1, left). A third probe fs
pulse scattered at this grating in the direction defined by the Bragg condition, is utilized for
observing this polarization structure (Fig. 2.2-1, right).

Due to molecular rotation the polarization grating will be destroyed soon after creation. Thus, if
the probe comes at this time, no scattering will be detected. However, according to rotational
coherence effect, all molecules after some time come into the same orientations as they were at
zero time. Therefore, the polarization grating will rise again and can be detected by the probe
pulse. By varying the time delay between pump and probe pulses the time evolution of this
grating can be monitored. The grating re-appearing shows up as signal recurrences. The

recurrences period is related to the moments-of-inertia of the species under study.

/1//////////“«\\\\\\\\\ e 2

/\\\\\\\\\\\ & ////// : :

Fig. 2.2-1 Left: Formation of a polarization grating by two femtosecond laser pulses (pump).
Right: Probing the grating with the third femtosecond pulse (probe). The fourth pulse (signal) is
a Bragg scattering of the third probe pulse at the polarization grating.

The energetic diagram of the fs DFWM process is depicted in Fig. 2.2-2. Two pump pulses 1

und 2 excite the molecule via a non-resonant Raman process within a rotational manifold of the
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vibronic ground state. After a certain time delay pulse 3 probes the coherently excited rotational
levels resulting in scattered signal pulse 4.

delay

Fig. 2.2-2 The energy diagram of the femtosecond pump-probe non-resonant degenerate four-wave
mixing. |g) is the rotational manifold of the vibronic ground state. The pump pulses 1 and 2 are coinciding
in time, as well as probe pulse 3 and signal 4.

The complete optical scheme of the fs DFWM experiment is depicted in Fig. 2.2-3. The
femtosecond laser pulses are divided into three isoenergetic parts, pul, pu2 and pr, by means of
beamsplitters bsl and bs2. The delay stage ds2 is utilized for overlapping the two pump pulses
pul and pu2 in time. The computer controlled delay stage dsl determines the delay between
pump and probe pulses. Three laser pulses, pul, pu2 and pr, are focused by the lens I1 into the
sample. This beam arrangement is called a folded boxcar [36]; it provides phase matching and
allows for the separation of the diffracted coherent four-wave mixing signal beam s. In order to
collimate this signal beam the second lens 12 is employed. Several apertures on the path of the

signal beam serve as spatial filters, allowing for significant improvement of the signal-to-noise

ratio.
A ds2 § $ast
1
- monochromator
bs2
PMT bs1
X s pu2 pr

folded boxcar pul

Fig. 2.2-3 The optical scheme of the fs DFWM experiment.
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2.2.3 Theory of the pump-probe non-resonant degenerate four wave mixing
signal

The DFWM signal intensity resulting from the interaction between the three incident laser pulses

and the sample medium can be evaluated by [37]:
| orwm HP‘s’(t)\zdt, (2.2-1)

Where P®(t) is the third order nonlinear polarization. P®(t) depends parametrically on the
time delay t, between the pump and probe pulses, which determines the time dependence of the

signal. Since the laser frequency is usually not in resonance with any electronic transition of the
molecule under study, the third order polarization may be expressed as follows [37, 38]:

PO 1) = E, (1) [ () 22t -0, @222

where E, (t) and E, (t) are the envelops of the pump and the probe fields, respectively. Non-

resonant part of the susceptibility tensor yJ(t) in turn may be expressed as the ensemble
average of the temporal antisymmetrized autocorrelation function of the operator of molecular
polarizability a(t)[37, 39]:

Zamn(t)emen !
oy, (2.2-3)

[a(t), a(0)] = (t)x(0) — a(0)ex(t)

7a )= <é [a(t), a(O)]> , aft)

Here e, is the unit vector along the polarization of the pump and probe fields which, for
simplicity, are assumed to be polarized along the same direction. «,, can be decomposed into

two parts: the isotropic part Zakk /3 and anisotropic part o, — 9., Zakk /3. The isotropic

k=x,y,z k=x,y,z
term depends neither on the orientational motion (rotation) nor on the vibration of a molecule. It

does not contribute to 1,,,,, except for an instantaneous response near time-zero (t, ~0) [37].
The anisotropic contribution to the susceptibility, ¥ auso (t), can conveniently be rewritten in

terms of the components «{? of the irreducible operator of the polarizability tensor:



Methods and Instruments

Zl(\IBR),ANISO (t)= 2I_h <[a(§2) (1), a(gZ) (0)]> (2.2-4)

Due to molecular rotation, the Heisenberg operator o/”(t) is time-dependent. To make this

time-dependence explicit, it is convenient to transform it to the molecular fixed coordinate frame

as follows [38]:
2 2 2* 2
aé '(t)= ZDm (t)T|( : (2.2-5)
1=-2

Here D/ is the Wigner rotation operator [40] and the components of the irreducible tensor T,

are constructed from its Cartesian components ¢, as follows [41]:

TZ(Z) =(a, — ayy) 12+ ia'Xy

T? =-a,-ia,

T2 =Qa, —a, — ayy)/\/g (2.2-6)
T? =a, —ia,

T? =(a,, —a,)l2-ia,

Let H be the rotational Hamiltonian. Then time-dependent Wigner rotation operator can be

explicitly written:
DA(t) = exp(% HtjDé,z) exp(% Ht) (2.2-7)

The eigenvalues E,, eigenfunctions |a), and eigenfrequencies w,, of Hamiltonian H can be
introduced as follows:

H|a)=E,|a), @, =(E,~E,)/% (2.2-8)

Then, inserting eq. (2.2-5) into eq. (2.2-4), using definition of the commutator (2.2-3), and
employing eq. (2.2-7) one gets:
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Zr(\li) ANISO (t) = §ZT|(2)T|'(2)ZPa {<a|D(§|2)| b><b|D(§|2')|a> exp(ia)abt) -
ab

—(a|D@|b)(b|D?|a) exp(iat) |=

ZT<2)T<2>Z,9a a|D|b)(b|DP|a)sin(wmyt) = 229)
E%azb:pa X F sin(o,); X = 317D |o)
Here
P =2 exp( J Z= Zexp( j (2.2-10)

is the equilibrium rotational distribution, |a) and |b) are all possible rotational states of

Hamiltonian H and (a|D{?|b) is determined through the Clebsch-Gordan coefficients.

Eq. (2.2-9) is nothing else as the sine transformation of the frequency domain rotational Raman

spectrum.

2.2.4 Simulation of fs DFWM spectra

According to egs. (2.2-1), (2.2-2) and (2.2-9), the simulation of fs DFWM spectra of a single
species in a semirigid rotor approximation consists of the following steps. (1) The rotational
energy level structure is obtained according to a chosen rotational Hamiltonian. (2) The
rotational Raman spectrum in the frequency domain is constructed from the energy level
structure and the appropriate selection rules. (3) Subsequently, the frequency domain spectrum is
converted into the time domain spectrum by the Fast Fourier Transformation (FFT). (4) The
time-domain spectrum is transformed into a fs DFWM spectrum utilizing a response function of
a DFWM process (see egs. (2.2-1) and (2.2-2)). In the following the detailed description of these

steps will be given.

1. The exact analytical calculations of the rotational levels are only possible for the simple cases,
such as linear and symmetric rigid rotors. In order to calculate the rotational levels in the most
general case of a non-rigid asymmetric rotor, we adopt the Watson A-reduced parameterization

of the rotational molecular Hamiltonian H , which can be written in a perturbation treatment as a
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sum of the rigid rotor Hamiltonian, H,, and the centrifugal distortion (CD)-induced part, Hg

[42]:
H = HO + HCD’ (22'11)

The total Hamiltonian H possesses the D, symmetry. The D, group (which is frequently
referred to as V-group) is made up of four elements: three operators Cy(a), Cz(b), Cx(c) which
describe rotation by the angle 7 around the axes a, b, ¢ and the identity operator, E. Therefore,
the eigenfunctions Y™ of the Hamiltonian H can be classified according to the irreducible
representations (k=A, B,, Bp, B¢ according to Mulliken designation [43]) of the D, group.

Namely, the eigenfunctions ¥'* are invariant upon two-fold rotation about any of the principal

axes of inertia. ¥®’ are invariant upon the rotation C,(i) about the i’s axis but change their sign

under the other two rotations.

Using the King-Hainer-Cross notation of asymmetric top energy levels K_1,K1, (= Kqa,Kc) species
of the D, group can be also labeled as ee, eo, 00, oe [44]. The first letter indicates the parity
(even/odd) of K_; (Kj), the second the parity of K; (K¢). The two notations are connected through:

A=ee, B,=e0, B,=00, B.=0e.

The Schrodinger equation corresponding to Hamiltonian (2.2-11) is written as follows:
H¥Y(J,7,M)=E¥(J,7,M), (2.2-12)

The solution of eq. (2.2-12) is commonly expressed as a linear combination of the Wang

functions S(J,K,M,y), which, in turn, belong to the D, symmetry group as well [43, 45]:

¥(M,J,7)=>ayS(M,J,K,»), K=0,.,J, 701 (2.2-13)
Ky

K and y define the symmetry of a Wang function. The relationship between a set of K, yand

aforementioned symmetry notations (shown in Table 2.2-1) depends on the way the molecular-
fixed coordinate system (x,y,z) associates with the inertial axis system (a,b,c). There are six
different representations, however the most frequently used are only two of them: IF
(a=z,b=x,c=y) and 111" (a=y,b=x,c=z). The representation I* is commonly the choice for the

case of near-prolate tops, while the representation 111- for near-oblate ones.



Femtosecond Degenerate Four-Wave Mixing

Table 2.2-1 Symmetry classification of rotational levels in the D, group.

D, E Cya) GCib) Cuc) KuiKi K,y(®) K,yqub

A 1 1 1 1 ee ee ee
Ba 1 1 -1 -1 eo eo oe
B 1 -1 1 -1 00 00 00
B 1 -1 -1 1 oe oe eo

The Wang functions are constructed from the symmetric rotor wavefunctions in the following

way:

S(M,J,K,J/)=%[‘//(M'J'K)+(_1)7'/’(M"]'_K)]’ K>0,7e0d, (2.2-14)

S(M,J3,0,0) = (M, J,0)

The solution W(M,J,7) of the Schrddinger equation (2.2-12) may be as well expressed by an

expansion of symmetric rotor wavefunctions:

¥(M,J,7) = Zc w(M,J,K), K=-J,.0,.J, (2.2-15)

Taking (2.2-13) into account the Schrédinger equation (2.2-12) can be rewritten:

Zzai;aliry S(M !‘J ) K77)|F||S(M’J ) K’J/)> = EJT ) (22_16)

Ky Ky

After the reassignment: a set of K, —>iand K',»' — ] eq. (2.2-16) will have a form:

Jr o7 Jr 3
Zai a;'H;=E™",1,]€l.2J +1, (2.2-17)
i

where
H; =(S(M,J,D)[H[S(M,J, })), i,jel,.2] +1 (2.2-18)
The eq. (2.2-17) can be rewritten in a matrix form:

a'Ha<E. (2.2-19)



Methods and Instruments

This eigenvalue problem can be solved numerically, which will yield the energies E’ of

rotational levels in a chosen J manifold and the corresponding sets of coefficients a’* from the

expansion (2.2-14).
2. Raman type transitions are allowed between rotational manifolds with |AJ| =0,1,2. According
to Platczek’s polarizability theory of the Raman effect [46], the intensity of the transition 1 — f

between two rotational states described by wavefunctions |i)and |j) for a gaseous sample at

thermal equilibrium with temperature T can be evaluated as follows [47]:

—E, IKT

2
Ii—)f oC (%J (VO - V)4gns eZTKf |05|i>|2, (2.2-20)

where &,is the permittivity of vacuum, E;is the energy of the i state, v, is the frequency of an
exciting photon, v =(E, — E;)/hc is the frequency of the rotational transition i — f, g,is the

nuclear spin degeneracy of the initial state i, Z(T) is the total partition function, and ( f |a]i) is

the transition moment of the polarizability tensor, which is given [41]:

Flofi) = (23" +D)| Y cked C(3'23 ;KO +
0
K
2 (2.2-21)
+ > ckC , CA20 T K2)(T,2 +T(22))j )
K

where T are the irreducible spherical tensor components given in (2.2-6), C(Ji2J h KX) are

Clebsh-Gordan coefficients, the coefficients c, are introduced in (2.2-15) and can be evaluated

from coefficients a’* obtained in the first step. The term (2J' +1) is the degeneracy of rotational

states in the magnetic quantum number M when there are no external electric or magnetic fields.

3. Transformation of the obtained rotational Raman spectrum from the frequency into the time
domain is done by means of the sine transformation, which is a part of the Fast Fourier

Transformation (FFT) algorithm.

I(7) = Z I (@)sin(w7) (2.2-22)
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We have used the FFT routines which are implemented in the AMD Core Math Library (ACML)
in order to have a high performance on AMD®64 platform processors.

4. On the fourth step of simulation the time-domain signal is processed by the response function

of degenerate four-wave mixing process, which may be written as follows:
Lorum (2) =9 (g *1)?, (2.2-23)

where | is the time-domain spectrum 1(7) evaluated by (2.2-22), g is a temporal function of

fs pulses and = denote convolution. This equation is a consequence of the egs (2.2-1) and
(2.2-2).

The simulation is incorporated into a nonlinear fitting routine in order to find the optimal
simulation parameters that correspond to the minimal difference between the calculated and
experimental spectra. Commonly this difference is defined as a chi-square:

2’ (0) = Z% , (2.2-24)

where a is the vector of simulation parameters being fitted, S,(a)is a simulation and o; are the

uncertainties of the individual measurements €,. The fit utilizes two optimization approaches:
Differential Evolution [48] and the gradient based methods that are implemented in the MINUIT
optimization package [49]. The former approach allows for finding a global minimum of a chi-
square function, while the latter one is worth for the fine optimization in the global minimum

region and for the error analysis of the fitted parameters a.

2.2.5 Preparation of the gas phase sample

The rotational coherence effect can be observed only in the absence of collisions, when
molecular rotational motion is underdamped. This requirement is only fulfilled in not too dense
gases. The gas phase sample preparation is traditionally done either in a gas cell or in a

molecular beam. In the following these two approaches will be considered in detail.

2.2.5.1 Gas cell with the heat-pipe principle

Fs DFWM experiments imply a preparation of an isolated gas phase sample, which
concentration lies usually in the range of 10?°-10** molecules-m™. This is not a problem when at

room temperature the sample is a gas or a liquid that has a high vapour pressure; in this case the



Methods and Instruments

usual gas cell constructions can be exploited. However, a special design, which employs heating,
has to be utilized for substances with low vapour pressure such as solid state compounds and

some liquids.

We have adopted a gas cell construction that is based on the heat-pipe principle [50-52]. This is
shown in Fig. 2.2-4. It consists of the central and side parts of cylindrical shape, which are sealed
in joints by means of rubber o-rings. The central part of this heat-pipe gas cell is heated by two
heating elements, which temperature can be controlled by an external electronic device. The
water cooling rings are utilized in order to keep the ends of the central part cold. A metallic wire
netting, serving as a capillary, is introduced into the central part of the cell. The ends of the side
parts of the gas cell are closed with the lenses, one of which focuses the three laser beams, pul,
pu2 and pr, into the sample region (in the centre), and the other lens collimates the resulting

signal beam as shown in Fig. 2.2-3.

The operation principle of the heat-pipe is as follows. Initially the cell is filled up with the inert
gas at low pressure of about several mbar. Heating the central part causes the substance under
investigation, which is placed there, to evaporate. Note, that under these conditions the
temperature of the substance will not exceed the temperature at which the vapor pressure of this
substance equals or is just higher than that of the inert gas, no matter how high the temperature
of the heating elements is. Therefore, by controlling the pressure of the inert gas the desired
temperature/concentration of the sample can be set. The substance vapor diffuses from the hot
central zone towards the colder ends of the cell, where it condenses. Ideally, the condensed,
liquid sample should be driven back to the center by the capillary force arising in the metallic
wire netting [50].

The heat-pipe has several advantages over the conventional gas cell constructions. First, there is
no lens contamination since the inert gas confines the substance vapor to the central part of the
cell. The second advantage is that due to the sample circulation the well-known conditions can
be maintained in the cell over a long period of time. This makes the heat-pipe cell ideal for
spectroscopic studies. It was extensively exploited by Hering and coworkers in the frequency
domain CARS and DFWM experiments [53-55].
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2.2.5.2 Molecular beams

Isolation of the molecules for investigation in a fs DFWM experiment can be done as well by the
supersonic beam technique [56, 57]. A supersonic beam is produced by a supersonic expansion
of molecules from a high pressure zone into a low pressure region (vacuum) through a nozzle
with a tiny orifice. In this way the rotational and vibrational cooling of molecules is achieved.
This allows for studying the molecular system under different conditions, and thus gaining

information on the conformational preferences.

In order to produce the supersonic beam for fs DFWM experiments two types of nozzle were
employed. The first type is a continuous nozzle with a slit orifice [58] with dimensions of 0.1x3
mm. Under the low-concentration conditions of a supersonic expansion, a slit nozzle provides a
much better signal-to-noise ratio than a round orifice of the same cross section. This is due to the
fact that a four-wave mixing signal depends on the square of the interaction length of the laser
beams. The second type of nozzle used in the experiments is a pulsed Even-Lavie valve [59]
with a round orifice of 0.2 mm in diameter, which was specially designed to work at high
temperature/pressure/repetition rate. The use of a pulsed nozzle allows a significant reduction of

the sample consumption as well as lower requirements for the pump capacity.

Better cooling conditions can be achieved by mixing the sample vapor with a carrier gas, for
instance Helium or Argon. Mixing is usually done by either bubbling the carrier gas through a
liquid sample or blowing the gas over a heated solid-state sample. Molecular collisions during
the expansion result in an efficient energy transfer from the internal to the translational degrees
of freedom, resulting in cold molecules [56, 57].

There is always a compromise between the rotational and vibrational cooling rate of molecules
and their concentration in a supersonic expansion, since these two parameters have an opposite
dependence on the distance from an orifice. The farther downstream the molecules are, the
colder their internal degrees of freedom, but also the lower their concentration. Therefore, in
order to provide sufficient molecular concentration for the fs DFWM experiments, the molecules

are usually probed at a distance of approximately 1-2 mm from the nozzle orifice.
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2.3 Vibrational analysis of molecular clusters by IR/fsMPI

2.3.1 Introduction

Molecular clusters are perfect archetypical systems for a molecular-scale understanding of
solute-solvent interactions in aqueous solution [60-65] and weak van der Waals interactions,
which determine the progress of many relevant biological processes. Since the molecular clusters
are produced in a supersonic expansion, they are isolated from many perturbative factors like
collisions, many-body interactions etc. This reduces the complexity of the system under study,
allowing a comparison with the results obtained by high-level ab initio quantum chemistry

calculations; in that way the accuracy of the theoretical approach can be experimentally verified.

Several different spectroscopic methods were applied for studying molecular clusters. Among
others are laser-induced fluorescence [56], microwave [66], Raman [67] and direct IR absorption
[68-70] spectroscopies. One of the most favorable methods of vibrational analysis of hydrogen-
bonded molecular clusters is infrared depletion - resonant two photons ionization (IR/R2PI)
spectroscopy [16-19]. This technique has the definite advantage of being mass- and isomer
selective and allows for recording vibrational spectra in the region of X-H (X=C, O, N) stretches.

It was shown that the X-H (X=C, O, N) stretch absorption provides an important diagnostic of
X-H--Y hydrogen bonds. When the hydrogen bond is intermolecular, the strength of the
hydrogen bond is reflected in [19, 63, 71]:

(1)  the magnitude of the frequency shift of the X-H stretch absorption,

(2) an increase in the integrated absorption intensity of the band (often by a factor of 5 or

more),
(3) an increase in the breadth of the X-H stretch absorption.

Molecules which incorporate an intramolecular X-H--Y hydrogen bond typically show a large
red shift in the X-H stretch frequency (i.e., toward lower frequency), but only a modest increase
in the intensity of the transition [71]. Thus by studying the X-H stretch transitions in a molecular
cluster, the similarities and differences of intermolecular and intramolecular hydrogen bonds can

be probed.
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Additionally to characterization of hydrogen bonds in molecular clusters, their structures can be
determined by comparing the experimental vibrational spectra with those calculated by ab initio

quantum chemistry methods.

2.3.2 Conventional ns IR/R2PI

The energetic scheme of the conventional nanosecond IR/R2PI method is depicted in Fig. 2.3-1.
The method is based on the detection of the ion current, which is produced by resonant two
photons ionization (R2PI) of sample molecules. This process is shown in Fig. 2.3-1 by two
photons: ph2 and ph3. The wavelength of photon ph2 is tuned to be in resonance with the
S1-Sp transition of the molecule. For a wide range of substances this transition is higher than
half of ionization potential, what means that a photon with the same wavelength used for
excitation can also be utilized for ionization of the molecule from its S; excited state (ph3). The
ion current is detected by means of TOF spectrometry, allowing mass selection of the produced

ions.

+
Do
ph3
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ph2
ph1
S,|
—p
50+100ns

Fig. 2.3-1 Energetic diagram of the conventional nanosecond IR/R2PI method.

Since all the molecules are in their electronic ground state due to efficient cooling in a
supersonic expansion, the ion current resulting from the absorption of ph2 and ph3 photons in
the R2P1 process can be quite significant. However, if about 100 ns prior to R2PI the molecular
ensemble is irradiated by infrared photons phl, the frequency of which is in resonance with any
vibrational state of this system, a change is observed in the magnitude of the ion current for the

corresponding mass channel.



Vibrational analysis of molecular clusters by IR/fsMPI

There are several reasons for the IR induced change of the ion current. In case of the monomer,
intramolecular vibrational energy redistribution (IVR), which follows the vibrational excitation,
produces a different population of vibrational states in the molecular ensemble, which, in turn,
alters the efficiency of the R2PI process. In case of a molecular cluster, IVR leads to dissociation
of the cluster, which shows up as a depletion of ion signal in the corresponding mass channel.
Thus, monitoring of the ion current while scanning the wavelength of the infrared radiation it is

possible to determine the vibrational pattern of the molecular cluster under study.

2.3.3 IR/fsMPI principle

The essential condition for the “classical” IR/R2PI depletion method is the existence of an
electronically excited state of the cluster, halfway to the ionization potential, which can be
excited resonantly and lives long enough to be able to ionize the species by non-resonant
absorption of a second photon of the same energy. However, if this intermediate state is short-
lived (<<1ns) due to a fast proton or electron transfer or internal conversion, the ion yield of the
R2PI1 process, observed with nanosecond lasers, goes to zero. This means that the IR/R2PI
cannot be applied for many interesting photoreactive biological systems such as nucleobases,

their microsolvates or molecular systems exhibiting excited state proton and electron transfer.

In order to extent the applicability range of the method towards short-lived excited state systems,
we have recently proposed a new approach which is based on utilization of femtosecond pulses
for the ionization step (ph2 and ph3 in Fig. 2.3-1). This modification of IR/R2PI was termed

infrared depletion-femtosecond multiphoton ionization (IR/fsMPI) spectroscopy.

An instructive example is given in Fig. 2.3-2, where mass spectra of 1H-pyrrolo[3,2-h]quinoline
(PQ, see chapter 3.2.1) with methanol were recorded for comparison, exploiting nanosecond and
femtosecond laser pulses of the same wavelength (267 nm). It is obvious that in the spectrum
acquired using nanosecond pulses the molecular aggregates of PQ with methanol are missing,
due to their short excited state lifetime. From the displayed mass spectra it is evident that if one
is interested in vibrational investigation of the PQ:methanol aggregates, this can only be

achieved by fs multi-photon ionization (fsMPI).
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Fig. 2.3-2 One-color (267 nm) two-photon ionization scheme of PQ:methanol (left) and corresponding
mass spectra obtained with the femtosecond and nanosecond laser pulses under the same experimental
conditions (right).

2.3.4 Experimental IR/fsMPI setup

The experimental setup of IR/fsMPI is shown in Fig. 2.3-3.The third harmonic (267nm) of the
CPA fundamental output is utilized in the MPI process. This femtosecond laser beam is spatially
overlapped with a counter-propagating nanosecond IR-OPO (Optical Parametric Oscillator)
beam in the ionization region of the time-of-flight spectrometer. Both laser beams cross
perpendicularly a molecular beam collimated from a pulsed supersonic expansion of a carrier gas

enriched with the substance under study.

IR OPO
2.6-3.5um
pulsed TOF
nozzle
skimmer MCP
1 267nm

fs laser system

Fig. 2.3-3 Experimental setup of IR/fsSMPI.

Since the maximum repetition rate at which the pulsed nozzle (General Valve) and the IR-OPO
can operate is 10 Hz, they should be by some means synchronized to the femtosecond laser

system running at 1 kHz.
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The synchronization was achieved employing a digital delay generator (DG535, Stanford
Research Systems) as shown in Fig. 2.3-4. Initially, the generator is triggered by an arbitrary
femtosecond laser pulse (“trigger” pulse, see Fig. 2.3-4) from the kHz sequence. One of the
delay channels (Fig. 2.3-4, red) of the generator is set to 95 ms, which prevent the generator to
be triggered by the next 99 pulses from the kHz sequence. In that way the kHz repetition rate of
the laser system can be divided by 100, resulting in 10 Hz. Thus, not each fs laser pulse is
utilized for fsMPI, but only every 100™ one. The second channel of the generator
(Fig. 2.3-4, green) starts the pulsed nozzle so that the gas pulse is in the ionization region of the
mass spectrometer when the ionization laser pulse is coming. The third channel starts the IR-
OPO laser in order to deliver the IR pulse into the ionization region about 50-100 ns before the

arrival of the ionization fs pulse.

trigger fs laser pulse ~ ionization fs laser pulse
i 9|9 I 100
' ' J 99 100
nozzle delay —| ‘4 gas p‘ulse
(n) ' i 9|9 I 160
IR-OPO delay —l ‘ < IR pulse
(') i 9|9 l(I)O
< TOF zero time
i ' 1 99 I 100

time [ms]
Fig. 2.3-4 Synchronization in the IR/fSMPI experiment.

Thus, the IR/fsSMP1 experiment progresses as follows. The molecules in the gas pulse are initially
irradiated by IR radiation. If the IR wavelength is in resonance with a vibrational transition, the
molecules undergo vibrational excitation, which is followed by IVR. After about 50-100 ns,
which is necessary for IVR to be completed, the femtosecond laser pulse ionizes the
vibrationally relaxed molecules via two-photon absorption. The efficiency of this ionization
process is different without and with VR, which results in the change of the ion current, when

the IR wavelength is in resonance with a molecular transition.
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2.3.5 The source of infrared radiation

Following Byer’s definitive study [72] the tunable sources of infrared radiation are
conventionally based on the angle tuned LiNbO3 Optical Parametric Oscillator (OPQO). Naturally
the OPO generates a radiation with a relatively broad frequency spectrum (Av=20 cm™),
precluding the direct use of such a device for high resolution spectroscopy. In order to make the
bandwidth narrower two approaches are commonly used. The first one is to introduce frequency
selecting components such as gratings and etalons into the OPO cavity [73, 74]. This approach
however has the severe drawbacks of increasing the threshold for laser action and reducing the
overall efficiency. The alternative way of forcing the OPO to oscillate in the narrow frequency
range, is seeding it with an external narrow-bandwidth radiation [75]. This technique, referred to
as injection seeding, is utilized in the IR-OPO laser, which was developed in our lab by
Dr. Hans-Dieter Barth. Essentially it consists of the two parts: the OPO and the seeder
(Fig. 2.3-5) [75, 76].

1064nm

Nd:YAG laser ?gﬂg}“ Dye laser 610:670nm

Seeder
(DFM)
LiNbO, L
4

Idler: ells
2.2+3.7um 1
Signal: g
1.5+1.9um

Fig. 2.3-5 The IR-OPO laser: 1 — polarizer, 2 — OPO resonator, 3 — pyroelectric detectors, 4 — prism,
5 — delay stage.

The OPO is based on the nonlinear crystal (LiNbO3), which is confined within the resonator 2.
The optical parametric generation (+® nonlinearity) in the crystal is used to convert an input
pump wave (shown in black) into two waves, called signal and idler. The energy conservation

gives rise to the following relations between these three waves:
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1 _ 1 1
F ) ) (2.3-1)

pump signal idler

Since the fundamental output (1064nm) of the Nd:YAG (Continuum NY 81) laser serves as the
pump, the idler wave can be generated in the range from 2.2 to 3.7 um. The signal and idler

waves are further amplified in the resonator 2 by passing several times through the crystal.

The seed generation is based on the Difference Frequency Mixing (DFM) (Generation, 3%
nonlinearity) of two waves in the LiNbO; crystal. One of the waves is the second harmonic
(532 nm) of the Nd:YAG laser. The other one is the output of the dye laser (Continuum ND 60,
dye DCM), which can be continuously tuned in the range from 610 to 670 nm. These two waves
are introduced into the DFM crystal by means of a full reflection in the prism 4. As a result the
third wave with the wavelength in the infrared region is generated. The energy conservation of

the process is given by the following formula:

1 1 1
/ALDFM j’532 ;Ldye

(2.3-2)

The spectral bandwidth of the seed can be estimated using eq. (2.3-3). It depends on the
bandwidths of both laser radiations used in the DFM and is in the range of about 0.2 cm™.
Seeding the OPO resonator with such a narrow linewidth radiation causes the OPO to oscillate in

the same narrow frequency range.
(AVpey )2 =(A ‘/532)2 + (Adee)2 (2.3-3)

The delay stage 5 is utilized for overlapping in time of the second harmonic of YAG and the dye
laser radiation prior to entering the DFM crystal. Wavelength tuning is performed by a computer
controlled change of the dye laser wavelength together with the angular tuning of both LiNbO;

crystals.

The OPO efficiency of about 7-8% allows for achieving output energies of up to 10mJ/pulse
when pumping with an energy of 120-140 mJ. However, in order to avoid saturation effects in
the depletion experiments, the OPO output energy is usually maintained below 1-2 mJ/pulse. The
energies of the seed and OPO radiations are monitored by pyroelectric detectors 3.

The OH' ions inside the LiNbOj3 crystal absorb at 3485 cm™, causing a significant reduction of
the OPO power in the range of 3460-3510 cm™.
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Calibration of the IR frequency was accomplished by measuring the wavelengths Agye and Asz,
by means of a commercially available lambda-meter ATOS LM-007. Using eg. (2.3-2) Ar can
be evaluated. This calibration procedure ensures an accuracy of +1 cm™ in the frequency region
of 2800-3800 cm™.

2.3.6 Nozzle source

The nozzle source used for production of the supersonic beams in the IR/R2PI and IR/fsMPI
experiments should fulfil certain requirements. Time-of-flight spectrometry, used in these
experiments as a detection method, requires high vacuum conditions, which can be achieved
either by using powerful vacuum pumps or a nozzle source with a pulsed regime of operation.
The latter approach is, however, more favorable since it has an additional advantage of sparing
sample consumption. The second requirement for the nozzle design originates from the fact that
many solid state substances have a rather high melting temperature. For instance, in order to get
a sufficient vapor pressure of some nucleobases, they should be heated up to about 300°C.

Therefore, the nozzle should allow the heating of a sample reservoir to such high temperatures.

Taking these two requirements into account, we have developed a new nozzle source. It is
depicted in Fig. 2.3-6. The nozzle consists of three main parts: a heated sample chamber with an
orifice (on the left), a heatsink (in the center) and a modified pulsed valve (General Valve 9
Series), shown on the right. The valve is made up of a metal body with a solenoid, a plunger and
a return spring. When the voltage is not applied to the solenoid, the return spring presses on the
metal stick with a polymer tip on its end, closing the orifice outlet. When voltage is applied, the
plunger tends to minimize the gap between them and the valve body, moving against the return
spring. The metal stick follows the plunger, opening the orifice, thus the mixture of the sample

vapor and the carrier gas collected in the sample chamber expand into the vacuum.

The end part of the nozzle with the sample chamber is heated by a heating element (wire). In
order to maintain the desired temperature of a sample, the temperature is monitored at different
points of the chamber. Based on these temperature readings, an electronic heating control unit
supplies an appropriate voltage to the heating wire. To prevent heating of the valve, which would
cause the damage of the solenoid, there is a heatsink between the sample chamber and the valve.
The heatsink is connected directly to the flange of the vacuum apparatus, providing an efficient
heat withdrawal from the central part of the nozzle. As polymer material for the sealing tip,

called poppet, Vespel SP-1 was used, since it can withstand temperatures up to 300°C.
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Fig. 2.3-6 Nozzle source construction.
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Minimization of the pulse duration and thus the duty cycle (the ratio of the pulse duration to the
period of a pulse sequence) has two advantages. First, it allows for improving the vacuum
condition without increasing the pumping capacity. Second, it results in reduction of the sample
consumption. Therefore, the goal is always to get a gas pulse as short as possible. However, a
reduction of the gas pulse duration is limited by fundamental and technical reasons. The
fundamental limitation is imposed by the fluid dynamics of the gas itself [57, 77]. Thus, for
instance, some time is required for the acceleration of the molecule to the same stream velocity
as in a continuous steady-state expansion. This time depends on the molecule’s size and is in a

range of tens of microseconds [77].

The technical obstacles in designing fast solenoid nozzles stem from the magnetic nature of the
pulling force. In first approximation this force can be written for an electromagnet with the

non-magnetic gap dqap>0 as follows:

B?S

Fom = ,
214y

em

(2.3-4)

Here B is the magnetic field in the gap, S is the cross-section of the plunger. However, all
ferromagnetic materials are saturated at a value of the B field about 1.6 teslas. This provides the
higher limit for Fe, (more precisely Fen/S, see (2.3-4)), and, as a consequence, results in the

lower limit of the opening time of the solenoid nozzle.

Another limitation is related to the fact that the force Fen, cannot be set instantaneously, but some
time is required for the field B in a solenoid to reach a desired magnitude. If the voltage U is
applied to the solenoid with the number of turns N, this build-up time can be calculated as
follows:
Yosid —up = BULS (2.3-5)

Thus, the build-up time can be shortened by either reducing the number of turns in the solenoid
or by increasing the voltage applied to a solenoid. Taking this into account, the original solenoid
of the valve was modified by reducing the number of turns by about ten times. Furthermore, a
special solenoid driver has been developed, which is capable of providing a 30 us electric pulses
with an amplitude of 160V and a current of 200A.
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Since the closing time is only determined by the return spring, the original spring was replaced

by a stronger one.

The dependence of ion signals of two monomers, 9-methyl-adenine and thymine, as well as their
hetero-dimer and the 9-methyl-adenine-water cluster on the time delay between the nozzle
opening and the ionization laser pulse is depicted in Fig. 2.3-7. According to the ion signals of
monomers, the gas pulse duration is 260 us (FWHM); that is about 3-4 times shorter than that

achieved with the original General Valve design and the standard pulsed driver.

ion signal / arb. units

350 400 450 500 550 600 650 700 750 800 850
time / ps

Fig. 2.3-7 The normalized ion signals of two monomers and two clusters: 1Me-Adenine (red),
Thymine (black), (1Me-Adenine)-(H,0) complex (blue) and (1Me-Adenine)-(Thymine) hetero-dimer
(green).

From Fig. 2.3-7 it can be seen that molecular clusters are preferably produced in the middle of
the gas pulse. This can be explained by the highest rate of molecular collisions at this time,

which means better cooling favouring the cluster formation process.

2.3.7 Dual beam technique

The signal-to-noise of the original IR/fsMPI method is in some cases rather poor due to several
factors such as pulse-to-pulse stability of the laser and the nozzle. Averaging over a high number
of laser shots is time demanding and not so efficient when long time fluctuations are present. In
order to improve the signal-to-noise we have adopted the dual beam technique introduced by Lee
and coworkers [16]. The principle of this technique is visualized in Fig. 2.3-8. Not one, but two
UV laser beams are introduced into the ionization region (i) of the TOF spectrometer in the way
to be about 4 mm apart from each other along the direction of the molecular beam. The beam
that is downstream of the molecular beam is overlapped with the infrared beam and served as the
signal, whereas the second one acts as a reference. The ion signals originated from these two UV

beams are separated in time by about 90 ns by choosing an appropriate magnitude of the electric
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field between the two plates of the ionization region (i). As an example, the time-of-flight
spectrum of adenine (Ade) and the 1:1 adenine:water cluster (Ade+W) is shown on the right of

Fig. 2.3-8. Each mass channel is made up of two peaks: signal (S) and reference (R).
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Fig. 2.3-8 Left: Principle of the dual beam technique; Right: the corresponding TOF spectrum of adenine
with water.

The improvement of the quality of the spectra, which resulted from employing the dual beam
technique, can be illustrated by an example of adenine monomer, the IR/fsMPI spectrum of
which is shown in Fig. 2.3-9. It is clearly seen that the quality of the spectrum (b), which is
constructed as the ratio of the signal to reference, is much better than that of the separate single
spectra (S or R). In the shown IR region adenine has only one band at 3452 cm™ (NH, symmetric
stretch).
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(b)
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frequency [cm'1]

Fig. 2.3-9 The IR/fsMPI spectra of adenine: (a) ion signal of S and R peaks, (b) the ratio of the signal to
reference.
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2.4 Pump-probe Resonant Excitation Multiphoton lonization

The energy provided to a molecule by an electronic excitation can be transferred and distributed
by different relaxation mechanisms. Thus, if the excited electronic state neither crosses nor is
coupled to others (adjacent) electronic states, the excitation energy is redistributed over all
vibrational modes of this electronic state by means of vibrational coupling; this is called
intramolecular vibrational energy redistribution (IVR). If there is a coupling with another
electronic state, an internal conversion (IC) process may takes place, resulting in the energy
transfer from the initially excited electronic state to the vibrational modes of the coupled
electronic state. The excited state energy can also be deactivated through conical intersection

(ClI), i.e. by crossing of two electronic states, to a different electronic state of the molecule.

Electronic excitation can also lead to various types of photochemical reactions such as photo-
induced structural change (photoisomerization) and hydrogen or proton transfer inside the

molecule or molecular cluster.

By studying the dynamics of the excited state population of molecular systems, it is possible to
gain insight into the fundamental processes described above. For this purpose a straightforward
approach, called femtosecond pump-probe resonant excitation multiphoton ionization
(fs REMPI), can be utilized. The energetic diagram of the method is depicted in Fig. 2.3-10. The
pump femtosecond laser pulse phl, the wavelength of which is in resonance with the S,«Sg
transition, excites a molecular ensemble into the electronic state S,. The evolution of the excited
state population is subsequently probed by two photon ionization (ph2 and ph3).

delay

Fig. 2.3-10 The energetic diagram of the fs pump-probe REMPI.
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3 Results

In this chapter the most important results are collected, which were obtained in the course of my
PhD work by three aforementioned methods: fs DFWM, IR/fsMPI, fs pump-probe REMPI. All
these results are either published or submitted for publication, therefore, for more details the
references will be given to the corresponding articles. The quantum chemistry calculations were
carried out by Dr. P. Tarakeshwar (pyrrolidine), Dr. S. Knippenberg and Prof. Dr. A. Dreuw
(cyclopentene), Alexander Kyrychenko (1H-pyrrolo[3,2-h]quinoline-methanol/water clusters)
and Philipp H. P. Harbach (adenine and 9-methyladenine hydrates).

This chapter is divided into two parts. The first part (3.1) is devoted to an application of
fs DFWM for studying the structure and dynamics of molecules in their electronic ground state.
In the second part (3.2) the structure and excited state dynamics of photoreactive molecules and
molecular clusters are studied by means of IR/fsMPI and fs pump-probe REMPI.

3.1 Femtosecond Degenerate Four-Wave Mixing experiments

This chapter consists of two parts. In the first part (3.1.1), the influence of nuclear spin statistics
(NSS) on fs DFWM spectra will be discussed. As will be shown, NSS effect can be very
pronounced in some special cases, leading to the appearance of completely new recurrences in a
fs DFWM spectrum. Thus, understanding of the nuclear spin statistics manifestation in fs
DFWM spectra and subsequently taking it into account in the simulation procedure is
indispensable, allowing for extending the scope of the fs DFWM method towards that of high-

resolution spectroscopy.

Originally the time-resolved rotational fs DFWM spectroscopy was intended for the structural
(rotational constants) investigation of non-polar molecules in their electronic ground state.
Recently we have applied this method for studying the dynamics of large amplitude
intramolecular motions, such as puckering in cyclic five-membered ring compounds. This new

approach will be considered in the second part (3.1.2) of the current chapter.
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3.1.1 Missing levels lead to additional lines: the influence of nuclear spin
statistics on femtosecond degenerate four wave mixing spectroscopy of
polyatomic systems

C. Riehn, M.I. Kunitski, V.V. Matylitsky, M.F. Gelin, and B. Brutschy, Missing levels lead to additional
lines: the influence of nuclear spin statistics on femtosecond degenerate four wave mixing spectroscopy
of polyatomic systems, Physical Chemistry Chemical Physics, 2005, 7(23): p. 3955-3962.

The effects of nuclear spin statistics (NSS) on fs DFWM spectra has been described in the
literature for diatomic and linear molecules such as O,, N, and CO; [12, 37, 78]. There, the
analysis is straightforward since the simulation of fs DFWM spectra can be done in an analytical
form. However, it is by no means trivial to predict the NSS influence on a time-resolved

spectrum in the general case of polyatomic non-linear molecules.

Here the effect of NSS on the fs DFWM spectra of sulphur dioxide (SO;), nitrogen dioxide
(NO,) and nitromethane (CH3NO;) will be discussed (Fig. 3.1-1). All these molecules exhibit
new types of rotational recurrences, which were successfully reproduced by the incorporation of
NSS into the fs DFWM simulation-fitting code. The subsequent theoretical analyses uncovered
the appearance mechanisms of these new spectral features. The NSS is shown to have a profound

effect on fs DFWM spectra of asymmetric top species, notably with several zero spin nuclei.

Fig. 3.1-1 a), b) and c) Schematic view of sulphur dioxide (SO,), nitrogen dioxide (NO,) and
nitromethane (CH3NO,) molecules, respectively, with principal axes of inertia.

It was shown in chapter 2.2.4 that rotational levels of asymmetric top can be classified according
to their symmetry towards two-fold (90°) rotation (C, operation) about any of the principal axes
of inertia x, where x is a, b or ¢ (Table 2.2-1). According to this classification there are only four
possible kinds of rotational levels, which make up the D, group. The first one is a totally
symmetric rotational level (designated as A); the wavefunction of this level is invariant upon C,
operation about every one of three principal axes of inertia. The other three types of levels are
designated as B,, By, B¢, where the subscript indicates the principal axis of inertia, the two-fold
rotation about which does not change the sign of the rotational wavefunction. Upon C, operation
about two others principal axes of inertia the sign of the rotational wavefunction changes
(see Table 2.2-1).
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If a molecule possesses two identical nuclei, which can be exchanged during the two-fold
rotation about, for instance, the principal axis of inertia a, the rotational levels which are
symmetric to this rotation (A, B,) will have different statistical weights than the antisymmetric
ones (Bp, Bc). This difference in statistical weights depends on the spin of the nuclei. In the
limiting case, when the nuclei have zero spin, the statistical weights of antisymmertic rotational
levels are zero, meaning that these rotational levels do not exist. As a consequence, the rotational
transitions between the antisymmetric levels do not exist as well. Therefore, the rotational

spectrum becomes diluted if compared to that of a molecule with the non-zero spin nuclei.

This effect can be shown by considering the simplest case of a diatomic molecule. For such a
system the rotational Raman selection rules are AJ=0, +2. Therefore, the rotational spectrum in
the frequency domain consists of equidistant lines spaced by 4B (B is the rotational constant of
the molecule), as shown on the top of Fig. 3.1-2. The Fourier transformation of the frequency
spectrum results in the time-domain spectrum, which also appears as the sequence of peaks with
the inverted period of 1/4B. In the case of two identical zero spin nuclei, only symmetric
rotational levels (even J) exist, resulting in the spacing in the frequency spectrum twice as long,
namely 8B, as shown on the bottom of Fig. 3.1-2. The corresponding time-domain spectrum
acquires twice shorter period of 1/8B, if compared to that of a molecule having two non-

identical nuclei but the same rotational constant B (Fig. 3.1-2, bottom).
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Fig. 3.1-2 The frequency and corresponding time-domain spectra of two diatomic molecules having the
same rotational constant B: top — with two non-identical nuclei, bottom — with the identical zero spin
nuclei.

Thus, in case of a diatomic molecule the NSS effect causes the new recurrences in the time-
domain spectrum to appear. Such an influence was however not expected for the more general
case of an asymmetric rotor, with all three rotational constants A, B and C being different. The

frequency spectrum of an asymmetric rotor is usually much more complicated than that of a
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diatomic (linear) molecule, and lacks for a transparent frequency pattern. Nevertheless, it was
shown that even in this case NSS can lead to appearance of new recurrences.

A short introduction should be given to the assignment and classification of rotational
recurrences in the time-domain RCS spectra. There are several types of recurrences; they
originate from different rotational transitions. The most abundant rotational recurrences (at least
for nearly symmetric tops) are the so-called J-type recurrences, with a period of 1/[2(A+B)] and
1/[2(B+C)] for nearly oblate and prolate tops, respectively. For slightly asymmetric tops the
asymmetry rotational recurrences of A- or C-type with the corresponding periods 1/(4A) and
1/(4C) can occur. They dominate the spectrum for highly asymmetric species. Thus the
recurrences in fs DFWM spectra will be denoted by X(1), X(2),..., X(n), where integer n=1,2,...
numbers the recurrence peaks and X= J, A, C stands for the recurrence type. The recurrences
induced by the NSS appear in between the integer recurrences and therefore will be referred to as
X(n/2).

In Fig. 3.1-3 the fs DFWM spectra of three asymmetric top molecules, SO,, NO,, CH3NO,, are
presented. Thus, taking into account the NSS in the simulation of the fs DFWM spectra of the
SO, and NO;, molecules, it is possible to reproduce half integer recurrences J(n/2), which were
observed previously in the experiments by Frey et al. [79] and Pastirk et al. [80] The same
approach was used for the simulation of the fs DFWM spectrum of nitromethane, which was
experimentally measured in our lab. In this case two identical oxygen nuclei, situated about the
principal axis of inertia a (see Fig. 3.1-1), cause the half integer asymmetry recurrence A(3/2),
having the highest intensity, to appear in the fs DFWM spectrum. Additionally, there is a very
weak A(1/2) recurrence at the time delay of 9.5 ps.
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Fig. 3.1-3 Left: Simulations of the fs DFWM spectra of SO, and NO,. a) and b) - SO,, ¢) and d) - NO,
without/with consideration of nuclear spin statistics. Right: Experimental and simulated fs DFWM
spectra of nitromethane: e) Fitted simulation of the spectrum using nuclear spin statistics, f) Experimental
fs DFWM spectrum (this work), g) Simulation of the spectrum without consideration of nuclear spin
statistics. For assignment of rotational recurrences see text.

In order to gain insight into the origin of these half integer recurrences, the frequency-domain
spectra were considered. It turned out that in the cases of sulphur and nitrogen dioxides the NSS,
“forbidding” a part of the rotational transitions, cause a special pattern to occur in the frequency
domain to occur. This pattern is made up of equidistant clusters of frequency lines. The period of
this cluster sequence is 4(B+C), which corresponds to the period of a half integer J-type

recurrence in the time-domain.

Fig. 3.1-4 presents the simulation of the partial frequency spectrum of nitromethane, where only
the rotational transitions with AJ=2 and Az=+2 are considered (7 designates the rotational energy
levels within a J-manifold). These transitions contribute to the A-type asymmetry recurrences.
The NSS makes the period of the frequency pattern longer, namely 8A/3, resulting in the
recurrence period of 3/8A, which, according to the assignment given above, corresponds to the

recurrence A(3/2).
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Fig. 3.1-4 Simulations of the rotational quantum beat frequency spectrum of nitromethane. Only
AJ=2, Ar=+2 transitions are taken into account. All J manifolds contribute, without/with
consideration of nuclear spin statistics, respectively.

Three molecules that have been considered have two identical zero spin nuclei. However not
only zero spin nuclei, but also two identical non-zero spin nuclei might induce half integer
recurrences in fs DFWM spectra. In this case the rotational levels of different symmetry have
different but non-zero statistical weights. This can lead to an intensity modulation pattern of the
frequency spectrum, and subsequently cause the ‘doubling’ of rotational recurrences. The
simulation of the fs DFWM spectrum of the CF, radical provided evidence for weak J(n/2)
recurrences. This molecular top is very similar to SO, and NO,, apart from the **F nuclei, which
has the spin of %. Here, the antisymmetric levels and symmetric levels have statistical weights of
3 and 1, respectively. This leads to an intensity modulated periodic pattern in the frequency
spectrum, similar to SO, and NO,. Hence, the occurrence of extra rotational recurrences is not
limited to cases where rotational energy levels do not exist (zero statistical weight), but the
additional features can also be expected in the more general case of non-zero statistical
weighting factors.

Conclusions

i) In the spectra of polyatomic molecules nuclear spin statistical effects might provide
extra rotational recurrences with strongly varying intensity and persistence, which cannot be
simply ‘extrapolated‘ from the well-known behavior of diatomic and linear molecules.

i) The occurrence of these RRs and their origin can be investigated by spectral
simulations for general asymmetric molecular tops based on a symmetry classification of their
rotational energy levels. By this way also the influence of different NSS weighting factors on the

fs DFWM spectra can be explored.
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iii) Thus, numerical simulations for the complete spectra based on a comprehensive
model for fs DFWM spectroscopy are indispensable for a quantitative analysis, i. e. the
extraction of molecular parameters from the experimental spectra. Moreover, these detailed data
obtained from fs DFWM spectra extends the scope of the time-resolved approach towards that of

high-resolution spectroscopy.
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3.1.2 Large amplitude intramolecular motions studied by fs DFWM:
pyrrolidine and cyclopentene molecules

M. Kunitski, C. Riehn, V.V. Matylitsky, P. Tarakeshwar, and B. Brutschy, Pseudorotation in pyrrolidine:
rotational coherence spectroscopy and ab initio calculations of a large amplitude intramolecular motion,
Physical Chemistry Chemical Physics, 2010, 12: p. 72-81.

M. Kunitski, S. Knippenberg, M. Gelin, C. Riehn, A. Dreuw, and B. Brutschy, Ring-puckering motion in
cyclopentene studied by time-resolved rotational coherence spectroscopy and ab initio calculations,
Physical Chemistry Chemical Physics, 2010, 12: p. 8190-8200.

Large amplitude intramolecular motions that cause a change in chemical constitution are of
special interest to chemists and biochemists since they take place in a wide range of naturally
occurring compounds [81-83]. One example of such a motion is the ring puckering in saturated
five-membered ring compounds which are constituents of a wide range of biomolecules such as
the deoxyribose/ribose of DNA/RNA, the amino acid proline and the drug nicotine. Pyrrolidine
and cyclopentene being the simplest among these compounds were chosen as archetypical

systems for studying ring puckering dynamics.

A five-membered ring has 5-3=2 out-of-plane skeletal modes consisting of a bend and a twist.

These two modes are shown in Fig. 3.1-5

@
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Fig. 3.1-5 Two out-of-plane modes of a five-membered ring.

The character of these two modes is different in pyrrolidine and cyclopentene molecules. In
pyrrolidine the ring is relatively flexible, since all five bonds of the ring are saturated. The
approximate two dimensional potential of the skeletal motion of the pyrrolidine ring is shown in
Fig. 3.1-6.
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Fig. 3.1-6 The two dimensional potential of the skeletal motion of pyrrolidine and two minima energy
structures of pyrrolidine: equatorial and axial. Two ways of going from the equatorial to the axial
conformers are shown by arrowed lines: dashed — ring inversion, solid — pseudorotation.

The centre corresponds to the planar structure and has the highest energy of about 1500 cm™. Of
the two minima energy structures, equatorial and axial (see Fig. 3.1-6), the former is the global
minimum. Interconversion of these two conformers can be done either by crossing the central
barrier (ring inversion) or by going along the potential valley (pseudorotation). Pseudorotation is
the energetically most favorable path, since its energy barrier is about five times lower than that

of ring inversion.

The name “pseudorotation” was chosen due to the appearance of this motion: the ring atoms
move in such a way that the phase of the puckering rotates around the ring [84]. The half of the
pseudorotational cycle is shown in Fig. 3.1-7. Since pseudorotation corresponds to a motion in a
circle on the potential surface, it is convenient to use an angle (¢) as the pseudorotational

coordinate.

108° 144° 180°

Fig. 3.1-7 The envelope structures of pyrrolidine and corresponding pseudorotational angles ¢. In all
these structures four atoms of the ring are in one plane, while the fifth one (indicated by a red arrow) is
not. This pucker rotates around the ring during pseudorotation.

The situation is different in cyclopentene, where one double bond is present. This makes the
twist mode energetically not favorable, therefore only the bending mode (ring inversion) is
active at room temperature. In this case the two dimensional potential of the ring vibration looks
like as shown in Fig. 3.1-8. Therefore, the interchange of two mirrored minimum energy
structures, shown on both sides of the potential in Fig. 3.1-8, is accomplished by ring inversion

through the planar ring structure.
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Fig. 3.1-8 The two dimensional potential for the skeletal motion of cyclopentene. The arrowed line shows
the ring inversion path.

Both ring motions, pseudorotation in pyrrolidine and ring inversion in cyclopentene, are of large
amplitude, highly anharmonic and are accompanied with significant changes in molecular
geometry. Therefore, the fs DFWM spectroscopy, which is sensitive to the structure, was thought
to be applicable for studying these large amplitude intramolecular motions. And indeed, the
measured fs DFWM spectrum of pyrrolidine at room temperature was found to be much more
complex as if it was originated from a single rigid molecule. Moreover, it could in no way be
explained by the superposition of two structures: the axial and equatorial ones, which are shown
in Fig. 3.1-6.

Pyrrolidine

In order to gain insight into the experimental fs DFWM spectrum of pyrrolidine the one-
dimensional quantum mechanical model for pseudorotation was adopted. The model implies a
one-dimensional potential for pseudorotation, which consists of two minima, corresponding to
the equatorial and axial conformers of pyrrolidine, and the barrier in between, as shown on the
left of Fig. 3.1-9. The model provides the pseudorotational (vibrational) energy levels and

corresponding wavefunctions, which depend on the shape of the potential.
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Fig. 3.1-9 Left: Pseudorotational potential and corresponding levels with their relative Boltzmann
populations at temperatures of 68K (a) and 298K (b). Right: The probability density functions of the first
six pseudorotational levels. The parity of levels is shown by red (even) and blue (odd) colors.

As one can see from the wavefunctions on the right of Fig. 3.1-9, the first two pseudorotational
states relate to the equatorial and axial conformers of pyrrolidine, the structures that occupy two
energy minima of the potential at the pseudorotational angles of 180° and 0°, respectively. The

higher the state the more delocalized is the molecule on the pseudorotational path.

As follows from Fig. 3.1-9, with a given pseudorotational potential many pseudorotational levels
are populated at room temperature, and, consequently contribute the experimental observations.
This contribution can be understood as follows. The pseudorotational levels have different
vibrationally averaged molecular properties, such as, for instance, rotational constants
(structure), which may be evaluated using the pseudorotational model. Thus the complete fs
DFWM spectrum is expected to originate from a mixture of different species (levels) that have
different molecular properties. The contribution of each species is proportional to the Boltzmann

population of the corresponding pseudorotational level.

Hence, the simulation of the fs DFWM spectra of a molecule, undergoing pseudorotation,
consists of the following steps. First the pseudorotational levels are calculated relying on an
assumed pseudorotational potential. Next the expectation values of the molecular properties
required for the simulation are evaluated. With these data the fs DFWM spectra are generated for
each pseudorotational state in the way as for a single species using the semirigid rotor
approximation (see chapter 2.2.4). A coherent superposition of all individual fs DFWM spectra
weighted by the Boltzmann population of the corresponding pseudorotational levels yields the
complete fs DFWM spectrum. By means of a fitted simulation, the energetic (pseudorotational

potential) and structural (rotational constants) parameters of pseudorotation can be obtained.
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The fs DFWM spectrum of pyrrolidine at room temperature and its fitted simulation based on the
one-dimensional model for pseudorotation are shown in Fig. 3.1-10.
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Fig. 3.1-10 The experimental fs DFWM spectrum (red) of pyrrolidine at room temperature (298K) and
the fitted simulation (blue), using the one-dimensional model for pseudorotation.

The pseudorotational potential and the dependence of rotational constants on the
pseudorotational angle obtained from the fit are depicted in Fig. 3.1-11. For comparison,
guantum chemistry optimizations of various points along the pseudorotational path were
performed using Synchronous Transit-Guided Quasi-Newton (STQN) method. The calculated
pseudorotational potential as well as the rotational constants A and B are shown in Fig. 3.1-11.
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Fig. 3.1-11 The energy potential and the rotational constants A and B of pyrrolidine along the
pseudorotational path: red — from the fitted simulation of fs DFWM spectrum at room temperature; blue
and green — calculated with the aug-cc-pVDZ basis set at both the B3LYP and MP2 levels of theory. The
MP2/aug-cc-pVTZ calculations are shown by green circles. These geometries were further used for single
point CCSD(T)/aug-cc-pVTZ calculations (black crosses).

As follows from the fitted simulation of the room temperature fs DFWM spectrum of
pyrrolidine, the equatorial conformer (180°) of pyrrolidine is stabilized by 29 cm™ relative to the

axial one (0°). The same finding was also reported in the microwave spectroscopic study [85].
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However, it should be noted that microwave spectroscopy was not capable for deducing
information about the complete pseudorotational path in pyrrolidine. This failure is explained by

the very low dipole moment of the conformations with pseudorotational angles close to 180°.

From the fit of the fs DFWM spectrum of pyrrolidine the barrier for pseudorotation turned out to
be 220cm™. This value and the energy difference between the axial and equatorial conformers of
29 cm™ are lower than those calculated with the aug-cc-pVDZ basis set at both the MP2 and
B3LYP levels of theory (Fig. 3.1-11). However, the higher basis sets and levels of theory
(CCSD(T)) tend to lower these values. Thus, the energy difference between the axial and
equatorial conformers was found to be 17cm™ at single point CCSD(T)/aug-cc-pVDZ
calculations carried out on the MP2/aug-cc-pVVTZ geometries (Fig. 3.1-11).

The results above give rise to new questions, concerning the energetic of pyrrolidine
conformations. What is the reason for the barrier for pseudorotation in pyrrolidine to be much
higher when compared to that in analogous five-membered saturated ring compounds such as
cyclopentane [86] (<25cm™) and tetrohydrofuran [87] (~30cm™)? Another question: Why is the

equatorial form of pyrrolidine energetically more preferable than the axial one?

Apparently, in order to understand these peculiarities of the pyrrolidine molecule one should
gain insight into the nature of its pseudorotational potential. Several factors controlling the
conformation in saturated cyclic compounds are known. The main amid others are ring angle
strains and the torsional forces associated with the rotation about a single ring bond [81]. While
the former effect tends to keep the ring planar, the latter favors the pucker of the ring. The
torsional forces in cyclopentane and tetrahydrofuran as well as in pyrrolidine are dominant

leading to the ring being puckered.

The angle and torsional strains of the ring are manifestation of two electronic effects: steric
repulsion and hyperconjugation stabilization. It is however difficult to determine which of these
two effects has the greater contribution. In the last decade there were several debates about the
nature of the torsional strain in the ethane molecule, which hinder the internal rotation by a
barrier of about 1000 cm™. Pophristic and Goodman [88] showed that the energetic of this
rotation is to a great extent explained by hyperconjugation, while the subsequent studies [89, 90]
concluded steric repulsion to have a major impact. Thus, additional theoretical investigations are

required in order to gain insight into the nature of the pseudorotational energetics of pyrrolidine.



Femtosecond Degenerate Four-Wave Mixing experiments

Cyclopentene

Though the puckering motion of the cyclopentene ring is different from pseudorotation in
pyrrolidine, the same approach can be utilized for gaining insight into its dynamics. Since the
twist vibration of the cyclopentene ring is quite energetic, the two-dimensional motion can be
reduced into the one-dimensional one, which consists of the single ring bending mode, or ring
inversion, as shown in Fig. 3.1-8 by the arrowed line. This bending mode is also referred to as
the ring-puckering vibration. As seen from Fig. 3.1-8 the ring-puckering potential in case of
cyclopentene is of double minima nature with the central barrier corresponding to the planar ring
structure. The ring-puckering vibration is usually described either by a dihedral angle ¢ or a
distance x, as shown in Fig. 3.1-12. However, in mathematical calculations it is more convenient

to use a dimensionless reduced ring-puckering coordinate Z.

X

Fig. 3.1-12 Two geometric parameters, an angle ¢ and a distance X, which are usually used for the
description of the ring-puckering vibration.

The fs DFWM spectrum of cyclopentene, measured in the gas cell at room temperature is shown
in Fig. 3.1-13 (red). The fitted simulation based on the one-dimensional model for the ring-

puckering vibration (Fig. 3.1-13, blue) is in good agreement with the experimental spectrum.



Results

102 1 04 1 36 138 140
172 17 274 276 278

Z
E
= 7 4 206 208 210 24(} 242
8
-
E _’/\A\A“:\ j\/\_ - J \J Mx@ -
i
- 310 311 342 344 378 380 382 416
x50 x20 x50 x20 A a
T T T T 1T T T T T T T T T 1 T

T T T T T T 1
550 552 554 556

448 450 480 484 516 518 520
620 764

delay/ps

Fig. 3.1-13 Fs DFWM spectra of cyclopentene in the gas cell at room temperature: red - experimental,
blue - fitted simulation based on the one-dimensional model for the ring-puckering vibration.

From the fit the double-minima potential of the ring-puckering motion in cyclopentene was
obtained together with the rotational constants. Thus, the barrier to ring inversion (corresponding
to the planar ring structure) was found to be 274 cm™, which is somewhat higher than the
previously determined value of 232+5 cm™ [91-93]. A value of 1.769 was derived for the
reduced puckering coordinate Z corresponding to the potential minimum. The relationship
between the coordinate Z and the puckering angle ¢ was evaluated by quantum chemistry
calculations. From this relation and the Z value of 1.769 the puckering angle ¢ corresponding to
the potential minimum was found to be 24.3° (¢/Z~13.75). The previous estimations of this angle

lie in the wide range: 22-30°.

The rotational constants A and B as functions of the dimensionless reduced puckering coordinate
Z as obtained from the fit are depicted in Fig. 3.1-14 (green). For comparison the calculated
rotational constants and those found in the MW studies [93, 94] are also shown. Our results are
in excellent agreement with the rotational constants from the MW work of Lopez et al. [94]
(Fig. 3.1-14, blue dashes).
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rotational constants/GHz

Fig. 3.1-14 Dependence of the rotational constants A and B on the reduced puckering coordinate Z: red -
calculated at B3LYP/cc-pVTZ; dark blue squares - calculated at SOSMP2/cc-pVVDZ; green - derived from
the fitted simulation of the experimental fs DFWM spectrum of cyclopentene at room temperature
(standard deviation is shown by error bars); blue dashes - taken from the MW work of Lopez et al. [94];
black dashes - taken from the MW work of Scharpen [93] The dashed vertical line indicates the
equilibrium reduced puckering coordinate Z,;, deduced from the fit. ¢/Z~13.75.

Conclusions

) Large amplitude motions such as pseudorotation in pyrrolidine and the ring-bending
vibration in cyclopentene were investigated by a new approach based on fs rotational

degenerate four-wave mixing spectroscopy.

i) The energetic and structural aspects of pseudorotation in pyrrolidine were revealed
for the first time. Thus, the barrier to pseudorotation was found to be 220 cm™. The
obtained pseudorotational potential provides evidence for the energetic preference of
the equatorial conformer over the axial one. This is in line with the finding of
microwave spectroscopy, where only two mentioned structures were assigned. The
low dipole moment of the pyrrolidine conformations makes microwave spectroscopy

not applicable for study pseudorotation in this molecule.

i) Hence, the high structural sensitivity together with good energetic evaluation makes
fs DFWM spectroscopy an attractive tool for the investigation of large amplitude
intramolecular motions. The method is particularly interesting for molecules lacking
or possessing only a small dipole moment, where far-infrared and microwave

spectroscopy cannot be applied.
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3.2 Structure and Dynamics of short-lived excited state molecules
and clusters

3.2.1 Structural characterization of 1H-pyrrolo[3,2-h]quinoline
microhydrates with ultrashort-lived electronically excited states

Y. Nosenko, M. Kunitski, R.P. Thummel, A. Kyrychenko, J. Herbich, J. Waluk, C. Riehn, and B. Brutschy,
Detection and structural characterization of clusters with ultrashort-lived electronically excited states: IR
absorption detected by femtosecond multiphoton ionization, Journal of the American Chemical Society,
2006, 128(31): p. 10000-10001.

Y. Nosenko, M. Kunitski, C. Riehn, R.P. Thummel, A. Kyrychenko, J. Herbich, J. Waluk, and B. Brutschy,
Separation of different hydrogen-bonded clusters by femtosecond UV-ionization-detected infrared
spectroscopy: 1H-pyrrolo[3,2-hjquipoline:(H,O)n-12) complexes, Journal of Physical Chemistry A, 2008,
112(6): p. 1150-1156.

The progress in chemical Kinetics makes it clear that the so-called “elementary” reactions, such
as proton or electron transfer are, in fact, multidimensional processes, involving not only
intramolecular degrees of freedom, but also those of the environment. The microsolvated
1H-pyrrolo[3,2-h]quinoline (PQ) constitutes an important model system for understanding the
mechanism and dynamics of intermolecular excited state double proton transfer (ESDPT), which
leads to tautomerization, a key reaction for chemical mutagenesis of DNA. PQ belongs to the

group of bifunctional (H-bonding donor/acceptor) azaaromatics.

The dual fluorescence for PQ in protic solutions was observed and attributed to an ESDPT
process. Fluorescence transient measurements with the femtosecond resolution yielded two time
constants, fast and slow, indicating the presence of two kinds of solute-solvent complexes. The
fast decay in a subpicosecond range was ascribed to a complex that exhibits intermolecular
ESDPT, while the one of hundreds picosecond was assigned to the non ESDPT solute-solvent
complex [95]. The subsequent gas phase study showed different photophysical properties of PQ
upon stepwise solvation by methanol. Namely, no laser-induced fluorescence (LIF) of the jet-
cooled 1:1 cluster was observed, while that of the 1:2 and larger complexes was quite strong
upon S:<So, excitation. The absence of fluorescence indicates a fast relaxation channel,
therefore, the assignment can be made that the 1:1 cluster is the one that exhibits intermolecular
ESDPT. Our goal is to investigate in detail the structure of such photoreactive complexes in
order to shed light on their excited state reaction mechanism. For this purpose, their IR spectra in
the NH, OH stretch region have to be recorded. Because of the ultrashort life-time of the excited
state, the conventional nanosecond double resonant IR depletion technique or LIF is not

applicable, and thus IR/fsMPI is the method of choice.
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1:1 and 1:2 PQ-methanol hydrates.

The IR spectra in the region 3150-3450 cm™ measured by IR/fsMPI for the PQ:methanol-1
clusters are depicted in Fig. 3.2-1. The ascription of an experimental spectrum to a structure is
performed by comparison with theoretically calculated spectra. The relevant structures of the 1:1
and 1:2 complexes of PQ with methanol are shown in Fig. 3.2-1 together with their stick spectra
calculated at the B3LYP/6-31G** level.
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Fig. 3.2-1 IR/fsMPI spectra measured for PQ:methanol;, mass channels. The calculated IR spectra
(B3LYP/6-31G**) are plotted with bars. Relevant cluster structures are inserted.

The strongest band of the 1:1 aggregate, calculated at 3291 cm™ (measured at 3268 cm™), is
readily identified as the coupled anti-phase stretch of the OH group of methanol and the NH of
the pyrrole unit of PQ. Due to the strong double H-bond interaction (Epinding=10 kcal/mol [96]) in
this cyclic complex the local oscillator modes no longer exist. Similarly, for the 1:2 aggregate the
most intense mode calculated at 3212 cm™ is the anti-phase stretch of the pyrrole NH and
pyridine bound OH. The vibration predicted at 3328 cm™ is mainly the methanol dimer OH

stretching, mixed, however, with elongations of the OH and NH bonds within the H-bond cycle.

The cyclic NH---OH---N bridge of the 1:1 aggregate was suggested as an intermediate for fast
ESDPT in solution which gives rise to the anomalous fluorescence and quenches the normal one
[97]. After photoexcitation, the protons involved in the H-bonds undergo a concerted, albeit
asynchronous, transfer. In principle such a process is also possible in the 1:2 aggregate, but since
there the “proton wire” is longer, a higher barrier or a higher chance for dissipative side

processes or of disturbances along the way is also conceivable.
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It should be emphasized that under the employed experimental conditions, i.e., fixed fs laser
wavelength at 266 nm, no spectral selection of a specific cluster size by its UV fingerprints is
possible. Therefore, the obtained mass spectra of clusters can be contaminated by signals from
larger clusters due to their fragmentation. This, however, can be usually avoided by choosing
appropriate expansion conditions, either by changing the vapour pressure of the solvent or by
ionizing different segments of the gas pulse containing different cluster sizes.

1:1 and 1:2 PQ-water hydrates.

The similar situation was observed for PQ-water clusters, namely of the two complexes, 1:1 and
1:2, only the latter showed a LIF spectrum in the gas phase, indicating a fast relaxation channel
for the 1:1 complex. This is in line with the study of PQ in water solution, where it was found

that ESDPT occurs in cyclic 1:1 complexes [98].

FDIR and IR/fsMPI spectra of PQ-water clusters are shown in Fig. 3.2-2. The FDIR spectrum
was recorded upon excitation of the transition at 28061 cm™, which was found to be the
vibrational origin of the smallest PQ-water cluster exhibiting fluorescence. This spectrum
resembles very closely the IR/fsMPI, recorded for the 1:2 mass channel (Fig. 3.2-2, n=2), thus

indicating the fast relaxation mechanism in excited 1:1 cluster.



Structure and Dynamics of short-lived excited state molecules and clusters

3100 3200 3300 3400 3500 3600 3700

o5F

0.5 - 150 200 250 / mu-|
L 1 L 1 L 1 L 1

1
3100 3200 3300 3400 3500 3600 3700
Wavenumber / cm’'

Fig. 3.2-2 A comparison of the FDIR spectrum (a) measured upon excitation of the transition at
28061 cm™ with the IR/fsMPI spectra recorded in (b) 1*:2, (c, €) 1*:1, and (d) 1*:0 cluster channels. The
spectrum e) was recorded at lower water concentration than the ¢) one. The inserted mass spectrum shows
the corresponding cluster ion distribution. The dotted lines indicate: blue — bands of 1:2 clusters; red —
bands of the 1:1 cluster; dark - free OH stretch.

As seen from Fig. 3.2-2 (b and c), the bands at 3310 and 3411 cm™ are common for the spectra
of the 1":1 and 1%:2 ion mass channels. This provides evidence for the fragmentation of the
1":2 complex by loss of one water molecule. In contrast to the PQ-methanol case, it was not
possible to find expansion conditions under which only a 1:1 PQ-water complex was formed. In
order to deduce the vibrational features of the 1:1 cluster from the contaminated spectrum, the
contributions of higher clusters should be determined. This was done by comparing the
1":1 channel spectra recorded at different water pressures and thus at different cluster
distributions. Upon reduction of the content of the 1:2 complex the intensity of the band at
3310cm™ decreases relative to that at 3341 cm™ (see Fig. 3.2-2, ¢ and e), indicating the relation
between this band and the complex. Thus, it turned out that bands at 3155 and 3341 cm™ stems
from the 1:1 PQ-water cluster. The bands at 3140, 3310 and 3411 cm™ were ascribed to the

1:2 water complexes.

The assignment of the experimental bands and the deduction of structures that correspond to

them is accomplished by comparing an experimental vibrational spectrum with one calculated
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theoretically. The experimental spectra of PQ-water clusters as well as the calculated ones for the
depicted cluster structures are shown in Fig. 3.2-3.
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Fig. 3.2-3 The ground state vibrational spectra of the 1:1 (a, red) and 1:2 (c) complexes. The “IR
fingerprints” of the relevant cluster structures, calculated at the B3LYP/cc-pVDZ level of theory, are
depicted by the stick spectra (b, d-f).

Two bands of 1:1 PQ-water complex at 3155 and 3341 cm™ agree very well with those
calculated at 3155 and 3314 cm™, which indicates that the cyclic 1:1 complex (Fig. 3.2-3, b) is
observed in the experiment. This structure was previously found to be the one in which ESDPT
occurs [98], which explains a short life-time of its excited state. On the basis of the theoretical
spectrum the experimental bands at 3155 and 3341 cm™ are readily identified as simultaneous in-
phase and out-of-phase stretches, respectively, of the hydrogen-bonded NH and OH groups
(Fig. 3.2-4, aand b). In-phase stretch at 3155 cm™ is a promoting mode of the ESDPT process.

Several relevant geometries of the 1:2 PQ-water aggregate together with the corresponding
theoretical spectra are shown in Fig. 3.2-3 (d-f). The calculated spectrum of the cyclic 1.2
complex (Fig. 3.2-3, d) resembles the experimental spectrum (Fig. 3.2-3, ¢) most closely
indicating the presence of this complex under our experimental conditions. The two other
complexes, 1:1+1a and 1:1+1d can be ruled out since they have spectral features not observed in
the experimental spectrum. These clusters are by several kcal/mol less stable than the cyclic 1:2
complex, as follows from the calculated binding energies. Hence, the bands at 3411, 3310 and
3140 cm™ are assigned to the donor OH stretch of the water dimer (Fig. 3.2-4, c), the out-of-
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phase NH--O&OH--N (Fig. 3.2-4, d) and the in-phase “proton transfer” (Fig. 3.2-4, ) vibrational

modes, respectively.
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Fig. 3.2-4 Normal modes showing H-bonded NH and OH stretching motions, calculated for the 1:1 and
1:2 PQ/water complexes: a) 3314 cm™, b) 3155 cm™, ¢) 3349 cm™, d) 3300 cm™, e) 3103 cm™.

Comparison of PQ-methanol and PQ-water clusters.

By comparing the relative shifts of the vibrational bands of PQ-methanol and PQ-water clusters
it is possible to deduce information about the relative strength of the H-bonds in these systems.
The 3341 cm™ band of the 1:1 complex with water is by 73 cm™ higher than in the
corresponding complex with methanol (3268 cm™). Similarly, the 3310 cm™ and 3411 cm™
vibrations of the 1:2 complex with water also exhibit blue shifts of 105 and 79 cm™ in
comparison with the 3205 and 3332 cm™ bands, observed with methanol. This indicates that H-
bonds in the 1:1 and 1:2 PQ-methanol clusters are stronger than those in PQ-water clusters. The
finding is in good agreement with the calculated binding energies, which are larger for the

methanol complexes.
Conclusions

The vibrational spectra of the isolated 1:1 and 1:2 clusters of PQ with methanol and water were
recorded by IR/fsMPI spectroscopy in the region of hydrogen-bonded NH and OH stretch
vibrations. Both PQ-methanol and PQ-water aggregates reveal the same excited state dynamics:
whereas the 1:2 hydrate exhibits fluorescence upon S;<—Sy excitation, the 1:1 cluster does not
fluoresce, which is a manifestation of a short lifetime of the electronically excited state. The fast
excited state deactivation in the 1:1 complex was previously ascribed to ESPT followed by a
nonradiative relaxation of the vibrationally excited tautomer. A short-lived excited state is the
main obstacle for investigation of a 1:1 complex by conventional IR/R2PI spectroscopy. This
however can be overcome by the proposed IR/fsMPI technique using femtosecond laser pulses at

the ionization step, although by sacrificing of size and isomer selectivity.
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The structures of the 1:1 and 1:2 clusters are assigned to species in which the solvent molecule(s)
form a hydrogen-bonded bridge between aromatic NH group and quinoline nitrogen of PQ. Both
1:1 and 1:2 PQ-water complexes reveal weaker hydrogen bonding than the analogous clusters

with methanol.
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3.2.2 Proton transfer with a twist? Femtosecond dynamics of
7-(2°-pyridylindole in supersonic jets

Y. Nosenko, G. Wiosna-Salyga, M. Kunitski, I. Petkova, A. Singh, W.J. Buma, R.P. Thummel,
B. Brutschy, and J. Waluk, Proton transfer with a twist? Femtosecond dynamics of 7-(2 ~pyridyl)-indole in
condensed phase and in supersonic jets, Angewandte Chemie-International Edition, 2008, 47(32):
p. 6037-6040.

7-(2'-pyridyl)indole (7PyIn) is another member of the group of bifunctional (H-bonding
donor/acceptor) azaaromatics. This compound can exist in syn and anti rotameric forms as

shown in Fig. 3.2-5.

syn

Fig. 3.2-5 The two rotameric structures of 7-(2'-pyridyl)indole.

Ab inito calculations [99] predict that the syn form is the dominant species being about 5
kcal/mol (CC2/cc-pVDZ) more stable than the anti rotamer. The higher stability of the syn form
can be rationalized by the presence of an intramolecular H-bond between the azine group of
indole and the nitrogen atom of the pyridine ring in this tautomer. The calculations also predict
that along this intramolecular hydrogen bond of the syn form a barrierless excited state proton

transfer should take place.

The theoretical findings are corroborated by the experimental study of 7PylIn in solutions [100].
Namely, only very weak and indeed unexpected fluorescence was observed and ascribed to a
small fraction of anti rotamers. Subsequent investigation of 7PyIn in different solvents by
transient absorption spectroscopy provided a very short excited state lifetime of 1.0+0.2 ps,
which can be attributed to the dominant syn form. The explanation for this rapid decay of the
excited electronic state is an excited state proton transfer followed by a radiationless deactivation

process.

In order to gain insight into the excited state dynamics of 7PyIn we performed a pump-probe
REMPI experiment on the molecules isolated in a supersonic molecular beam. The pump-probe
ion signal profiles are presented in Fig. 3.2-6 for normal and N-deuterated species of 7PyIn.
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Fig. 3.2-6 Left: pump-probe REMPI spectra (o) obtained in a supersonic jet for normal and its
N-deuterated analogue (V); solid lines are the results of the fitting procedure. Right: oscillatory
components of the data and their Fourier transforms (inset).

Interestingly, the decay is not monotonic: a second small maximum is observed at about 1 ps
after excitation and its intensity is higher in the deuterated molecule. Convolution of a Gaussian

function with a harmonically modulated mono-exponential decay:
%
I(t)=(1+a-cos(at+@))e 7,

provided a satisfactory fit to the experimental data. Different time decays of 280 fs and 390 fs
were extracted for the normal and N-deuterated 7Pyln, respectively. The cosine frequency was

about 34 cm™ in both cases.

The observation that the photoexcited population of 7PylIn decays in an isolated molecule much
faster than in a solvated one may seem at first rather odd. However, it can be rationalized on the
basis of ab initio calculations. Analysis of the excited state potential energy profile obtained at
the CC2/cc-pVDZ level reveals a barrierless hydrogen transfer coupled to the indole-pyridine
torsional coordinate [99]. Namely, after excitation of the nearly planar syn rotamer, transfer of
the hydrogen to the pyridine ring occurs. The formed new structure relaxes through a torsion
around the C-C bond towards the energy minimum corresponding to an indole-pyridine angle of
33°. At this minimum energy geometry, the S1-Sp energy difference is only about 1 eV. At the
dihedral angle close to 90° a conical intersection of the S; and Sy states was found. Finally, the

relaxation on the Sy surface is also predicted to be barrierless [99].

Thus, coupling of hydrogen transfer with twisting implies that tautomerization should be
sensitive to changes in torsional potential. In the condensed phase, solvent molecules hinder the

torsion, thus slowing down the reaction (1ps vs. 280 fs). The barrierless character of
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tautomerization in a jet-isolated molecule is suggested by the deuterium isotope effect
(390/280=1.39), which is equal, within experimental accuracy, to the square root of two.

The torsional vibration of the two moieties of the 7Pyln was calculated to be 29 cm™ at the
B3LYP/6-31G(d,p) level. This value is very close to that observed in the experiment for the
oscillations of the pump-probe ion signal (34 cm™, or a period of about 1 ps, see Fig. 3.2-6). It is
therefore tempting to associate these oscillations with the torsional vibration, which is
responsible for a partial reflection of the initial wave packet at the CI point back into the initially

excited state.

In addition, the vibrational spectrum of 7Pyln was recorded by IR/fsMPI spectroscopy
(Fig. 3.2-7). The NH-stretch at 3412 cm™ is fairly strong red shifted relative to that of bare
indole (3525 cm™). In our case this can only indicate the presence of an intramolecular hydrogen
bond and, consequently, this band should be assigned to the syn form. The position of the NH
stretch of the anti form should be close to that of bare indole, as for similar non-hydrogen-
bonded systems (Fig. 3.2-7). Since no spectral features are found in this region it can be
concluded that the anti form does not exist under the experimental conditions applied. This is in
line with the quantum chemistry calculations, where the anti form of 7PyIn was found to be by

5.5 kcal/mol [99] less stable than syn rotamer.
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Fig. 3.2-7 The ionization-detected absorption of three pyridylindoles.
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Conclusions

On the basis of theoretical and experimental findings it was concluded that of the two rotamers

of 7-(2'-pyridyl)indole (7Pyln), the syn form is the most stable species.

The main conclusion however is that the phototautomerization in 7PyIn is coupled with a
twisting of the molecule, and that the twisting provides an efficient channel for ultrafast
radiationless excited state deactivation. Moreover, according to the observed isotope effect the
tautomerization is barrierless in the lowest excited electronic singlet state. This pattern of

excited-state tautomerization/deactivation might be quite general.
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3.2.3 Structure of adenine monohydrates by femtosecond multiphoton
ionization detected IR spectroscopy

Y. Nosenko, M. Kunitski, C. Riehn, P.H.P. Harbach, A. Dreuw, and B. Brutschy, The structure of adenine
monohydrates studied by femtosecond multiphoton ionization detected IR spectroscopy and quantum
chemical calculations, Physical Chemistry Chemical Physics, 2010, 12: p. 863-870.

In recent years, the photophysics of DNA nucleobases has attracted a lot of attention. It turned
out that all nucleobases can effectively dissipate the energy of absorbed UV radiation, a unique
property that prevents photoreactions in DNA to happen upon irradiation with UV photons, thus
leaving the genetic code intact. Of special interest are the paths by which the energy dissipation

takes place and the role of the environment in these processes.

Thus, photostability of nucleobases originates from the very short excited state lifetimes of the
isolated nucleobases, which are only of the order of several picoseconds [101-103], becoming
even shorter upon microsolvation [104, 105]. This ultrafast excited state dynamics is the main
obstacle for vibrational analysis of the Ade/9mAde monohydrates by means of the conventional
size and isomer selective IR/R2PI depletion spectroscopy, exploiting ns laser pulses. Therefore,
the modified version of this method, IR/fsMPI, was applied for acquiring the infrared spectra of

monohydrates of Ade and 9mAde in the region of N-H and O-H vibrations.

Since methylation reduces the number of the possible hydration sites from three to two
(Fig. 3.2-8), the 9mAde:water spectrum was thought to be helpful for the assignment of the

vibrational bands of the Ade monohydrate.
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Fig. 3.2-8 Schematic primary hydration sites of 9H-adenine and 9-methyladenine.

In Fig. 3.2-9 are shown the recorded IR/fsMPI spectra of 9mAde and Ade monohydrates as well
as the calculated at the B3LYP/cc-pVTZ level of theory stick spectra of the possible cluster

geometries.
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Four cluster specific IR bands were observed at 3717, 3528, 3376 and 3326 cm™ for the 9mAde
monohydrate. Unfortunately, given the similarity of the calculated spectra for both 9mAde:water
clusters, N1 and N7 (Fig. 3.2-9, left), and taking into account the fact that the IR/fsMPI method
is not isomer selective, it is not possible to tell whether one or two isomers are present under

experimental conditions applied.
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Fig. 3.2-9 IR/fsMPI spectra of the 9-methyladenine:water (left) and adenine:water (right) complexes
compared to calculated stick spectra. The corresponding cluster geometries are shown as well.

Six IR bands were recorded for the monohydrate of Ade at 3720, 3574, 3530, 3453, 3409 and
3387 cm™. The vibration at 3530 cm™, being very close to the band at 3528 cm™ of 9mAde
monohydrates, is assigned to the stretching of non-bonded NH of the amino group. Thus, this
band indicates the presence of the amino-bound hydrates, however, as was stated above, it is not
possible to separate the individual contributions of N1 and N7 isomers.

Compared to 9mAde, one additional hydration site is available for Ade, involving the N9-H
group as an H-bonding donor and the N3 atom as an acceptor. Indeed, weak but reproducible
features at 3453 and 3574 cm™ is the characteristic fingerprint of the free amino group of

adenine, which indicates the presence of the N3 isomer under applied experimental conditions.

The issue of the relative stability of N3 and amino-bounded isomers of the Ade monohydrate
was addressed as follows. The intensity of the 3409 cm™ band, which is attributed to the N3
isomer, is twice higher than that of the amino-bound isomer at 3387 cm™, though the oscillator
strength of the latter was calculated to be about by 20% more intense. Hence, assuming similar

ionization cross sections for both isomers, the N3 bounded complex should be of higher
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abundance than the amino-bound ones; this is consistent with quantum chemistry calculations,

which give the N3 isomer to be the most stable structure.

In the course of acquiring the infrared spectra of monohydrates the ion signals in the monomer
mass channels have been recorded as well. Interestingly, in contrast to the clusters, the monomer
specific bands of Ade and 9mAde are shown up as an increase in the ion signal. This effect is not
common and can have a twofold explanation. On the one hand, the signal enhancement might be
caused by an IR induced increase of the Franck-Condon (FC) overlap for excitation or/and
ionization steps, like for the 7-azaindole dimer [106], or by involvement of new excited or/and
cationic states with appropriately higher transition dipole moments. On the other hand,
vibrationally hot molecules may access the nn* (*L,) electronic state with a large dipole moment

[107], which is reflected as an increase of ionization yield.

Another interesting observation is the fragmentation pattern of Ade monohydrates in the
monomer mass channel. Namely, the bands assigned to the amino-bound hydrate, for instance at
3387cm™, show a depletion in the 1*:0 channel, while that of the N3 bound (3409 cm™) — rather
an enhancement (Fig. 3.2-10, left). In order to explain this, the dynamics of the hydrates in the
ground, electronically excited and cationic states have additionally to be taken into account,
since dehydration of the complexes is energetically possible at all three stages of the

photoionization process, as shown on the right of Fig. 3.2-10.
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Fig. 3.2-10 The fragmentation pattern of the adenine hydrates in the monomer mass channel 1:0" (left)
and the energy diagram that shows possible dissociation paths in the ground, electronic excited and
cationic states (right). Ak denotes change of a process rate after IR absorption.

The rate of direct dissociation of a hydrate in electronically excited and cationic states can only
increase upon IR preexcitation. Dissociation of a hydrate in its neutral ground state is only

possible after IR excitation. Since dissociation produces new monomer molecules ready for
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ionization, or, if it is occur in the cationic state, new monomer ions, this will lead to an increase

in the monomer ion signal.

There is however another process in the excited state, internal conversion (IC), which brings a
hydrate back to its ground state, where it subsequently dissociates. Since this excited state
relaxation happens in the middle of the fsMPI process, neither hydrate nor monomer can be

ionized, which results in depletion of the ion signal in both mass channels.

Hence, the depletion of the ion signal at the specific band of amino-bound Ade hydrate
(3387 cm™) indicates the prevalence of a fast IC mechanism over the dissociation of this
complex. The opposite situation is observed for the N3 bound Ade hydrate with the IR induced
enhancement of the fragmentation signal (Fig. 3.2-10, 3409 cm™). This means that IC is not as

efficient as in the case of the amino-bound hydrates and dissociation is the dominant process.

The different fragmentation behavior of amino-bound and N3 bound monohydrates of Ade is
consistent with their excited state dynamics observed in various pump-probe experiments. Two
decay components of 110 fs and 1 ps were reported upon excitation by 267nm for 9mAde
monohydrate, where only amino-bound isomers are possible [107]. The fast 110 fs process is
associated with the n* state relaxation by means of IC. This process is accompanied with the
out-of-plane ring deformations, which are only weakly coupled with the in-plane dissociative

intermolecular motion that would cause fragmentation.

The excited state dynamics of N3 monohydrate of Ade can be understood in terms of the nc*
state, associated with the N9-H group, which in this case makes a hydrogen bond with a water
molecule. The o™ state is dissociative by its nature; it can provide the dissipation path for the
excitation energy to the intermolecular motion of the hydrate counterparts. Only a 80 fs decay
was observed for the Ade-water complex in the pump-probe experiment with 130 fs laser pulses
[105]. No sign of a 1 ps decay component, characteristic of the amino bound hydrates, was
reported. Probably this component was too weak to be observed, which is justified by the fact

that amino bound hydrates are less abundant than the N3 one.

Summarizing, based on the present IR/fsMPI results, the biexponential 0.1/1 ps decay has to be

assigned to the amino bound hydrates, whereas the N3 complex should decay faster than 100 fs.
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Conclusions

The IR spectra of Ade and 9mAde hydrates were measured for the first time utilizing
femtosecond two-photon ionization detection. Observed vibrational bands for the 9mAde
monohydrate can be assigned to two amino bound isomers, since they have similar vibrational
fingerprints according to the quantum chemistry calculations. Moreover, we have identified two
Ade hydrates, amino and N3 (N9-H) bound forms. These two isomers of the Ade monohydrate
show different fragmentation patterns in the monomer mass channel, which implies different
intermolecular dynamics of their excited states. In particular, for the N9-H bound hydrate excited
state dissociation is more efficient than internal conversion (IC), whereas for the amino bound

species, IC is dominant.
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4 Overview and Future Perspectives

In the current PhD thesis the structure and dynamics of molecule and molecular aggregates were
investigated by femtosecond spectroscopy. In particular, ultrafast large amplitude intramolecular
motions in the electronically ground state of the non-rigid cyclic compounds were probed by
rotational femtosecond degenerate four-wave mixing spectroscopy (fs DFWM). These motions,
being of fundamental interest in chemistry and biology, were studied by far-infrared- and
microwave spectroscopies over the last several decades. However, the conventional methods are
not applicable for molecules lacking or possessing only a small dipole moment. For these cases
fs DFWM spectroscopy is an attractive tool, since it is based on the Raman scattering, and,
therefore, it is suitable for non-polar molecules. The fs DFWM approach was successfully tested
on the two five-membered ring molecules: pyrrolidine and cyclopentene, which possess large
amplitude ring-puckering vibrations.

The method is however not restricted by ring-puckering vibrations, but can be employed for
studying other kinds of large amplitude intramolecular motions. Thus, we are going to apply fs
DFWM spectroscopy for investigation of internal rotation in the 1-butene molecule. There is still

controversy about the energy potential of the internal rotation in this molecule.

Another kind of ultrafast dynamics that takes place in the electronically excited state of
molecules and molecular complexes (microsolvates) was studied by IR depletion detected by
multiphoton ionization using femtosecond laser pulses (IR/fsMPI). This vibrational
spectroscopic method in combination with quantum chemistry calculations allows for gaining
information on structure of molecules and their microsolvates, which have electronically excited
states with ultrashort lifetimes. Such systems cannot be studied by the conventional double
resonance spectroscopic techniques, since their principles imply the existence of a long-lived

intermediate state.

The ultrashort lifetimes is often the manifestation either of an “clementary” reaction, such as
proton or electron transfer, which occurs in the excited state or of a fast non-radiative
deactivation processes, such as internal conversion via conical intersection of the electronically
excited and ground state. The pump-probe resonant excitation multiphoton ionization (fs
REMPI) spectroscopy was utilized in order to probe the dynamics of such short-lived excited
states. In this way the 7-(2'-pyridyl)indole molecules, which undergoes phototautomerisation

followed by fast radiativeless relaxation channel, was investigated. The IR/fsMPI was applied
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for study the following ultrashort-lived excited state aggregates: 1H-pyrrolo[3,2-h]quinoline
(PQ) with water/methanol as well as adenine- and 9-methyl-adenine-(water) clusters.

In future, employing the both IR/fsMPI and fs REMPI methods we are going to investigate the
structure and excited state dynamics of the nucleobase pair adenine-thymine. It is known that all
nucleobases can effectively dissipate the energy of absorbed UV radiation, a unique property that
prevents photoreactions in DNA to happen upon the sun light, preventing the genetic code from

damaging. Therefore, the photodynamics of the nucleobases pairs is of special interest.
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Summary

6 Summary

Large amplitude intramolecular motions in non-rigid molecules are a fundamental issue in
chemistry and biology since they take place in a wide range of relevant biomolecules such as
deoxyribose/ribose of DNA/RNA, the amino acid proline or the drug nicotine. The conventional
approaches for study these motions by far-infrared and microwave spectroscopy are not
applicable when the molecule is non-polar. Therefore, in the current thesis an alternative
approach for the investigation of large amplitude intramolecular motions was developed and

tested. This new method is based on femtosecond time-resolved rotational spectroscopy.

Another important subject is the photophysics of molecules and molecular clusters which have
an ultrashort lifetime of the electronically excited state (photoreactivity). These ultrashort
lifetimes often represent a protective mechanism causing photostability. The photoreactivity is
usually the manifestation either of an “clementary” reaction, such as proton or electron transfer,
which occurs in the excited state or of a fast non-radiative deactivation processes, such as
internal conversion via conical intersection of the electronically excited and ground state. In
these mechanisms solvent plays an important role, which implies additional requirements on the
investigational method. Taking all requirements into account, a new vibrational spectroscopic
approach was proposed for studying the structure of photoreactive microsolvated molecules.

Large amplitude intramolecular motions

The method for investigation of large amplitude intramolecular motions in non-rigid molecules
is based on femtosecond rotational degenerate four-wave mixing spectroscopy (fs DFWM). This
approach was successfully tested on two molecules, pyrrolidine and cyclopentene, which belong
to the group of five-membered-ring cycloalkenes. Because of non-aromatic character, the ring of
these molecules lacks in rigidity, which results in low frequency large amplitude out-of-plane

skeletal vibrations.

Fs DFWM can be employed as rotational spectroscopy for the observation of rotational
coherence phenomena. This technique is based on a Raman scattering, which makes it applicable
for obtaining structural information on non-polar molecules. During a large amplitude motion
there are noticeable changes in the structure of the molecule. The structural sensitivity of
fs DFWM as rotational spectroscopy makes it possible to detect geometrical changes, and,
subsequently, to acquire information on the intramolecular dynamics that causes these changes.

Gaining the dynamical information of the large amplitude motion is done by comparison the
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experimental fs DFWM spectrum with that simulated according to a chosen quantum mechanical
model for this motion.

Pyrrolidine has two out-of-plane large amplitude ring-puckering modes consisting of a bend and
a twist, which cause the ring atoms to move in such a way that the phase of the puckering rotates
around the ring. This motion was termed pseudorotation. During pseudorotation the exchange
between two conformers of pyrrolidine, axial and equatorial, occurs. In the analogous systems
cyclopentane and tetrahydrofuran pseudorotation is almost unhindered, with barriers of only
25cm™ and 30 cm™, respectively. Using fs DFWM spectroscopy and a one-dimensional
quantum model for pseudorotation the complete potential and rotational constants along
pseudorotation of pyrrolidine were obtained for the first time with high precision. It turned out
that the barrier for pseudorotation in pyrrolidine is 220 cm™, which is significantly larger than in
cyclopentane and tetrahydrofuran. According to the obtained potential the equatorial conformer
is by 29 cm™ more stable than the axial one. This is a refinement of the microwave spectroscopic
findings, where the energy difference between two conformer of pyrrolidine was estimated to be
lower than 220 cm™. It should be noted that pyrrolidine is a particularly difficult system for
microwave and infrared spectroscopy because of its low dipole moment. Only the axial and
equatorial conformers, the two end points on pseudorotational path, were detected by microwave
spectroscopy so far.

Cyclopentene has a different kind of ring-puckering motion. Because of the presence of the
double bond in the ring the twisting mode of cyclopentene ring has a relatively high frequency
(386 cm™), therefore at room temperature mainly the bending mode (ring inversion) is active.
This motion can be described using a one-dimensional double minima potential with a barrier
corresponding to the planar ring structure. From the fs DFWM spectrum of cyclopentene, this
barrier was found to be 274 cm™, which is somewhat higher than the value of 232 cm™ obtained
by far-infrared spectroscopy. However, the derived rotational constants along the ring-bending

vibration are in excellent agreement with those determined by microwave spectroscopy.

Thus, the high structural sensitivity together with good energetic evaluation of the transition path
makes the fs DFWM spectroscopy an attractive tool for the investigation of large amplitude
intramolecular motions. The method is particularly interesting for molecules lacking or
possessing only a small dipole moment, where far-infrared and microwave spectroscopy cannot

be applied.
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Structure and dynamics of photoreactive molecules and molecular clusters

The second method, infrared depletion detected by femtosecond multiphotonionization
(IR/fsMPI), was developed in our lab for vibrational study of molecule and molecular clusters,
which have ultrashort excited state lifetimes, in the X-H (X=C, O, N) stretch region. The
positions of X-H stretches carry valuable information about intra- and intermolecular hydrogen
bonds of the molecules and microsolvates. Furthermore, by comparing the experimental and
theoretical spectra, the structure of the molecular aggregate can be unequivocally deduced. Since
the cluster formation implies supersonic expansion conditions, not many techniques are
applicable for such a vibrational analysis. One of the most widely used is the conventional IR
depletion detected by resonance two-photon ionization spectroscopy (IR/R2P1), first applied for
microsolvates in our lab. The working principle can be briefly explained as follows. The
molecular system is affected by tunable IR radiation, and then resonantly ionized through the
first excited singlet state using two UV photons. A so-produced ion current is detected by a
time-of-flight spectrometer. If the IR radiation is in resonance with any molecular vibration, the
efficiency of the second, ionization step will change, thus altering the ion current. In this way a

vibrational spectrum can be acquired by tuning the IR laser.

However, the conventional IR/R2PI1 spectroscopy, which employs nanosecond laser pulses, is
not applicable to the molecular aggregates with a short lived excited state. The reason for this is
that the efficiency of the R2PI process drops significantly with decreasing the life-time of the
intermediate excited state. Therefore, the conventional approach was modified by adopting
femtosecond laser pulses for the two photon ionization. In this new technique the ionization of
the molecules is done by femtosecond multiphoton ionization (fSMPI).

IR/fsMPI spectroscopy was applied for investigation of the following aggregates:
1H-pyrrolo[3,2-h]quinoline (PQ) with water/methanol as well as adenine- and 9-methyl-adenine-

(water) clusters.

PQ belongs to the group of bifunctional azaaromatics, which implies that a molecule possesses
both H-bonding donor and acceptor sites. At these sites solvent molecules may be bound forming
so called microsolvates of typ 1:n (solute:solvent). The structures of 1:1 and 1:2 clusters are
assigned to species in which the solvent molecule(s) form a hydrogen-bonded bridge between
aromatic NH group (donor) and quinoline nitrogen (acceptor) of PQ. Both PQ-methanol and PQ-
water aggregates reveal the same excited state dynamics: whereas the 1:2 complex exhibits

fluorescence upon S1<—Sg excitation and is thus relatively long-lived, the 1:1 cluster does not
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fluoresce due to a short excited state lifetime. The fast excited state deactivation in the 1:1
aggregate was previously ascribed to an excited state proton transfer followed by a nonradiative
relaxation of the vibrationally excited tautomer. Both 1:1 and 1:2 PQ-water complexes reveal

weaker hydrogen bonding than the analogous clusters with methanol.

Vibrational bands observed by IR/fsMPI for the 9-methyladenine monohydrate can be assigned
to two amino bound isomers, since they have similar vibrational fingerprints according to the
quantum chemical calculations. In addition, the adenine (Ade) hydrates were identified as amino
and N3 (N9-H) bound forms. These two isomers of the Ade monohydrate show different
fragmentation patterns in the monomer mass channel, which implies a different excited state
intermolecular relaxation dynamics. In particular, for the N9-H bound hydrate excited state
dissociation is more efficient than internal conversion (IC), whereas for the amino bound species,

IC is dominant.

The excited state dynamics of another bifunctional azaaromatic molecule 7-(2'-pyridyl)indole
(7PyIn) was studied by femtosecond pump-probe resonance excitation multiphoton ionization
technique (fs REMPI). This molecule has donor and acceptor sites close to each other and
connected by intramolecular H-bond. Under electronic excitation this results in a fast proton
transfer (phototautomerization) followed by radiationless excited state deactivation process. As
determined by fs pump-probe REMPI measurements, this relaxation process occurred in 280 fs
and 390 fs for normal and N-deuterated 7PylIn, respectively. The modulation of the fs pump-
probe spectra leads to the conclusion that the phototautomerization in 7PylIn is coupled with a
twisting of the molecule, and that the twisting provides an efficient channel for ultrafast
radiationless excited state deactivation. Moreover, according to the observed isotope effect the
tautomerization is barrierless in the lowest excited electronic singlet state. This pattern of
excited-state tautomerization/deactivation might be quite general.

Thus, the combination of IR/fsMPI and fs pump-probe REMPI is an attractive tool for
investigation of structure and excited state dynamics of photoreactive molecules and molecular

aggregates.
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7 Zusammenfassung

Intramolekulare Bewegungen mit groler Amplitude

Intramolekulare Bewegungen mit groBer Amplitude in nicht-starren Molekiilen im
elektronischen Grundzustand sind von fundamentalem Interesse in Chemie und Biologie, da sie
in einer Vielzahl von Biomolekiilen wie der DNA/RNA, der Aminosaure Prolin sowie in Nikotin
stattfinden. Konventionelle Methoden um diese molekularen Bewegungen spektroskopisch zu
untersuchen wie Ferninfrarot- und Mikrowellenspektroskopie sind auf polare Molekiile begrenzt.
Deshalb wurde in der vorliegenden Arbeit eine alternative Methode auf Basis der zeitaufgelosten

Femtosekunden-Rotationsspektroskopie entwickelt und getestet.

Die neue spektroskopische Methode zur Untersuchung von intramolekularen Bewegungen mit
groler Amplitude in nicht-starren  Molekiillen basiert auf der Femtosekunden-
Rotationsspektroskopie mit Hilfe der Entarteten-Vier-Wellen- Mischung (fs DFWM). Sie konnte
erfolgreich fiir zwei Molekiile, Pyrrolidin und Cyclopentan, welche zur Gruppe der fiinf-Ring
Zyklopentane zdhlen, demonstriert werden. Aufgrund des nicht-aromatischen Charakters der
Molekiile liegt eine geringere Starrheit des Molekiilrings vor, die zu niederfrequenten out-of-

plane Schwingungen mit groBer Amplitude des Molekiilgeriists fiihrt.

Die Femtosekunden-Rotations-DFWM  Spektroskopie kann zur Untersuchung von
Rotationskohdrenzphdnomenen eingesetzt werden. Die Technik basiert auf der Raman-
Spektroskopie und kann damit auch auf Strukturuntersuchung von nicht-polaren Molekiilen
angewendet werden. Wihrend der Bewegungen mit grofler Amplitude treten merkliche
Anderungen in der Molekiilstruktur auf. Die hohe Empfindlichkeit der Femtosekunden-
Rotations-DFWM  Spektroskopie gegeniiber strukturellen Anderungen ermdglicht es,
Informationen {iiber die zugrunde liegende intramolekulare Dynamik zu erhalten. Um die
Dynamik zu bestimmen, wird das experimentelle Spektrum mit einer Simulation, basierend auf

einem quantenmechanischen Modell der jeweiligen Bewegung, verglichen.

Der Pyrrolidin-Ring besitzt zwei Schwinungsmoden groer Amplitude: bei der der Ring eine
Verbiegung (bend mode) bzw. eine Verdrillung (twist mode) vollfithrt. Dies hat zum Ergebnis,
dass die Phase, mit der die ausgelenkten Ringatome sich bewegen, um den Ring herum uml&uft.
Diese Bewegung wurde deshalb Pseudorotation genannt. Wéhrend der Pseudorotation wechselt
Pyrrolidin zwischen dem axialen und dem 4quatorialen Konformer. In den analogen Systemen

Cyclopentan und Tetrahydrofuran ist die Pseudorotation nahezu ungehindert, was sich in den
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energetischen Barrieren von nur 25 cm™ beziehungsweise 30 cm™ wiederspiegelt. Anhand der
Femtosekunden-Rotations-DFWM Spektroskopie und einem eindimensionalen
quantenmechanischen Modell der Pseudorotation konnten zum ersten Mal das Potential und die
Rotationskonstanten der Pseudorotation von Pyrrolidin mit hoher Genauigkeit bestimmt werden.
Es hat sich gezeigt, dass die Barriere der Pseudorotation in Pyrrolidin 220 cm™ betrigt, was
merklich hoher ist als in Cyclopentan und Tetrahydrofuran. Gemil dem experimentell
bestimmten Potential ist das idquatoriale Konformer um 29 cm™ stabiler als das axiale
Konformer. Diese Energiedifferenz der beiden Konformere des Pyrrolidin ist eine deutliche
Verbesserung der durch Mikrowellenspektroskopie erhaltenen Abschidtzung von weniger als
220 cm™. Aufgrund seines geringen Dipolmomentes stellt Pyrrolidin ein besonders schwer zu
untersuchendes System fiir die Mikrowellen- und die Infrarotspektroskopie dar. Bis heute
konnten nur die beiden Konformere, die zwei Endpunkte der Pseudorotation, mittels

Mikrowellenspektroskopie nachgewiesen werden.

Cyclopenten zeigt eine andere Art der Ringbewegung. Die Anwesenheit der Doppelbindung im
Ring fiihrt zu einer relativ hohen Frequenz der Ring-Verdrehung von 386 cm™. Bei
Raumtemperatur ist demnach hauptsichlich die Biege-Mode (Ringinversion) aktiv. Diese
Bewegung kann durch ein Doppelminimum Potential mit einer Barriere entsprechend der
planaren Ringstruktur beschrieben werden. Mit Hilfe der Femtosekunden-Rotations-DFWM
Spektroskopie wurde fiir diese Barriere ein Wert von 274 cm™ bestimmt, was etwas hoher ist, als
der mit Fern-Infrarotspektroskopie gefundene Wert von 232cm™. Die abgeleiteten
Rotationskonstanten der Biegeschwingung des Ringes zeigen jedoch eine hervorragende

Ubereinstimmung mit Werten, die mit Mikrowellenspektroskopie gefunden wurden.

Somit ist die Femtosekunden-Rotations-DFWM Spektroskopie, dank der hohen Empfindlichkeit
gegeniiber strukturellen Anderungen und der guten energetischen Darstellung der
Bewegungspfade, ein attraktives Werkzeug fiir die Untersuchung von intramolekularen
Bewegungen grofBer Amplitude. Diese Methode ist besonders interessant fiir das Studium von
Molekiilen ohne oder mit nur sehr kleinem Dipolmoment, da sowohl Ferninfrarotspektroskopie

als auch Mikrowellenspektroskopie bei solchen Molekiilen nicht anwendbar sind.
Struktur und Dynamik photoreaktiver Molekiile und molekularer Cluster

Ein weiterer wichtiger Aspekt ist die Photophysik von Molekiilen und molekularen Clustern mit
ultrakurzen Lebensdauern ihrer elektronisch angeregten Zustdnde. Diese sind oft

Schutzmechanismen in Bezug auf die Photostabilitdit der Molekiile. Die sogenannte
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Photoreaktivitdt manifestiert sich in Elementarreaktionen wie Protonen- oder Elektronentransfer
in angeregten Zustdnden oder schnellen strahlungslosen Deaktivierungsprozessen, wie interner
Konversion oder sie lduft iiber konische Durchschneidungen des elektronisch angeregten
Zustandes mit dem elektronischen Grundzustand. Innerhalb dieser Mechanismen spielen
Losungsmittel oft eine wichtige Rolle, was eine zusdtzliche Komplexitit und somit eine
Herausforderung an die Untersuchungsmethode darstellt. Unter Beriicksichtigung all dieser
Anforderungen wurde in der vorliegenden Arbeit eine neue spektroskopische Methode zur
Strukturuntersuchung von photoreaktiven molekularen Aggregaten und zu zeitaufgelosten

Relaxationsstudien entwickelt.

Die zweite Methode ist die Infrarot-Depletion, nachgewiesen mittels Femtosekunden-
Multiphotonen-lonisation (IR/fsMPI). Diese Methode wurde in unserem Labor entwickelt, um
Schwingungsstudien im Bereich der X-H Streckschwingungen (X=C, O, N) an Molekiilen und
molekularen Clustern durchzufiihren, welche eine extrem kurze Lebensdauer im angeregten
Zustand besitzen. Die Positionen der X-H Streckschwingungen beinhalten wichtige
Informationen tiiber intra- und intermolekulare Wasserstoffbriicken von Molekiilen und deren
Mikrosolvaten. Dariiber hinaus kdnnen durch Vergleich von experimentellen mit theoretischen
Spektren die Strukturen molekularer Aggregate eindeutig abgeleitet werden. Da die
Clusterbildung Uberschallexpansion-Bedingungen voraussetzt, sind nur wenige Methoden fiir
solch eine Schwingungsanalyse geeignet. Eine weit verbreitete Methode ist die Infrarot-
Depletion, nachgewiesen mittels resonanter Zwei-Photonen-lonisation (IR/R2PI), welche in
unserem Labor erstmalig auf Mikrosolvate angewendet wurde. Das Prinzip ldsst sich vereinfacht
wie folgt beschreiben. Das molekulare System wird mit abstimmbarer IR Strahlung bestrahlt und
anschlieBend iiber den ersten angeregten Singulettzustand mit zwei UV Photonen resonant
ionisiert. Die entstandenen lonen werden mit einem Massenspektrometer nachgewiesen. Ist die
IR Strahlung in Resonanz mit einem Schwingungsiibergang im Molekiil, dann &ndert sich die
Effizienz des lonisationsschrittes und somit der lonenstrom im Massenspektrometer. Auf diese

Weise konnen Schwingungsspektren bei Abstimmen des IR Lasers aufgenommen werden.

Die konventionelle IR/R2P1 Methode, die Nanosekunden Laserpulse verwendet, ist jedoch nicht
anwendbar auf Molekiile in elektronisch angeregten Zustanden mit sehr kurzer Lebensdauer. Der
Grund dafiir ist, dass die Effizienz des R2PI Prozesses mit abnehmender Lebensdauer des
angeregten Zustandes merklich sinkt. Daher wurde der konventionelle Ansatz um
Femtosekunden Laserpulse erweitert. In dieser neuen Technik wird die Ionisation der Molekiile

mittels Femtosekunden-Multiphoton-lonisation realisiert.
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Anhand der IR/fsMP1 Spektroskopie wurden folgende Aggregate untersucht:

1H-pyrrolo[3,2-h]quinoline (PQ) mit Wasser/Methanol sowie Adenin- und 9-Methyl-Adenin-
(Wasser) Cluster.

PQ gehort zu der Gruppe der bifunktionalen Azaaromaten, die sowohl H-Bindung Donoren als
auch Akzeptoren besitzen. An diesen Stellen konnen Losungsmittelmolekiile gebunden werden,
wobei sie sogenannte Mikrosolvate des Typs 1:n (Molekiil: Losungsmittel) bilden. Die Strukturen
der 1:1 und 1:2 Aggregate werden Spezies zugeordnet, in denen die Losungsmittelmolekiile eine
Wasserbriicke zwischen der aromatischen NH-Gruppe (Donor) und dem Quinolin-Stickstoff
(Akzeptor) eingehen. Sowohl PQ-Methanol als auch PQ-Wasser Aggregate zeigen dieselbe
Dynamik im angeregten Zustand: Wiahrend die 1:2 Aggregate unter S;<—Sp Anregung
fluoreszieren und daher relativ langlebig sind, zeigen die 1:1 Aggregate aufgrund eines nur sehr
kurzlebigen angeregten Zustandes keine Fluoreszenz. Die schnelle Deaktivierung des angeregten
Zustandes in den 1:1 Aggregaten wurde bereits frither einem Protonentransfer im angeregten
Zustand (ESPT) zugeschrieben, gefolgt von einer strahlungslosen Relaxation des schwingungs-
angeregten Tautomers. Sowohl die 1:1 als auch die 1:2 PQ-Wasser Komplexe zeigen eine

schwichere Wasserstoftbriickenbindung als die analogen Komplexe mit Methanol.

Die mit IR/fsMPI Spektroskopie beobachteten Schwingungsbanden fiir das 9-Methyladenin
Monohydrat konnen zwei Amino-gebundenen Isomeren zugeordnet werden, da diese, gemal
quantenchemischen Berechnungen, dhnliche Schwingungsfingerabdriicke aufweisen. Die Adenin
Hydrate wurden als Amino- und N3 (N9-H) gebundene Isomere identifiziert. Die beiden Isomere
des Adenin Monohydrates zeigen verschiedene Fragmentationsmuster im Monomerenkanal des
Massenspektrometer, was eine unterschiedliche intermolekulare Relaxationsdynamik des
angeregten Zustandes voraussetzt. Insbesondere fir das N9-H gebundene Hydrat ist die
Dissoziation des angeregten Zustandes effizienter als die interne Konversion (IC), hingegen fiir

die Aminogebunde Spezies ist die IC dominant.

Die Dynamik im angeregten Zustand eines anderen bifunktionalen Azaaromaten,
7-(2'-pyridyl)indol  (7PyIn), wurde mit Femtosekunden-Resonant-Excitation-Multiphoton-
lonization (fSREMPI) untersucht. Dieses Molekiil besitzt dicht beieinander liegende Donor- und
Akzeptorgruppen, die iiber eine intramolekulare Wasserstoffbriicke verbunden sind. Als Folge
davon  findet nach  elektronischer ~ Anregung ein  schneller  Protonentransfer
(Phototautomerisierung) gefolgt von einem strahlungslosen Deaktivierungsprozess statt. Mit

Hilfe von fs REMPI Messungen konnte gezeigt werden, dass dieser Relaxationsprozess bei
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normalem 7Pyln in 280 fs und bei deuteriertem 7PyIn in 390 fs ablauft. Die Spektren fiihren zu
der Schlussfolgerung, dass die Phototautomerisierung in 7PylIn an eine Verdrillung des Molekiils
gekoppelt ist und dass diese Verdrillung einen effizienten Kanal fiir die strahlungslose
Deaktivierung bietet. Dariiber hinaus ist die Tautomerisierung geméll dem beobachteten
Isotopeneffekt im niedrigsten angeregten elektronischen Singulettzustand barrierelos. Dieses
Muster der Tautomerisierung im angeregten Zustand und der Deaktivierung ist womoglich

allgemeingiiltig.

Somit ist die Kombination aus IR/fsMPI und fs REMPI eine attraktive Methode, die Dynamik im
angeregten Zustand und die Struktur von photoreaktiven Molekiilen und molekularen

Komplexen zu untersuchen.
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"Missing levels lead to additional lines: the influence of nuclear spin statistics on femtosecond
degenerate four wave mixing spectroscopy of polyatomic systems"

C. Riehn, M.1. Kunitski, V.V. Matylitsky, M.F. Gelin, and B. Brutschy

Physical Chemistry Chemical Physics, 2005, 7(23): p. 3955-3962.

My contribution to this paper consisted in an implementation of nuclear spin statistics into the
simulation of fs DFWM spectra. Furthermore, | performed all simulations and analysis of the
spectral features.

"Pseudorotation in pyrrolidine: rotational coherence spectroscopy and ab initio calculations of a large
amplitude intramolecular motion™

M. Kunitski, C. Riehn, V.V. Matylitsky, P. Tarakeshwar, and B. Brutschy

Physical Chemistry Chemical Physics, 2010, 12: p. 72-81.

"Ring-puckering motion in cyclopentene studied by time-resolved rotational coherence spectroscopy
and ab initio calculations”

M. Kunitski, S. Knippenberg, M. Gelin, C. Riehn, A. Dreuw, and B. Brutschy

Physical Chemistry Chemical Physics, 2010, 12: p. 8190-8200.

My contribution to these two papers is the following. | have done all fs DFWM experiments
and developed the simulation code by taking into account large amplitude intramolecular
motions. In addition, | adopted the population based optimization algorithm (Differential
Evolution) for fitting the simulated fs DFWM spectra to the experimental ones.

"Detection and structural characterization of clusters with ultrashort-lived electronically excited
states: IR absorption detected by femtosecond multiphoton ionization™

Y. Nosenko, M. Kunitski, R.P. Thummel, A. Kyrychenko, J. Herbich, J. Waluk, C. Riehn, and B.
Brutschy

Journal of the American Chemical Society, 2006, 128(31): p. 10000-10001.

"Separation of different hydrogen-bonded clusters by fs UV-ionization-detected infrared spectroscopy:
1H-pyrrolo[3,2-h]quipoline (H,0) =12 complexes”

Y. Nosenko, M. Kunitski, C. Riehn, R.P. Thummel, A. Kyrychenko, J. Herbich, J. Waluk, and B.
Brutschy

Journal of Physical Chemistry A, 2008, 112(6): p. 1150-1156.

"The structure of adenine monohydrates studied by femtosecond multiphoton ionization detected IR
spectroscopy and quantum chemical calculations”

Y. Nosenko, M. Kunitski, C. Riehn, P.H.P. Harbach, A. Dreuw, and B. Brutschy

Physical Chemistry Chemical Physics, 2010, 12: p. 863-870.

The femtosecond aspect of IR/fsMPI experiments was relied on me. Moreover, | took part in the
development of the nozzle source for the production of supersonic molecular beams.
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"Proton transfer with a twist? Femtosecond dynamics of 7-(2 ~pyridyl)-indole in condensed phase and
in supersonic jets"

Y. Nosenko, G. Wiosna-Salyga, M. Kunitski, I. Petkova, A. Singh, W.J. Buma, R.P. Thummel, B.
Brutschy, and J. Waluk

Angewandte Chemie-International Edition, 2008, 47(32): p. 6037-6040.

My contribution to this work was the performance of the pump-probe REMPI experiments and the
subsequent analysis of the obtained spectra. For this purpose | developed the code, which allows the
fitted simulation of experimental REMPI spectra.
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We present the results of comprehensive experimental and theoretical studies of the effect of nuclear spin statistics
on the structure of rotational recurrences in femtosecond degenerate four-wave mixing (fs DFWM) spectra of
asymmetric top molecules. New recurrences of J-type with a period of 1/[4(B + C)] are identified in fs DFWM
spectra of near-prolate tops SO, [H. M. Frey, P. Beaud, T. Gerber, B. Mischler, P. P. Radi and A. P. Tzannis, J.
Raman Spectrosc., 2000, 31, 71] and NO; [I. Pastirk, M. Comstock and M. Dantus, Chem. Phys. Lett., 2001, 349,
71]. Our measurements of the asymmetric oblate-like top CH3NO, revealed new recurrences of A-type with a
period of 1/(84), A, B and C being the rotational constants.The incorporation of nuclear spin statistics into the fs
DFWM simulation-fitting code allowed us to successfully reproduce all these new features and the subsequent
theoretical analyses uncovered mechanisms of their appearance. The nuclear spin statistics is shown to have a
profound effect on fs DFWM spectra of asymmetric top species, notably with several zero spin nuclei.

1. Introduction

Recently, femtosecond time-resolved degenerate four-wave
mixing (fs DFWM) has been introduced as a new technique
for high-resolution molecular spectroscopy.!>> It represents
an ultrafast pump-probe implementation of rotational co-
herence spectroscopy (RCS) pioneered by Baskin, Felker and
Zewail in 1986.*

In general, RCS is based on coherent excitation of molecular
rotational energy levels employing ultrashort laser pulses in
order to generate a rotational wavepacket from an ensemble of
molecules.>® The periodic movement of this wavepacket on the
picosecond timescale is probed via a vector property (‘anten-
na’), like the transition dipole moment or the axis of maximum
polarizability. The obtained spectral features, so-called rota-
tional recurrences (RRs), can be understood qualitatively by
the picture of a classically spinning top, which exhibits periodic
realignments that are directly related to its moments-of-inertia
at fixed rotational energy.

In this work we have applied fs DFWM for generating and
probing of rotational coherence. This is a non-resonant tech-
nique based on rotational Raman excitation. It can be em-
ployed to investigate a sample under the low-temperature
environment of a supersonic expansion as well as at elevated
temperatures in a gas cell. No particular chromophore and no
permanent dipole moment is required. From a fs DFWM
spectrum several molecular parameters can be obtained. The
positions of RRs in the time domain are related to the inverse
of the rotational constants of the molecule under study. Thus,

1 Electronic supplementary information (ESI) available: Experimental
and simulated fs DFWM spectra of nitromethane. See DOI: 10.1039/
b510363k

1 On leave from the Institute of Molecular and Atomic Physics,
Skaryna Avenue 70, Minsk 220072, Belarus.

This journal is © The Owner Societies 2005 |

structural information is accessible which is particularly inter-
esting for large molecules or molecular systems such as clusters
where the frequency domain techniques are not applicable due
to spectral congestion. Femtosecond DFWM spectroscopy
also allows for the precise determination of centrifugal distor-
tion (CD) constants and delivers information on the aniso-
tropy of the polarizability tensor (PT).

In order to extract these pieces of information a theoretical
model for quantitative reproduction of the experimental spec-
tra is necessary. In this way a quantum mechanical approach
based on perturbation theory was developed by Felker et al.’
for rigid asymmetric tops. Gelin ef al.” investigated the RRs of
asymmetric tops by a semiclassical analysis of the quantum
orientational correlation function. For the general case of a
non-rigid asymmetric rotor the numerical simulation of the
corresponding spectra is indispensable. We have developed a
numerical simulation procedure that is based on Felker’s
original approach but generalizes it towards non-rigid asym-
metric tops and includes also the anisotropy of the PT.® Here
we will describe and demonstrate a further extension of our
spectral simulation model in order to incorporate nuclear spin
statistics (NSS) effects.

The spectral signature induced by NSS has been described in
the literature for diatomic and linear systems.' There, the
analysis is straightforward since the energy levels can be
obtained in an analytical form and the well-behaved regular
rotational level structure simplifies the symmetry assignment.
For example the spectra of O,, N, and CO, have been analyzed
in this way."">° However, the NSS effects for polyatomic non-
linear molecules in fs DFWM spectroscopy have up to now not
been elucidated and it is by no means trivial to predict the exact
influence of NSS on fs DFWM spectra as we will show in the
following.

In particular, we provide data and discuss the influence of
NSS on the energy level structure, the quantum beat frequency

Phys. Chem. Chem. Phys., 2005, 7, 3955-3962 |
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spectra and, finally, on the time-resolved spectra obtained by fs
DFWM. We present numerical simulations of the spectra for
the near-symmetric tops sulfur dioxide (SO,) and nitrogen
dioxide (NO,) which have been measured by Frey er al.'’
and Pastirk et al.,'! respectively (Fig. 1). Additionally, we have
recorded new fs DFWM spectra for the asymmetric top
nitromethane (CH3NO»), which are also discussed in the
framework of our spectral simulation model. All molecules
exhibit new types of rotational recurrences, which can be nicely
reproduced by the numerical simulations with our model.
Thus, the incorporation of NSS into the general spectral
simulation model is necessary for further developing RCS
towards high-resolution spectroscopy.

2. Theoretical background
2.1 Rotational Hamiltonian

In order to calculate the DFWM signal in the most general case
of a non-rigid asymmetric rotor, we adopt the Watson
A-reduced parameterization of the molecular Hamiltonian H,
which can be written in a perturbation treatment as a sum of
the rigid rotor Hamiltonian, Hy, and the centrifugal distortion
(CD)-induced part, Hep:'?

H=Hy+ Hcp 1)

The total Hamiltonian H possesses the D, symmetry. The D,
group (which is frequently referred to as V-group) consists of
four elements: three operators Cs(a), Co(b), Cs(¢) which de-
scribe rotation by the angle © around the axes a, b, ¢ and the
identity operator, E. Therefore, the eigenfunctions ¥® of the
Hamiltonian H can be classified according to the irreducible
representations (k = A, B,, B,, B, according to Mulliken
designation) of the group D,. Namely, the eigenfunctions
P are invariant upon two-fold rotation about any of the
principal axes of inertia. ¥®? are invariant upon the rotation
C5(i) about the i’s axis but change their sign under the other
two rotations.

Using the King—Hainer—Cross notation of asymmetric top
energy levels K_1,K;, (=K,,K,) species of the D, group can be
also labeled as ee, eo, oo, oe.'> The first letter indicates the
parity (even/odd) of K_; (K,), the second the parity of K; (K,).
The two notations are connected through: A = ee, B, = eo,
B, = oo, B, = oe.

2.2 Implementation of nuclear spin statistics

Molecular symmetry is significant in determining selection
rules for various spectra.'*!* In the context of rotational
coherence spectroscopy (RCS), a crucial role is played by the
nuclear spin statistics (NSS), provided the molecule under
study possesses several identical nuclei (notably with zero
spin).

Since interaction of nuclear spins with molecular electrons is
negligibly small, the total (coordinate x spin) molecular wave
function is independent of projections of nuclear spins on a
certain space-fixed axis and is thus degenerate. If a molecule
possesses identical nuclei, an exchange of any pair of them
results in the multiplication of the total wave function by +1
(symmetric) or —1 (antisymmetric wave function), depending
on whether the nuclei have an integer spin (bosons) or a half-
integer spin (fermions). All possible exchanges of identical
nuclei realize a certain reducible representation of the mole-
cular point group in the spin space. Decomposing this reduci-
ble representation into irreducible parts gives the weighting
factors which tell us how many times a certain irreducible
representation enters the reducible one. As a result, the co-
ordinate (electronic x vibrational x rotational) part of the
molecular wavefunction acquires certain statistical weights. On
the other hand, the ground vibronic state of a molecule is
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Table 1 Symmetry classification and nuclear spin statistical weights

D, K_ K| K,,K, SO,, NO, CH;NO,
A ee 1 1
B, eo 0 1
B, 00 1 0
B. oe 0 0

normally totally symmetric with respect to all transformations
of its point group. In this case, the symmetry of the coordinate
wavefunction with respect to these transformations coincides
with the symmetry of its rotational part. Thus the statistical
weights deliver the “oscillator strengths” for various rotational
transitions, which affect RCS transients.

It is generally believed that the influence of NSS on RCS
signals is substantial for diatomics and linear triatomics, but is
negligible for polyatomic molecules. The aim of the present
paper is to demonstrate that the NSS is of crucial importance
for polyatomic (asymmetric top) molecules possessing two
identical nuclei with zero spin. In that case, the mechanism
and extent of the influence of NSS on RRs is very similar for
both asymmetric top and linear molecules. Namely, a part of
the rotational transitions becomes forbidden.

Indeed, suppose that a molecule possesses two identical
nuclei with spin s, which are situated symmetrically with
respect to a certain principal axis of inertia. Let us denote this
axis by x and the remaining two axes by y and z. The rotational
wave functions ¥™ and Y®Y are thus invariant upon the
operation C»(x), while ¥ and ¥ change their signs. Since
the total (coordinate x spin) molecular wave function is multi-
plied by +1 (—1) upon the exchange of two identical bosonic
(fermionic) nuclei, it is straightforward to demonstrate,'*!
that the wavefunctions ¥® acquire the appropriate statistical
weights ¢;. Namely, (o = {g_= s + | (for an integer s) and s
(for a half-integer s). Vice versa, &g = &p_= s (for an integer s)
and s + 1 (for a half-integer s). Thus, the smaller the nuclear
spin, the stronger is its effect on the ratio of the statistical
weights. If the nuclei have zero spin, then 6B)> = ¢p. = 0and the
corresponding energy levels do not exist.

As a result of the discussion above the nuclear spin statistical
weights for the molecular species of this investigation have
been obtained and summarized together with their symmetry
assignments in Table 1.

2.3 Spectral simulations

The rotationally-sensitive part of a general fs DFWM signal is
expressed through the third order molecular susceptibility y(7)
as follows'®17

S(0) =1(0) @ [1(1) @ z(1)*e™",

7(t) ~ Im Z ([By> Bi(D])

ij=ab,c

2

Here I(7) is the intensity of the laser pulses, 7 is a phenomeno-
logical decay time, the indices label the axes of the principal
moments of inertia, the angular brackets denote the thermal
averaging,

Bift) = exp{—iHt/h}pexpliHt/h}

H being the total molecular Hamiltonian, eqn (1). B is the
imaginary part of the traceless polarizability tensor (PT) of a
ground vibronic state. Normally, the diagonal components of
the PT are much larger than the off-diagonal ones (see, e.g., ref.
18). Throughout the present paper we therefore neglect the off-
diagonal components and parametrize the diagonal compo-
nents of the traceless PT by a single angle —n/2 < ¢ < m/2:"
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Baa = rcos(e), P = rsin(e), fcc
= —r(cos()) + sin(e)), (3)

r=1/y/2+sin(2¢) being the
((Baa)” + (BeB)” + (Bco)” = D).

To evaluate the fs DFWM signal via eqn. (2), we have
incorporated the effect of the NSS into our computer code,
which has been described in more detail elsewhere.§7%'° In
short, the simulation procedure consists of several steps. (i) The
rotational energy level structure is obtained according to a
chosen Hamiltonian. (i) The rotational frequency domain
spectrum is constructed from the energy level structure and
the appropriate selection rules. (iii) This frequency domain
spectrum is converted into the time-domain spectrum by the
Fast Fourier Transformation (FFT). (iv) The time-domain
spectrum is convoluted with temporal shapes of the laser
pulses. The simulation is incorporated into a nonlinear fitting
routine, so that all steps (i-iv) are repeated until the difference
between the calculated and experimental spectra reaches the
desirable accuracy or until the difference cannot be decreased
any further.

The NSS is implemented within the first step. Namely, the asy-
mmetric top eigenfunctions ¥® belonging to a particular ir-
reducible representation of the group D, (k = A, B,, B, B,) are
constructed as the linear combinations of the symmetrized and
antisymmetrized eigenfunctions Yixy = (Wrxar £ Wr_xan)/ V2
of the rigid symmetric rotor Hamiltonian,'*

normalization constant

k k
qj.(/‘[)M = Z aEJ)KM ‘//szvr
K+

The matrix elements of the Hamiltonian (1) with respect to
Wxm are computed analytically. For any irreducible represen-
tation k of the group D, and for any magnitude (J) and
projection (M) of the angular momentum on the axis of the
laboratory frame, the finding of the coefficients %, is
reduced to the eigenvalue problem for the corresponding
N x N matrix, which is solved numerically (if k = A, then
N =J/2 + 1 and (J — 1)/2 for even and odd J, respectively; if
k = B,, By, B, then N = J/2 and (J + 1)/2 for even and odd
J, respectively). After the asymmetric top eigenvalues and eigen-
functions are obtained, the latter acquire the appropriate NSS
weights &, that is Y%, - &P®,, (k = A, B,, B,, B,). Note that
the energy levels within a J-manifold of an asymmetric top are
labelled by 7, with t = —J,...,0,...J, 1 = K_; — K;.

2.4 Nomenclature of RRs

The assignment and classification of RRs in time-domain RCS
spectra has been discussed in several reviews.>*?° The most
abundant RRs (for nearly symmetric tops) are the so-called
J-type RRs, with the period 7; = 1/[2(B + C)]. For slightly
asymmetric tops the asymmetry RRs of 4- or C-type with the
period ¢, = 1/(44) and tc = 1/(4C) can occur. They dominate
the spectrum for highly asymmetric species. Hereafter, RRs in
fs DFWM spectra will be denoted by X(1), X(2),..., X(n),
where n = 1,2,... numbers the RR peaks and (X = J, 4, C)
stands for the RR type.

The influence of the NSS on fs DFWM spectra of poly-
atomic molecules SO,, NO, and CH3;NO, is discussed and
exemplified in sections 4 and 5. They are shown to exhibit extra
RRs with the period #;/2 and 74/2, which will be referred to as
J(n/2) and A(n/2).

§ Our simulation program is based on the code developed by P. M.
Felker (UCLA, Los Angeles, USA) for computing ground-state RCS
transients for rigid asymmetric tops. We are grateful to him for
providing us with this code.

4| The simulation software described and applied here can be obtained
upon request from the corresponding author (CR).

This journal is © The Owner Societies 2005 |

3. Experimental

The femtosecond degenerate four-wave mixing measurements
on nitromethane have been performed with an experimental
setup described recently in detail>*?! Briefly, the laser setup
consists of an Ar-ion laser (Coherent, Innova 310) pumped
Ti:sapphire oscillator (Coherent, Mira Basic) and a chirped-
pulse amplification system (Quantronix, 4800 Series). The
output of this femtosecond laser apparatus (wavelength of
800 nm, 1 kHz pulse repetition rate, pulse duration is 200 fs
[fwhm autocorrelation], energy up to 800 uJ pulse ") is divided
into three beams: two pump and one probe beam of identical
linear polarization and energy. The probe beam is directed over
a computer controlled translational stage for scanning the time
delay up to 4 ns. All three beams are combined in a forward
boxcar arrangement in order to provide phase matching and
allow for the separation of the diffracted coherent four-wave
mixing signal beam.?

The fs DFWM measurements on nitromethane have been
performed in a gas cell at room temperature at a pressure of
ca. 40 mbar. The energy of the pump and probe laser beams
was ca. 70 pJ pulse !, The time delay scanning step size was 0.1
ps and 500 laser shots were averaged per delay line position.
Only the first 200 ps of the spectrum have been scanned.
Nitromethane was obtained from Riedel-de Haén (purity
99%) and was used without further purification. The fs
DFWM spectra for SO, and NO, were taken from the
literature.'®!" They have been obtained with similar experi-
mental setups as described here.

4. Results

4.1 Simulation of sulfur dioxide (SO,) and nitrogen dioxide
(NO,) spectra

The fs DFWM spectra for SO, and NO, are reported in the
literature.'®!! So, we will give here only spectral simulations
which emphasize NSS induced features of these spectra that
have not been discussed so far.

SO, and NO, molecules are near-prolate tops (Ray’s asym-
metry parameter k = 2B — 4 — ()/(A — C)= —0.942 and
—0.994, respectively) and belong to the point group C,,. The
rotational constants and other molecular parameters of these
tops used in the simulations are listed in Table 2. The rota-
tional constants are precisely known from microwave and
rotationally resolved IR experiments.>>** The centrifugal dis-
tortion for NO, was not considered here. The PT for both
molecules was used in a parameterized form (3). Computed
data from the literature®® on SO, give a PT of ‘prolate-like’
type, i.e., the largest polarizability is found along the a-axis
(prolate top axis). For the simulations we assume the same PT
parameterization for NO, since no data from the literature
were found.

Both molecules have two zero spin nuclei of oxygen
(s(**0) = 0) symmetrically situated about the b-axis (Fig.
1(a), (b). Hence, as described in section 2.2, energy levels of
symmetry B, (eo) and B.. (0e) do not exist. This NSS weighting
results in the simulated spectra depicted in Fig. 2(b), (d). For
comparison the traces of Fig. 2(a), (c) were simulated without
consideration of the NSS.

In the spectra of Fig. 2(b), (d) extra recurrences appear,
assigned as J(1/2), J(3/2) etc., which match exactly half of the
time interval of a J-type recurrence, i.e., t(n) = n/[4(B + C)],
n=1,2,... The decay of these new recurrences is very fast for
SO, (only J(1/2) can be clearly seen), whereas in the case of
NO, at least five recurrences of this type are seen. Additionally,
for SO, asymmetry recurrences of C-type are visible. Finally,
we state that the simulated fs DFWM spectra of SO, and NO,
including the NSS are in good agreement with the experimental
data.'o!!
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Table 2 Molecular data used for simulation of fs DFWM spectra of SO,, NO, and CH3NO,

Nitromethane (CH3NO,)

Parameter SO, NO, Fitted simulation, this work Ref. 26
A/GHz 60.778 549 82(32)“ 239.904 516(6)° 13.335(3) 13.341 881(30)
B/GHz 10.318 073 532(54) 13.002 2006(4) 10.543(7) 10.544 375(30)
C/GHz 8.799 703 384(49) 12.304 7551(4) 5.96(2) 5.875 760(29)
A,/kHz 6.612 203(126) ¢ 6.9(6) 6.14(62)
Ajx/kHz —116.949 69(213) — —29(4) 17.75(37)
Ax/kHz 2590.3156(77) — —9(15) —17.54(40)
d;/kHz 1.701 1290(123) — 2.467 2.467(44)
ox/kHz 25.36986(115) — 15.75 15.75(19)

K —0.942 —0.994 +0.243 +0.251
Temperature/K 300 300 300

Parametrized polarizability ¢/rad —0.292¢ —0.292¢ +1.57 +1.53

@ Rotational and CD constants taken from ref. 23. ® Rotational constants taken from ref. 24. ¢ No centrifugal distortion constants used for the
simulation. ¢ Calculated from ref. 25. ¢ Value fixed to the one for SO, implying a ‘prolate-like’ polarizability tensor. / Calculated from ref. 18.

4.2 Measurement and simulation of nitromethane (CH5NO,)
spectrum

Nitromethane (CH3NO») is a very asymmetric (x = +0.25)
oblate-like top which belongs to the C, point group (with one
of the H atoms in the ONO plane) or otherwise, to the C; point
group. The molecule has two zero spin nuclei of oxygen, which
are symmetrically situated about the a-axis (Fig. 1(c)). Thus,
the rotational levels of B, (00) and B, (0e) symmetry do not
exist. With the account of this effect the experimental fs

(a) (b)

Fig. 1 (a), (b) and (c) Schematic view of sulfur dioxide (SO,), nitrogen
dioxide (NO,) and nitromethane (CH3;NO,) molecules, respectively,
with principal axes of inertia.
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L c() c@)
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Fig. 2 Simulations of the fs DFWM spectra of SO, and NO.. (a) and
(b) SO, (c) and (d) NO, without/with consideration of nuclear spin
statistics, respectively. For assignment of rotational recurrences see
text.
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DFWM spectrum of nitromethane (Fig. 3(b)) can be repro-
duced by a fitted simulation (Fig. 3(a)). In order to focus the
discussion on the main peaks we have depicted the spectrum in
Fig. 3 only up to 120 ps. The spectrum up to 200 ps and the
result of the fitted simulation are given as electronic supple-
mentary information (ESI).T During this fitting the rotational
and CD constants of nitromethane were varied and the result-
ing values are given in Table 2 together with reference data
from microwave spectroscopy.?® For the simulations the influ-
ence of the internal rotor of the methyl group on the energy
level structure was neglected.

One can see that, as in the case of SO, and NO,, besides
‘classical’ transients of 4- and J-type, extra recurrences appear.
However, for nitromethane the NSS induces only the ‘dou-
bling’ of A-type (asymmetry) recurrences, while no ‘doubling’
of J-type recurrences is observed. These extra RRs possess the
period of 74/2 and are assigned as A(1/2) and A(3/2). The
simulation without considering NSS (depicted in Fig. 3(c))
does not reproduce the experimental spectrum, especially the
strongest recurrence A(3/2). Another remarkable feature of the
spectra of Fig. 3(a), (b) is that the 4-type recurrences show an

[ @
i Jﬁ A 5 10 15 20
Mol A A

C 1 " 1 " 1 " 1 " 1 "
21 b A(3/2) A(1)
5 L A(12) J(1)
ElN A3
\: i J@2) @) !
2T h j 5 10 15 20
E A A J A A

L

20 40 60 80 100
Delay / ps

A

Fig. 3 Experimental and simulated fs DFWM spectra of nitro-
methane. (a) Fitted simulation of the spectrum using nuclear spin
statistics. (b) Experimental fs DFWM spectrum (this work). (¢) Simu-
lation of the spectrum without consideration of nuclear spin statistics.
For assignment of rotational recurrences see text.
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Fig. 4 Simulations of the fs DFWM quantum beat frequency spectrum of SO,. Only the following transitions are taken into account: (a) AJ = 2,
At = -2, 1 > 0 (the J-type frequency sequence). (b) and (c) AJ = 2, At = —2, all 7, without/with consideration of nuclear spin statistics, respectively.

additional structure, i.e., a modulation in intensity over the
complete spectrum, such that every third recurrence (A4(3), 4(6)
etc.) is very strong. Similarly, this behavior is also seen for the
NSS extra recurrences.

5 Discussion
5.1. The near-symmetric top case: SO, and NO,

In order to understand the influence of the NSS on the fs
DFWM spectra we have undertaken extensive numerical si-
mulations and examined the resulting rotational energy levels
and quantum beat frequency domain patterns.

By these computer experiments on the SO, and NO, mole-
cules it was worked out that only transitions obeying the
selection rules AJ = 2, At = =2 (174>, — ;7 = —2) contribute
to the extra recurrences with the period of #,/2. For an
asymmetric prolate-like top these transitions are also involved
in the C-type*’ and J-type recurrence generation. To be
specific, transitions between lower 7 (t & —J) correspond to
C-type and higher 7 (r & J) to J-type recurrences. For a better
understanding of the origin of these extra recurrences, we
switch to the frequency domain. Since only certain transitions

take part in the generation of extra recurrences the spectral
simulations will be restricted to AJ = 2, At = —2 transitions.
The resulting quantum beat frequency spectra are given in Fig.
4 and 5. The NSS demand that antisymmetric rotational
eigenstates and the corresponding transitions do not exist.
For example, for SO, this changes the rotational quantum
beat frequency spectrum from Fig. 4(b) (without NSS) to the
regular pattern of frequency clusters Fig. 4(c) (with NSS,
clusters are marked by *). A similar effect is observed for the
spectra of the more symmetric NO, as depicted in Fig. 5(a).

In order to reveal the origin of ¢,/2 recurrences the following
numerical experiment was performed. Using the additional
restriction of t > 0 for the transitions, the simulation of the
quantum beat frequency spectrum of SO, leads to the sequence
plotted in Fig. 4(a), where regular frequency intervals of Af; =
2(B + C) = 38 GHz can be observed. These transitions
obviously contribute to the regular J-type recurrences
(t;(n) = n/2(B + C) = n*26 ps, n = 1, 2,...). By comparison
of the traces of Fig. 4(a) and Fig. 4(c), one can see that the
frequencies that appear in Fig. 4(c), where all 7 levels are
considered, are grouped in clusters of sequence 2Af;. Thus,
such a frequency pattern leads to a rotational recurrence of z;/2
in the time domain.

F @ J(1) J©2)

JA12) JG2) H H

L b

" 1 1 1 1 1 1 1 " 1 L 1 L 1 1

F®)

spun “aque / Aysusyu|

Intensity / arb. units, log scale

Il L 1 L | L 1 L 1 L 1 s 1 L Il L 1

0 5 10 15 20 25 30 35 40 0.8
Delay / ps

0.9 1.0 1.1 1.2 1.3 1.4 1.5
Frequency / THz

Fig. 5 Simulation of the fs DFWM spectrum and corresponding quantum beat frequency spectrum of NO,. Only AJ = 2, At = —2 transitions are
taken into account. Please note the logarithmic ordinate scale which was chosen in order to emphasize the extra recurrences at J(n/2). (a) NO,
(x = —0.994). (b) and (c) Artificial prolate top (x = —1) with/without consideration of nuclear spin statistics, respectively.
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Since the arrangement and intensity of lines within each of
the frequency cluster varies strongly, the corresponding rota-
tional recurrence is rather weak and does not persist for a long
time (c¢f. Fig. 2(b), where J(n/2) appears only once in the
spectrum for SO, with appreciable intensity).

For a perfect symmetric prolate top the frequency groups
collapse into lines of J-type frequency. In order to demonstrate
this case, we have considered an artificial molecule derived
from NO, with new rotational constants B’ = C' = (B + C)/2,
where B and C are the NO, constants. The resulting frequency
spectra are plotted in Fig. 5(b) and (c) with and without NSS,
respectively. The simulation with NSS (Fig. 5(b)) exhibits an
intensity modulation of the frequencies, which gives rise to
weak time-domain recurrences of J(1/2)-type. This interpreta-
tion is confirmed by comparison with the simulation in Fig.
5(c), where the NSS have been omitted. Thus in the case of
symmetric tops the NSS can also result in extra recurrences.

As far as intensity modulation of a frequency spectrum can
lead to extra recurrences we have explored the idea that not
only zero spin, but also non-zero spin nuclei might induce such
an effect. If they are symmetrically situated in a C», geometry,
the NSS leads to different statistical weights for rotational
levels which are classified as antisymmetric and symmetric with
respect to rotation about the C,, axis. Thus, different weights
can lead to an intensity modulation pattern of the quantum
beat frequencies, and this could also cause the ‘doubling’ of
rotational recurrences. In order to prove this suggestion, we
have chosen the CF, radical as a model. It was found that the
simulated fs DFWM spectrum (not shown here) exhibits weak
J(n/2) recurrences. This molecular top is prolate-like, as well as
SO, and NO,, with an asymmetry parameter of k = —0.96. The
two nuclei of F (s(*°F) = 1/2) are situated symmetrically about
the b-axis and thus the antisymmetric levels (species B, and B,)
and symmetric levels (A and B,) have statistical weights of 3
and 1, respectively. This leads to an intensity modulated
periodic pattern in the frequency spectrum, similar to SO,
and NO,. Hence, the occurrence of extra rotational recurrences
is not limited to cases where rotational energy levels do not
exist (zero statistical weight), but the additional features can
also be expected in the more general case of non-zero statistical
weighting factors.

Such effects have also been found for diatomic and linear
molecules.!>° In those cases the rotational energy structure is
described by only one quantum number J and analytical
expressions are obtained which allow for a comparably simple
analysis. For instance, the oxygen atoms in linear tops O, and
CO, have zero spin, the NSS weights éBh = éB(» = 0 and the
odd-J levels are thus forbidden. Therefore every second line in
the frequency spectrum does not exist and the RR period is
shortened by a factor of two, 1/(8B). For N, the ratio of the
statistical weights of symmetric and antisymmetric levelsis 2 : 1
(for "N, s = 1). This results in the alternating intensity
modulation in the frequency domain spectrum and shows up
as additional RRs with twice shorter period in the time-
domain.

5.2 The asymmetric top case: CH3NO,

We have confirmed by numerical experiments that the ob-
served extra rotational recurrences in the case of nitromethane
arise from transitions between the highest (t ~ J) rotational
eigenstates with AJ = 2 and At = +2 (154> — 77 = +2). This
differs from a prolate-like top, for which At = —2.

In Fig. 6 the upper (t > 0) rotational energy level structure
of two specific manifolds J = 27, 29 is depicted. Symmetric and
antisymmetric (according to Cy(a)) levels are shown with solid
and dashed lines, respectively. The upper levels are labelled,
according to the King—Hainer—Cross notation of asymmetric
top energy levels, by K_;, K; (t = K_; — K;) and according to
their D, group species. The transitions between two energy
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Fig. 6 Rotational energy level sub-structure of J' = 27 and J” = 29
manifolds of nitromethane (t > 0). Levels drawn with dashed lines are
antisymmetric with respect to C,(a) and therefore not occupied upon
consideration of nuclear spin statistics. Assignment of energy levels is
given in K_j, K; and D, group notation. Transitions are indicated by
arrows. Dashed arrows indicate lost transitions due to nuclear spin
statistics. The numbering of transitions is the same as that of Fig. 7.

levels of the two manifolds are marked with arrows. The energy
levels on the top of this structure show a small asymmetry
splitting. For the sake of clarity the separation of lines within
each pair is drawn enlarged. All At = +2 transitions between
the J-manifolds 27 and 29 result in the frequency spectrum
given in Fig. 7(a), so that the frequencies of lines 1, 2, 3... of
Fig. 7(a) correspond to the transitions 1, 2, 3... of Fig. 6 etc.
Moreover, one can clearly see that the pairs of antisymmetric
(according to C»(a)) rotational levels do not exist as well as the
corresponding frequency lines (Fig. 7(b)), so that only the
‘symmetric’ frequencies 2, 4, 6,... remain.

The spectrum in Fig. 7(c) represents an extension of the one
in Fig. 7(a). Here the At = +2 transitions between all J
manifolds differing by AJ = 2 have been considered. The
distance between the frequency groups of the evolving periodic
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Fig. 7 Simulations of the rotational quantum beat frequency spec-
trum of nitromethane. Only AJ = 2, At = +2 transitions are taken into
account. (a) and (b) Only between J' = 27 and J” = 29 manifolds,
without/with consideration of nuclear spin statistics, respectively. (c)
and (d) All J manifolds contribute, without/with consideration of
nuclear spin statistics, respectively. The frequency line marked 1
corresponds to two transitions: J5; <> Jg and Ja <> Jag; frequency
line 2 to Js <> J57 and J54 <> Jo and so on. In general: J, < Ji.,.

pattern is given by 44/3, so that the corresponding rotational
recurrence period equals 3/(44). Upon consideration of the
NSS the spectrum is clearly modified as depicted in Fig. 7(d).
The corresponding time period of the recurrences becomes
twice shorter (3/(84)). That explains the appearance of the
extra recurrence 4(3/2) in the experimental spectrum.

Another peculiar pattern in the nitromethane fs DFWM
spectrum is the observed intensity modulation of the A-type
recurrences. Every third RR of A-type was found to be strong.
This behaviour is not caused by NSS and can be rationalized as
follows.” In general, an asymmetric top molecule possesses two
rotational frequencies. One of them is responsible for the RR
of a certain asymmetry type while the other, which is much
smaller, induces intensity modulation of the corresponding
RRs. For A-type RRs, the ratio of the two frequencies is
A/+\/(A — C)(4 — B). This equals 2.94 (~ 3) for nitromethane,
which confirms nicely the experimental observation. In an
earlier investigation we have found an A-type modulation
period of a7 for the case of pyridine,”® which can also be
obtained from the corresponding rotational constants applying
the above formula.

5. Conclusions

We have presented extensive numerical simulations on fs
DFWM spectra of polyatomic molecules subject to pro-
nounced nuclear spin statistical (NSS) effects in the rotational
energy level manifold. The chosen molecular systems covered
the near-symmetric prolate-like tops of sulfur dioxide (SO,)

This journal is © The Owner Societies 2005

and nitrogen dioxide (NO,) as well as the very asymmetric
oblate-like top of nitromethane (CH3NO,). The numerical
spectral simulations agree very well with the experimental
spectra reported in the literature for SO, and NO,'*!" and
also with the new spectrum measured by us for CH3;NO,. The
appearance of new rotational recurrences (RRs), their position
in time, shape and persistence is reproduced very well. The
origin of the extra RRs induced by NSS was revealed by
inspection of the rotational energy level and quantum beat
frequency pattern, both obtained through the numerical simu-
lations.

For the near-symmetric prolate-like tops a regularly spaced
frequency cluster can be observed in the quantum beat fre-
quency spectrum at twice the frequency spacing of the ‘classi-
cal’ J-type recurrences. This means that features at half of the
‘classical” J-type period are expected in the time domain which
was experimentally observed for both SO, and NO,. For the
asymmetric top molecule CH;NO, another dominating type of
rotational recurrence, namely of A4-type, was found. Here a
very regular pattern was revealed by the numerical simulations
for the rotational energy levels corresponding to © =~ J.
Furthermore, the NSS symmetry analysis of those levels
demonstrated that every second of the level pairs does not
exist. This gives rise to a similar doubling in the frequency
domain as observed for the near-symmetric top case, but now
for the asymmetry recurrences of A-type with a period of
1/(8A).

In a simplified picture of rotational coherence spectroscopy
the full rephasing of the original orientation of an ensemble of
(diatomic) molecules occurs at times that are related to the
minimum increment of the rotational speed (w/2n ~ 2BJ)

between the different rotational energy levels. The rephasing of

alignment occurs at half of this time. If every second rotational
level does not exist as due to the influence of NSS, the
minimum speed increment is doubled and thus the rephasing
occurs at half of the former time periods. In this work we have
demonstrated that a similar mechanism is operative for asym-
metric top molecules and that depending on their degree of
asymmetry a different type of rotational recurrence is affected.

In summary, the following conclusions can be drawn from
our results:

(i) In the spectra of polyatomic molecules nuclear spin
statistical effects might provide extra rotational recurrences
with strongly varying intensity and persistence, which cannot
be simply ‘extrapolated’ from the well-known behavior of
diatomic and linear molecules.

(ii)) The occurrence of these RRs and their origin can be
investigated by spectral simulations for general asymmetric
molecular tops based on a symmetry classification of their
rotational energy levels. By this way also the influence of
different NSS weighting factors on fs DFWM spectra can be
explored.

(iii) Thus, numerical simulations for complete spectra based
on a comprehensive model for fs DFWM spectroscopy are
indispensable for a quantitative analysis, i.e. the extraction of
molecular parameters from the experimental spectra. More-
over, these detailed data obtained from fs DFWM spectra
extends the scope of the time-resolved approach towards that
of high-resolution spectroscopy. The simulations also provide
valuable information for the design of dynamic molecular
alignment experiments by strong laser fields, especially for
the challenge of aligning asymmetric top systems.?”-*
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Pseudorotation in the pyrrolidine molecule was studied by means of femtosecond degenerate
four-wave mixing spectroscopy both in the gas cell at room temperature and under supersonic
expansion. The experimental observations were reproduced by a fitted simulation based on a
one-dimensional model for pseudorotation. Of the two conformers, axial and equatorial, the

latter was found to be stabilized by about 29 4+ 10 cm ™' relative to the former one. The barrier
for pseudorotation was determined to be 220 + 20 cm . In addition, quantum chemical
calculations of the pseudorotational path of pyrrolidine were performed using the synchronous
transit-guided quasi-Newton method at the MP2 and B3LYP levels of theory. Subsequent
CCSD(T) calculations yield the energy preference of the equatorial conformer and the barrier

for pseudorotation to be 17 and 284 cm ™', respectively.

1. Introduction

Paths presenting low energy barriers to conformational
change are of special interest because they govern the progress
of many important processes in chemistry and biology.'™
Amongst the several factors controlling the conformation of
molecules, pseudorotation (PR) is one of the most widely
invoked but least understood intramolecular motions.'**?
Though more than 60 years have elapsed since Kilpatrick er al*
put forward the concept of PR to explain the anomalously
high entropy of cyclopentane, little is known about its
energetic relevance in complex molecular systems.

PR is an inherent property of saturated five-membered
rings. It is an out-of-plane ring-puckering vibration that
causes the ring atoms to move in such a way that the phase
of the puckering rotates around the ring. Since it is a periodic
motion it is convenient to use an angle (¢) as the pseudo-
rotational coordinate. An important aspect of PR is that it
represents a lower energy path between molecular conforma-
tions as compared to ring inversion.® This is illustrated in
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movie with pseudorotation in pyrrolidine; further details on the fitted
simulation of the fs DFWM spectrum; calculated dependences of the
maximum pseudorotational amplitude ¢ on the pseudorotational
angle ¢; the energy difference between the axial and equatorial
conformers of pyrrolidine calculated with different methods and basis
sets; the experimental and calculated rotational constants of the axial
and equatorial conformers of pyrrolidine; SCRF calculations of the
pseudorotational pathway of pyrrolidine. See DOI: 10.1039/b917362¢

Fig. 1 at the example of the pyrrolidine molecule. PR plays an
important role in a wide range of biomolecules such as the
deoxyribose/ribose of DNA/RNA,’ the amino acid proline,
nicotine and numerous drugs containing the S5-membered
thiazolidine ring, such as penicillin. For instance a recent
study has shown that the side-chain flexibility of the proline
residue, which largely arises from PR, is coupled to the
backbone conformation of a protein.®

Pyrrolidine (PYR) was chosen as an archetypical system for
studying PR since it is an essential component of several
biologically important molecules and the relatively sparse
experimental information available about PR in this molecule.

Several experimental techniques have been utilized for
studying ring-puckering vibration and PR.'? Vibrational
spectroscopy' is used to investigate energetical but not
structural aspects of PR. Concerning PYR, however, only
one vibrational mode corresponding to PR was reported so
far, but it was not sufficient for gaining information about
the energetics of PR in this molecule.”!° Nuclear magnetic

equatorial

Fig. 1 Two ways of interconversion of the axial (¢ = 0°) and
equatorial (¢ = 180°) conformers of pyrrolidine: pseudorotation
(green, <300 cm™") and ring inversion (red, ~ 1500 cm™!).®
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resonance'' and electron diffraction (ED)!"'? enable the

determination of energetic preferences and structures of lower
pseudorotational states, however, information about the
complete pseudorotational potential usually remains beyond
their scope. The gas-phase ED study of the conformational
preferences in pyrrolidine in conjunction with ab initio
calculations indicated that the axial conformer is energetically
the most stable one,'* an assignment which was revised later
by microwave spectroscopy.'* However it was conceded that
the signal intensity was not very sensitive to the conformation.'?
Microwave spectroscopy (MW) is a straightforward approach
for precise determination of both potential energy and
structural changes along a pseudorotational pathway'>'® but
is not suitable for molecules lacking or possessing a small
dipole moment. This was the reason why the equatorial
conformer of PYR was not observed in early microwave
investigations'” and as a consequence, the axial conformer
was assumed to be the most stable structure. Only later under
better cooling conditions in a free jet experiment the equatorial
conformer turned out to be the most stable structure.'*'® The
energy difference between the axial and equatorial minima was
estimated to be lower than 220 cm™"."*

High resolution rotationally resolved infrared spectroscopy
was shown to be applicable for studing ring puckering in
four-membered ring compounds.'® 2! The assignment of the
spectra however is not an easy task, mainly due to their
congestion. To the best of our knowledge, no high resolution
infrared spectra of molecules undergoing PR have been reported
so far. Recently single molecule vibrational spectroscopy®
was exploited for studying a pyrrolidine molecule attached
to the Ag(001) surface at a temperature of 9 K. The frequency
of 298 cm ™! was reported and assigned to the barrier for PR.
This mode however may be also attributed to ring inversion,
as shown in several other vibrational studies.®*1°

In a recent theoretical study on PYR Carballeira et al.’
revised the previous findings?® and showed that the calculated
energy difference between the axial and equatorial conformers
strongly depends both on the quantum chemistry method and
the basis set. The pseudorotational path of pyrrolidine was
also modeled by constrained optimization of several points
along the pseudorotational path. Subsequent single point
calculations yielded the energy barrier for pseudorotation of
248 cm~! at MP2 and 236 cm™! at B3LYP levels of theory
with the 6-311 + + G(3df,3pd) basis set. It was also stated that
explicit inclusion of electron correlation and zero-point
energies corrections would lower the estimated barrier for
PR down to 150 cm~'. The barrier to ring inversion was
estimated to be around 1500 cm™".

Femtosecond degenerate four-wave mixing (fs DFWM), an
ultrafast pump—probe laser technique, enables in its many
different implementations to study different kinds of molecular
dynamics.>*2” In the scheme utilized in rotational coherence
spectroscopy, which is used in the present study, fs DFWM
allows for the time-domain observation of the coherent
rotation of a molecular ensemble. Being a Raman type
spectroscopy, fs DFWM has proven to be a powerful tool
for investigating the structure of large molecular systems at
thermal equilibrium, even if they do not possess a permanent
dipole moment.?®* Recently fs DFWM was applied to obtain

accurate rotational constants for several lower vibrational
states of cyclobutane®® and cyclooctatetraene.’!

In this work fs DFWM spectroscopy was applied for the
first time to study such a large amplitude intramolecular
motion as PR at example of the pyrrolidine molecule. The
interpretation of the experimental fs DFWM spectra was done
by means of the simulation based on a one-dimensional
quantum mechanical model for PR. This allowed for determi-
nation of the energy potential and the rotational constants
along the pseudorotational path. The experimental findings
were additionally supplemented by unrestrained high level
quantum chemistry calculations.

The paper is organized as follows. We initially discuss the
theoretical background of PR in five-membered ring
compounds. Than follows the description of experimental
details, the simulation procedure and the quantum chemical
methods utilized in the current work. Subsequently we discuss
the results.

2. Theoretical framework
2.1 Pseudorotation

The theory of ring puckering in five-membered saturated rings
was developed by Harris ef al.** For such a system there are
5-3 = 2 out-of-plane skeletal modes consisting of a bend and
a twist. Assuming that rotation and other vibrations may be
separated from these two modes, the Hamiltonian may be
written as follows:

P P}
H(xl,xz):ﬁ—b—ﬁ—o— V(Xl,X2) (1)

where V(x;, x;) is a two-dimensional potential of ring
puckering vibrations, P; and P, are momentum operators,
m; and m, are the reduced masses of the two modes.

The Hamiltonian (1) may also be written in polar coordi-
nates in the way that the radial coordinate expresses the
amplitude of the ring puckering and the angular coordinate
relates to the puckering phase. While the motion in the radial
coordinate is nothing else than ring inversion, the puckering
phase motion was termed pseudorotation.**> In PYR the
barrier for inversion through the planar ring is much higher
than the barrier for PR.® Therefore, the puckering amplitude
mode can be separated from the puckering phase mode. Then,
PR alone can be described with the following one-dimensional
Hamiltonian:*

H(¢) = B,Pj, + V(§) @)

where B, is the pseudorotational constant, P, is an angular
momentum operator, ¢ is the pseudorotational coordinate
(angle) and ¥V(¢) is the pseudorotational potential. During
pseudorotation, the motion of the jth atom of the five-
membered ring can be expressed in the first approximation
by the displacement perpendicular to the mean plane:*

z/:qcos<d)+4?n(j—l)) (3)

where ¢ is the maximum amplitude of the displacement, which,
in general, depends on the pseudorotational angle. Thus the

This journal is © the Owner Societies 2010
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36° 72°

108° 144° 180°

Fig.2 The envelope structures of pyrrolidine and the corresponding pseudorotational angles ¢. In all these structures four atoms of the ring are in
one plane, while the fifth one (indicated by a red arrow) is not. This pucker rotates around the ring during pseudorotation.

pseudorotational angle ¢, or reaction coordinate of PR,
describes the phase of puckering rather than the geometrical
amplitude of the distortion.'> Using formula (3) the approxi-
mate structures of the pyrrolidine ring during pseudorotation
may be obtained. The envelope structures of PYR with the
corresponding pseudorotational angles for half of the pseudo-
rotational path are shown in Fig. 2. Without loss of generality
the 0° angle is chosen to correspond to the axial conformer of
PYR. In this assignment the equatorial conformer has the
pseudorotational angle of 180°. The intermediate structures
are called twisted.

The solution of the Schrédinger equation that corresponds
to Hamiltonian (2) can be numerically obtained in the free
rotor basis set.*® For this purpose the potential V(¢) can be
parameterized in the following way:

V(o) = Vi(l — cosi¢) 4)

N —
,MZ

I

The solution yields the energies and wavefunctions of
the pseudorotational levels. The wavefunctions ¥, (¢) may
subsequently be used for determination of the average
value of a molecular property of interest R(¢) for each
pseudorotational level /:

Ry = (¥ (D)|R(D)|V1()) (5)

Since the pseudorotational wavefunctions were obtained in the
free rotor basis set, the calculation of integrals in (5) may be
simplified if the dependence of a molecular property on the
pseudorotational angle ¢ is expressed by a Fourier series:

R(#) = 3" Ricos(ng) (6)
n=0

Depending on the shape of the potential and temperature,
various pseudorotational levels may have a significant
Boltzmann population and consequently contribute to the
experimental observation. This contribution can be under-
stood as follows. Since pseudorotation is a large amplitude,
highly anharmonic out-of-plane vibration it is usually accom-
pained with significant changes in molecular geometry.
Therefore it is plausible to assume that pseudorotational levels
have different vibrationally averaged molecular properties,
which may be evaluated using eqn (5). Thus, the complete fs
DFWM spectrum is expected to originate from a mixture
of different species (levels) that have different molecular
properties. The contribution of each species is proportional
to the Boltzmann population of the corresponding pseudo-
rotational level.

2.2 Pseudorotational potential

Previous studies on PYR®'* favor a shape of the pseudo-
rotational potential where two energetically non-identical
minima (the axial and equatorial forms) are separated by a
barrier (Fig. 3). The energy difference of the two minima was
experimentally estimated to be lower than 220 cm™'.'"* The
analysis of the solutions of the one-dimensional model for PR
indicated that depending on the barrier height two limiting
cases may be observed in experiment. The first one occurs
when the barrier for PR is rather high (related to the thermal
energy), so that only a few of the lowest pseudorotational
states are populated. The average geometries of these states
are very close to those of the axial and equatorial conformers,
since the molecule is localized in the regions of the two
minima, namely close to the pseudorotational angles of 0°
and 180°. Therefore the spectrum will appear mainly as a
superposition of the spectra of two structures. The second case
is when the barrier for pseudorotation is low. In this case, a

population
0.0 0.2 04 0.6 0.8 1.0
400 4 1 1 1 1 J

200 4 —=
= S—
— —

0

T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
pseudorotational angle ¢/°

T . WL
K/\/\’\,—
i, W
l/'\/\
—
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pseudorotational angle ¢/°

probability/arb. units

Fig.3 Top: Pseudorotational potential and corresponding levels with
their relative Boltzmann populations at temperatures of 68 K (a) and
298 K (b). Bottom: The probability density functions of the first six
pseudorotational levels. The parity of levels is shown by red (even) and
blue (odd) colors. The levels above 300 cm ™! are doubly degenerated.
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number of pseudorotational levels will be populated and
contribute to the experimental spectrum.

These two limiting cases can be illustrated by considering a
potential with a barrier height of 220 cm ™' and the energy
difference between the axial and equatorial conformers of
29 cm™! (these values will be obtained below from the fitted
simulation of the room-temperature fs DFWM spectrum of
PYR, see Table 2). The calculated pseudorotational energy
levels and their populations at two temperatures 68 K and
298 K are shown on the top of Fig. 3. On the bottom the
probability density functions of the first six pseudorotational
states are depicted. As one can see the higher the state the
more delocalized is the molecule on the pseudorotational path.
Thus at low temperatures (about 68 K and below) only the
structures close to 0° and 180° will be observed in experiment.
With increase of the temperature more and more conforma-
tions along the pseudorotational path will contribute to the
spectrum.

2.3 Simulation of the fs DFWM spectrum

Simulation of the fs DFWM spectrum of a single species in the
semirigid rotor approximation has been previously discussed
in detail.?®*>% Briefly, the typical time-resolved fs DFWM
spectrum of a single species consists of equidistant signal peaks
called transients or recurrences. The period of such a transient
sequence relates to the rotational constants (structural
parameters) of the molecule under investigation. Quantitative
simulation of the fs DFWM spectrum requires the following
molecular properties to be known: rotational constants,
centrifugal distortion constants, rotational temperature and
anisotropy of the polarizability tensor. In order to reduce the
number of parameters in the simulation, the following approxi-
mations were made. Only two terms of quartic centrifugal
constants Aj, A x were included, since the other terms have a
negligible influence on the spectrum in case of a nearly
symmetric top and, in particular, when no K-type transients
are observed.?® Only diagonal elements of the polarizability
tensor were considered, which is justified by the fact that the
off-diagonal elements are usually much smaller. The diagonal
components of the tensor might be further parameterized by
only one parameter ¢.>° Therefore, in total, seven parameters
are required for the simulation of a fs DFWM spectrum of a
single species.

A fs DFWM spectrum of a mixture of several species or of
one species with several low-frequency vibrations may be
constructed as a coherent superposition of the individual
contributions with certain weights, which in the latter case
correspond to the Boltzmann populations of the vibrational
states,26:30:31

As was already mentioned, pseudorotation causes signifi-
cant changes in the molecular structure and therefore the
rotation of the molecule cannot be described within the scope
of a semirigid rotor approximation. In order to consider
pseudorotation in the simulation each pseudorotational level
is considered as a single species with its own set of averaged
molecular properties such as rotational constants, polarizability,
centrifugal distortion constants. Thus the complete simula-
tion procedure consists of the following steps. First the

pseudorotational levels are calculated relying on the pseudo-
rotational potential and the kinetic term constant B,,. Next the
expectation values of the rotational constants, centrifugal
distortion constants and polarizability parameter ¢ are
evaluated using eqn (5). With these data the fs DFWM spectra
are generated for each pseudorotational state in the way as for
a single species using a semirigid rotor approximation. A
coherent superposition of all individual fs DFWM spectra
weighted by the Boltzmann population of the corresponding
pseudorotational levels yields the complete fs DFWM spectrum.

The above discussion is not limited to the case of PR, but
may be applicable to other kinds of intramolecular motions
such as ring-puckering in four-membered ring compounds or
rotation around a central bond in n-butane-like molecules. For
further details see Supp. Inf.

3. Methods and material

3.1 Experimental

The femtosecond degenerate four-wave mixing spectra of
PYR were recorded using an experimental setup that has been
previously described in detail.?®?* The vapour pressure of
PYR in the gas cell was about 65 mbar at a temperature of
298 K. The supersonic expansion was produced by a slit nozzle
of dimensions: 0.1 x 3 mm. Under the low-concentration
conditions of a supersonic expansion, a slit nozzle provides a
much better signal-to-noise ratio than a round orifice of the
same cross section. This is due to the fact that a four-wave
mixing signal depends on the square of the interaction length
of the laser beams. Helium at 0.4 bar stagnation pressure was
bubbled through liquid PYR and expanded adiabatically into
a vacuum chamber at a background pressure of 10~* bar.
The interaction region of the three laser beams was located
at a distance of approximately 2mm from the nozzle. PYR
(=98.0%, purum grade) was obtained from Fluka and used
without further purification.

3.2 Quantum chemistry calculations

The synchronous transit-guided quasi-Newton (STQN)
method®®*” was applied for generating various points along
the pseudorotational pathway of PYR. Compared to previous
simulations of the pseudorotational barrier,’ the STQN
approach enables a more detailed following the pseudo-
rotational pathway without resorting to artificial geometric
constraints. The STQN calculations were carried out at both
the second order Moller—Plesset perturbation (MP2) and
density functional (B3LYP) levels of theory using the
aug-cc-pVXZ (X = D,T) basis sets. Additionally, CCSD(T)
calculations®®* with aug-cc-pVD(T)Z basis sets
performed. The energy difference between the axial and equa-
torial conformers of PYR was also calculated at the MP2 level
of theory with (aug)-cc-pCVXZ (X = D,T,Q) basis sets.

were

4. Results and discussion

4.1 Experimental fs DFWM spectra of pyrrolidine

The fs DFWM spectra of PYR were recorded both in the
gas cell (298 K) and in the supersonic expansion. Sixteen
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Fig. 4 The experimental fs DFWM spectrum (red) of PYR at room temperature (298 K) and the fitted simulation (blue) using the
one-dimensional model for PR. The magnification factor of some weak recurrences is given.

recurrences of the room temperature spectrum and ten of the
supersonic expansion spectrum are shown in Fig. 4 and 5.
One can clearly see that the supersonic jet spectrum (Fig. 5)
contains a permanent signal component, which results in the
negative signal modulations (relative to the background level).
This occurs at higher laser intensity, which had to be employed
to increase the signal under the conditions of the supersonic
expansion. A very small permanent signal component is
present in the cell spectrum as well. This can be recognized
on the late recurrences, which are of rather small intensity
(Fig. 4, x20 and x40). It can be explained by non-linear field
effects, formation of an ion grating or a plasma and additional
scattering thereof ***! In the first approximation these high
field effect can be satisfactorily described by means of a local

2842 which was also included in the simulation

field oscillator,
procedure.?®
The shapes of the rotational recurrences of the experimental
spectra appear to be much more complex than those of a single
rigid molecule. Therefore the first attempt to explain the
experimental observations was based on the assumption that
the spectra result from a mixture of two conformers, axial and
equatorial, as identified in previous studies.®!*!*!7 As shown
in Fig. 5 (green) the spectrum measured under supersonic
expansion conditions can be satisfactorily fitted with two
structures. The obtained rotational constants 4 and B
(Table 1) are in good agreement (within their error bars) with
the ones assigned to the axial and equatorial conformers in
previous MW studies.'*'"!® Since PYR is a nearly oblate top,

intensity/arb. units
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216 220 224 252 256 260 288 292

296 300 364 368 372 376 436 440 444 448

delay/ps

Fig. 5 The experimental fs DFWM spectrum (red) of PYR measured under supersonic expansion and the fitted simulations: green—using only 2
conformers, blue—using the pseudorotational model with parameters taken from the fit of the room-temperature spectrum. The magnification

factor of some weak recurrences is given.
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Table 1 Rotational constants and relative population of the axial (ax) and equatorial (eq) conformers of PYR

Supersonic expansion” Cell? MW spectroscopy'®

eq ax eq ax eq ax
A/GHz 6.864(5) 6.837(5) 6.866(4) 6.835(4) 6.864704(6) 6.834536(8)
B/GHz 6.788(5) 6.680(5) 6.787(4) 6.682(4) 6.791908(5) 6.677856(8)
C/GHz 3.9004¢ 3.888062¢ 3.895¢ 3.895¢ 3.9004(42) 3.888062(8)
Rotational T/K 66(9) 298¢ 10
Relative population (ax/eq) 1.6(3) 0.9¢ <1.0

“ Fitted using two conformers. ? Fitted using the pseudorotational model; the equatorial and axial conformers correspond to the first and second
pseudorotational levels (see Fig. 3). ¢ Fixed in the fit. ¢ Calculation based on the obtained pseudorotational potential.

the fs DFWM signal is only slightly sensitive to the rotational
constant C. Therefore, this constant was fixed in all fits.

However, the two conformers fit yields one inconsistency,
namely, that the axial conformer has a greater contribution to
the simulated spectrum than the equatorial one (Table 1). This
indicates an energetic preference of the axial conformer over
the equatorial one, which is in qualitative disagreement to the
assignment reported in the literature.'®

The room temperature spectrum of pyrrolidine can in no
way be reproduced by a simulation using only the axial and
equatorial conformers (Fig. 6). As was discussed above this is
evidence that the barrier for pseudorotation is not very high-
presumably below 1000 cm~'—since the signals of more than
two structures are superimposed in the room temperature
spectrum.

4.2. Vibrational analysis in the low frequency region

In order to gain insights into the experimental spectra
we proceed with the identification of vibrations that are
populated at room temperature and consequently contribute
to the spectrum.’®>' The infrared and Raman spectra of PYR
were reported by Billes er al.’ and El-Gogary er al.'® The
normal mode assignment of the spectral lines was based on
scaled quantum mechanical force fields.%*! The lowest
frequency reported by Billes ef al.’ at 65 cm ™! in the infrared
spectrum (gas phase) and 71 cm™! in the Raman spectrum

intensity/arb. units

108 110 112 144 146 148 150
delay/ps

Fig. 6 The first four recurrences of fs DFWM spectrum of pyrroli-
dine at room temperature: red—experimental, green-fitted simulation
by only two conformers: axial and equatorial, the rotational constants
are taken from microwave spectroscopy.'®

(liquid) was attributed to PR.® El-Gogary et al.'® measured the
infrared and Raman spectra of liquid PYR. The lowest
frequency they reported was 162 cm™', which was not detected
by Billes and coworkers.” This mode was assigned to an
out-of-plane twist of the ring, which is commonly attributed
to PR."* The next higher frequency of 299 cm ™' reported in
both works”!® was assigned to the ring bending mode, in other
words to ring inversion. All other frequencies were measured
to be higher than 580 cm™' and therefore they are omitted
from our discussion. The main conclusion from this analysis is
that only two vibrations assigned to PR and ring inversion
may have an influence on the room temperature fs DFWM
spectrum. However, in the following, we will consider only PR
on the ground state of the ring inversion vibration. This can be
justified by two arguments. The first one is that the population
of the first excited ring inversion state (299 cm™') at room
temperature amounts to only about 24% of the ground state.
The second argument is that the pseudorotational motion on
the first excited ring inversion state should not differ too much
from the one in the ground state, since the barrier to ring
inversion is rather high so that this vibration at the bottom of
its potential minima may be considered as harmonic, which
means that the ring puckering amplitude ¢ (see eqn (3))
remains almost the same in the ground and the first excited
state of ring inversion. Therefore, the contribution of the state
at 299 cm™! is very similar to that of the ground state, but
much weaker in intensity and thus should affect mainly
amplitude of the spectrum, but not its structure.

4.3 Quantum chemistry calculations

The STQN method*® was applied for optimization of 21 and
19 points along the pseudorotational path of PYR with the
aug-cc-pVDZ basis set at the B3LYP and MP2 levels of
theory, respectively. Additionally, the 3 points STQN optimi-
zation was carried out at the MP2 level of theory using the
aug-cc-pVTZ basis set. The obtained geometries were further
used for single point CCSD(T)/aug-cc-pVTZ calculations.
The pseudorotational angle ¢ and the maximum puckering
amplitude ¢ (see eqn (3)) were constructed for each calculated
structure using the procedure described by Cremer and Pople®
(for the dependence of ¢ on ¢ see Fig. S1 of Supp. Inf.). The
calculated potential energy along the pseudorotational path
is depicted in Fig. 7. Despite the shift of the potentials
both methods yield very similar barrier heights with the
aug-cc-pVDZ basis set, namely 318 cm™' (B3LYP) and
307 ecm~!' (MP2). The MP2 optimization with aug-cc-pVTZ
basis set and subsequent single point CCSD(T) calculations
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Fig. 7 Potential energy of PR: calculated using aug-cc-pVDZ at
B3LYP (blue) and MP2 (green squares). The MP2/aug-cc-pVTZ
calculations are shown by green circles. Single point CCSD(T)/
aug-cc-pVTZ calculations on the MP2/aug-cc-pVTZ geometries are
shown by black crosses. The potential obtained from the fitted
simulation of the fs DFWM cell spectrum at room temperature is
plotted in red. The structures shown are those optimized at the B3LYP
level.

give a smaller value of about 285 cm ™. The structure with the
highest energy on the pseudorotational path at B3LYP/
aug-cc-pVDZ corresponds to the pseudorotational angle of
94° and is the twisted form (Fig. 7, top). The energetically
highest structure at MP2/aug-cc-pVDZ relates to 104°, which
is very close to the envelope form at 108°, shown in Fig. 2. The
MP?2 calculations with a larger basis set (aug-cc-pVTZ) yield
the potential maximum being shifted even further towards the
equatorial conformer, at a pseudorotational angle of about
112°. Both the MP2 and B3LYP methods give the equatorial
conformer being stabilized by about 55-70 cm ™! with respect
to the axial one. It has been noted earlier that most current
theoretical methods are able to reproduce the relative experi-
mental conformer energy differences within about 100 cm~'.*

However, since the size of the basis set was found to be
crucial for the energy calculation,® we have determined the
energy difference between axial and equatorial conformers at
different basis sets and levels of theory (see Table 2, Fig. S2 of
ESI+).

The MP2 calculations with larger basis sets progressively
favor the equatorial form, converging at a value of about
90 cm ™! (Fig. S2 of the ESI}). The CCSD(T) optimization
with the aug-cc-pVDZ basis set indicates a significantly
smaller stabilization (only by 7 cm ™) of the equatorial conformer

Table 2 The energetic parameters of pseudorotation in pyrrolidine

d)max/o Vmax/cmil A VﬂX*Cq/Cmil

Fitted simulation 94.5(2) 220(20) 29(10)
B3LYP/aug-cc-pVDZ 94 318 61
MP2/aug-cc-pVDZ 104 307 55
MP2/aug-cc-pVTZ 112 288 72
MP2/aug-cc-pVQZ — — 84
CCSD(T)/aug-cc-pVDZ — — 7
CCSD(T)/aug-cc-pVTZ! 112¢ 284 17

¢ Single point calculations on geometries optimized at MP2/
aug-cc-pVTZ.

over the axial one. This energetic preference becames 17 cm ™!

at single point CCSD(T)/aug-cc-pVTZ calculations, carried
out on the MP2/aug-cc-pVTZ geometries.

According to the MP2 calculations with the aug-cc-pVDZ
basis set (Fig. 7), the energy minimum on the left side of
the barrier does not corresponds to the axial form (0°, Cs
symmetry, envelope), but rather to the pseudorotational angle
of 18° (C, symmetry, twist). This outcome of the MP2
calculations was also reported by Carballeira er al.® This is
not the case when larger basis sets are used (Fig. S2 of the
ESI,t starting from aug-cc-pCVTZ), giving the left minimum
to be exactly at the pseudorotational angle of 0°. However the
lowest frequency of 16 cm™' indicates that this minimum is
rather flat.

The calculated rotational constants 4 and B are shown in
Fig. 8. They are systematically lower than those obtained in
MW studies. Thus, both theoretical methods, MP2 and
B3LYP, overestimate the bond lengths at the aug-cc-pVDZ
basis set. An enlargement of the basis set increases the
magnitude of rotational constants, whereas consideration of
higher order correlation and anharmonic effects in calcula-
tions tends to decrease it (see Table S2 of the ESI{ and ref. 44).
Thus, one can expect a better agreement between calculated
and experimental values when larger basis sets are used and
higher order correlation along with anharmonic effects are
taken into account.

Additionally we calculated the barrier for ring inversion
(the structure with a planar ring) using the aug-cc-pVDZ basis
set at the B3LYP and MP2 levels of theory. The calculations
yield the values of 1422 cm ™! (B3LYP) and 1634 cm™' (MP2).
These results are in agreement with those reported by
Carballeira e al.® Thus the barrier for ring inversion in PYR
is indeed about five times larger than that for PR.

4.4 Fitted simulation of the fs DFWM spectra with
consideration of pseudorotation

The one-dimensional model for PR was incorporated into the
simulation of the fs DFWM spectrum as described heretofore.
In order to obtain an initial guess of the rotational constants
we have scaled the calculated dependencies of rotational
constants (Fig. 8) by normalizing their values at 0 and 180°

sas-liﬂi\/

6.80 o
675

6.70 4

rotational constants/GHz

6.65 -

T T T 1
0 36 72 108 144 180
pseudorotational angle ¢/*

Fig. 8 Rotational constants 4 and B of PYR as functions of the
pseudorotational angle ¢: calculated at B3LYP/aug-cc-pVDZ (blue)
and MP2/aug-cc-pVDZ (green); obtained from the fitted simulation of
the fs DFWM cell spectrum at room temperature (red). MW values for
the axial and equatorial conformers'® are shown with black crosses
(at ¢ = 0°and ¢ = 180°).

78 | Phys. Chem. Chem. Phys., 2010, 12, 72-81

This journal is © the Owner Societies 2010

111




Downloaded on 20 August 2010
Published on 09 November 2009 on http://pubs.rsc.org | doi:10.1039/B917362E

112

View Online

close to those of the axial and equatorial conformers earlier
determined by fitted simulation of the supersonic jet spectrum
(Table 1). The fitted simulation of the fs DFWM spectrum of
pyrrolidine at room temperature is depicted in Fig. 4. It shows
very good agreement with the experimental spectrum. The
energetic parameters of PR obtained from both the fitted
simulation and quantum chemistry calculations are collected
in Table 2 (see also Table S1 of the ESI).tf The pseudo-
rotational potential found from the fit is depicted in Fig. 7
(red). It indicates that the equatorial form of PYR is stabilized
by 29 cm ™! with respect to the axial one. This value is smaller
than those calculated at the MP2 and B3LYP levels of theory
(55-92 ecm™'). However, as was pointed out above, the
calculated energetic stabilization of the equatorial conformer
decreases when the calculations are carried out using higher
levels of correlation. We believe that CCSD(T) calculations
using larger basis sets might yield energetics which are in better
agreement with experiment.

The energetical preference of the equatorial form over the
axial one, though being small, could be understood in terms of
two electronic effects: steric repulsion and hyperconjugation
stabilization. It is however difficult to determine which of these
two effects has the greater contribution. Natural bond orbital
analysis on the HF/6-31G** wavefunctions®® showed that
the hyperconjugation interactions were greater than steric
repulsion in the equatorial conformer of PYR, what
consequently favored this conformer over the axial one. We
also believe that the nitrogen lone pair plays an important role
in the stabilization of the equatorial conformer because SCRF
calculations of PYR carried out in the presence of polar
solvent like water reverses the energetical order of the
conformers (see Fig. S3 of the ESI).f Additionally, the
enhanced dipole moment of the axial conformer as compared
to the equatorial one can also explain its lower energy in polar
solutions.

The fitted simulation yields the pseudorotational barrier
height of 220 cm™', which is lower by about 100 cm™" than
that derived from the calculations with the aug-cc-pVDZ basis
set at the MP2 and B3LYP levels of theory. This discrepancy
however becomes smaller (64 cm™!) when the MP2 method
with a larger basis set, aug-cc-pVTZ, is used. The twisted
conformation at the pseudorotational angle of about 94° was
found to have the highest energy on the pseudorotational
path. This value is very close to the one obtained in the
calculation at the B3LYP level of theory.

It should be pointed out that the barrier for PR in PYR is
higher than that in analogous five-membered saturated ring
compounds such as cyclopentane (CYC, <25 cm™)* and
tetrahydrofuran (THF, ~ 30 cm™').® This difference is related
to the subtle interplay of steric repulsion and hyper-
conjugation, whose contributions depend sensitively on the
individual molecular structure and electronic configuration.
Thus, we cannot give a simple explanation for this observa-
tion. The ongoing debate on the origin of the torsional barrier
of ethane demonstrates that this analysis is a demanding
task. 4748

The pseudorotational constant B, was found to be 3.8 &
0.1 cm ™', which is also higher than those reported for CYC
(2.9 cm™")* and THF(3.2 cm™').*

The fitted rotational constants 4 and B as functions of the
pseudorotational coordinate are presented in Fig. 8. They
show a similar dependence on the pseudorotational angle as
the calculated ones, especially those of the MP2 level of
theory, being however systematically shifted to higher values.
The rotational constant C was fixed in the fit to the value of
3.895GHz (see the ESI){ since, as was stated above, its
influence on the fs DFWM spectrum of PYR was found to
be insignificant.

Using the fitted parameters we calculated the average values
of rotational constants for the first two pseudorotational
states, which correspond to the equatorial and axial conformers
(see Fig. 3). These constants are collected in Table 1. They are
in good agreement with the values obtained from the
two-structure-fit of the spectrum measured under supersonic
expansion and also close to those of previous MW studies.'®

Next we checked whether the simulation based on the
pseudorotational model can reproduce the experimental fs
DFWM spectrum measured under supersonic expansion. All
parameters required for the simulation, with the exception of
the vibrational and rotational temperatures, were taken from
the fit of the room-temperature spectrum. The resulting fitted
simulation is shown in Fig. 5 (blue). Although the root mean-
square deviation (chi-square) of this fit is higher than that
using only two conformers (Fig. 5, green), the agreement with
the experimental spectrum is still good. Moreover, the
energetic preference of the equatorial conformer, as follows
from the obtained pseudorotational potential (Fig. 7, red), is
consistent with the finding of MW spectroscopy.'* This was
not the case when only two structures have been considered
(Table 1). From the fitted simulation the rotational and
vibrational temperatures under supersonic expansion were
found to be roughly the same and equal to about 68 K. This
is very close to the value of 66 K obtained in the foregoing
two-structure-fit (Table 1).

Thus, the invoked model for PR in PYR supported by
ab initio calculations was successfully applied to the analysis
and simulation of the experimental fs DFWM transients
measured in a supersonic exspansion and in a gas cell.

5. Conclusions

The key findings of this study may be summarized as follows.
Femtosecond degenerate four-wave mixing (fs DFWM, a
pump—probe rotational coherence spectroscopic scheme) was
applied successfully to the characterization of pseudorotation
(PR) in gaseous pyrrolidine (PYR). The structural and energetic
implications of this large amplitude motion were deduced
from the detailed analysis of the fs DFWM spectra at different
temperatures. It turned out that a mixture of two conformers
(axial and equatorial) is definitely not sufficient to explain the
fs DFWM spectrum of PYR at room temperature. Hence, it is
pertinent to consider the energetics and dynamics of PR in
terms of its potential and the evolution of the rotational
constants (structure) along the pseudorotational path. These
data were obtained by means of fitted simulations of
the experimental fs DFWM spectra. Thus, the equatorial
conformer of PYR was found to be by 29 &+ 10 cm™! more
stable than the axial one. The barrier for PR was determined
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to be 220 + 20 cm~'. As a consequence we have confirmed the
results of former experimental studies on the relative stability
of the axial and equatorial conformers with an independent
spectroscopic method. However, clear differences and signifi-
cant refinements in the quantitative analysis give evidence that
the energy difference between both conformers is much smaller
than estimated in previous experimental studies. Moreover,
for the first time we provide for PYR the pseudorotational
path, including its barrier, deduced from the fitted simulation
of experimental data. Our experimental findings are in satis-
factory agreement with results from high level quantum
chemistry calculations, namely, the stabilization of the equatorial
conformer and the pseudorotational barrier were calculated to
be 17 cm™" and 284 cm ™', respectively (single point CCSD(T)/
aug-cc-pVTZ on the MP2/aug-cc-pVTZ geometries).

Thus we have with fs DFWM a method at hand that allows
for the analysis of conformational transformations of
molecules possessing no dipole moment even under the
spectroscopically often inaccessible condition of a high
temperature equilibrium. The method outlined here may be
applied in addition to PR for studying the wide range of large
amplitude intramolecular motions, such as the puckering
inversion in four-membered rings or the internal rotation
along the central bond in bithiophene- and n-butane-like
molecules.
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The ring-puckering vibration in cyclopentene was studied by rotational time-resolved femtosecond
degenerate four-wave mixing (fs DFWM) spectroscopy. The fs DFWM spectra of cyclopentene
were measured both in a supersonic expansion and in a gas cell at room temperature. The room
temperature fs DFWM spectrum has been satisfactorily reproduced by a fitted simulation

based on a one-dimensional model for the ring-puckering vibration. This has allowed for the
determination of energetic parameters of the ring-puckering motion such as the energy barrier to
ring inversion of 274(+ 12/—20) cm™ " and the equilibrium ring-puckering angle of 24.3°.

The derived dependences of the rotational constants 4 and B on the puckering angle resemble
very closely those obtained by microwave spectroscopy. In addition, previous theoretical estimates

of the ring inversion barrier of cyclopentene were improved by performing high level ab initio

calculations. Zero-point vibrational energy correction was found to be essential for an accurate
evaluation of the puckering potential. Altogether, this study provides a proof-of-principle
of the applicability of the fs DFWM technique for investigating large amplitude intramolecular

motions.

1. Introduction

Low energy large amplitude intramolecular motions in cyclic
compounds is a fundamental issue in chemistry, which has
been extensively addressed by various experimental and
theoretical methods over the last several decades.! Recently,
we have proposed a new experimental method for the investi-
gation of this kind of motions. The method, based on Rota-
tional Coherence Spectroscopy (RCS),*> was successfully
applied for obtaining energetic and structural information
on pseudorotation in pyrrolidine.® In the present work, an
application of this method for studying a ring bending vibra-
tion will be reported. In order to evaluate the accuracy of the
method we have chosen the well studied five-membered ring
molecule cyclopentene (CYC).

In general, N-membered rings have N-3 low frequency
out-of-plane vibrations. Thus, in five-membered rings there
are two such out-of-plane modes: a bend and a twist (Fig. 1,
top). In saturated ring compounds such as cyclopentane
and pyrrolidine these two modes are coupled, resulting in a
ring motion, termed pseudorotation.” Since CYC has one
double bond in the ring, the twisting mode has a relatively
high frequency (385 cm™').® Therefore, at room temperature
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Goethe-Universitdt Frankfurt am Main,
Max-von-Laue-Strafie 7, 60438 Frankfurt am Main, Germany.
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mainly the bending mode, i.e. ring inversion, is active (Fig. 1).
This property makes CYC similar to four-membered ring
systems, where also only one low frequency out-of-plane mode
is present. Due to this similarity, molecules like CYC were
termed “pseudo-four-membered-ring” compounds. In these
systems the ring bending mode is usually referred to as the
ring-puckering vibration.

@
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Fig. 1 The two out-of-plane skeletal modes of the cyclopentene ring
and the corresponding approximate 2D potential energy surface.
Scale is in cm ™!, The relevant ring-puckering vibration is shown by

the red arrowed line. The 2D potential energy function was taken from
ref. 15.
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RCS*3 allows for the time-domain observation of the
coherent rotation of a molecular ensemble. In the present
study a particular implementation of RCS, namely femto-
second degenerate four-wave mixing (fs DFWM),” 2 is utilized.
Being a Raman-type spectroscopy, fs DFWM has proven to be
a powerful tool for the investigation of the structure of large
molecular systems at thermal equilibrium, even if they do not
possess a permanent dipole moment.'*!4

In this work the fs DFWM spectra of CYC recorded both in
a gas cell and in a supersonic expansion will be reported. It will
be shown that the room temperature fs DFWM spectrum
can be reproduced by a fitted simulation based on a one-
dimensional model for the ring-puckering vibration. The
obtained results on this large amplitude vibration are com-
pared with experimental and theoretical data on CYC available
in the literature. In addition, a high level quantum chemical
investigation of the ring-puckering minimum energy pathway
in CYC has been carried out.

The paper is organized as follows. Chapter 2 reviews
the available data on the ring-puckering vibration in CYC.
Subsequently, the theoretical framework for the treatment of
the ring-puckering motion and simulation of fs DFWM
spectra is presented (chapter 3). Chapter 4 describes the
experimental setup and provides necessary details about our
quantum chemical calculations. The paper proceeds with the
discussion of the experimental and theoretical results (chapter 5).
The main conclusions are summarized in chapter 6.

2. Previous studies on cyclopentene
2.1 Experimental works

Being a representative molecule of “pseudo-four-membered-
ring” compounds, CYC was thoroughly studied by different
experimental and theoretical methods.'>® The ring bending
mode is usually considered as a one-dimensional vibration
along a coordinate that corresponds to either a dihedral angle
¢ or a distance x, as shown in Fig. 2.

It is known that the ring of CYC is puckered by an angle of
about 22-30° in its equilibrium geometry (Fig. 2). Therefore,
the ring-puckering potential is of double-minimum nature
with the central barrier corresponding to the planar ring
structure (Fig. 1).

The ring-puckering potential can be derived from the vibra-
tional pattern, measured either directly by means of far-infrared
spectroscopy'® or as combination and difference bands in the
mid-infrared region.'® In this way the energy barrier to ring
inversion was found to be 232-244 cm™! and the puckering

Fig.2 Two geometric parameters, an angle ¢ and a distance x, which
are usually used for the description of the ring-puckering vibration.

angle of the equilibrium structure of 22.1-23.3° was obtained.
A two-dimensional analysis of the far-infrared and Raman
spectra of CYC gave a barrier of 232 cm ™! and an equilibrium
puckering angle of 26°.3

Microwave spectroscopy (MW) is very often well suited for
obtaining both energetic and structural information about
out-of-plane ring vibrations. In the first MW study on
CYC!® the rotational constants of the first two vibrational
states of the puckering mode were determined and utilized to
estimate the puckering angle (ca. 22°). On the basis of intensity
measurements, the energies of several lower puckering vibra-
tional states were estimated, from which an inversion barrier
of 232 cm ™' was deduced. Butcher et al.'” found for the lowest
inversion doublets a splitting of 0.91 cm™'. Using this value,
the inversion barrier was estimated to be about 250-400 cm ™.
Scharpen®® examined the coupling between the ring bending
vibration and rotation and suggested a correction for the
rotational constants of the two lowest vibrational states. The
barrier to ring inversion was derived to be 232 + 5 cm™ !,
which is in excellent agreement with the results obtained in the
far-infrared studies.!>!® Additionally, it was noted that con-
sideration of more sophisticated potential functions in the
one-dimensional ring-puckering model should not change
the estimated barrier height substantially.

For the explanation of MW spectra, Lopez and co-workers
adopted a more complex semi-rigid vibrational Hamiltonian
and considered the vibration—rotation coupling for the first
two puckering states. On this basis an inversion barrier of
236 + 5 cm™! was derived.

The molecular structure of CYC was also determined by
gas-phase electron diffraction.®® The equilibrium puckering
angle was estimated to be 29 + 2.5°.

Additionally, the ring-puckering motion of liquid CYC was
studied by '*C NMR relaxation.’” Comparing the exchange
rate between its two equivalent bent conformations at different
temperatures it was concluded that the activation energy of
this process should be rather low. The bent conformation was
found to have a puckering angle of 25-30°.

Thus, most of the published experimental values for the ring
inversion barrier lie near 232 cm™". The proper estimation of
the puckering angle that corresponds to the minimum on the
potential energy surface is more difficult, since it requires some
assumptions on the geometry of the molecule. The reported
values for this angle are in the range from 22 to 30°.

2.2 Theoretical works

A number of theoretical studies were devoted to the structure
and vibrations of CYC (see ref. 8, 31, 34, 35 and references
therein). Performing extensive ab initio calculations on CYC,
Allen and coworkers®' found that large basis sets and high-
level treatments of electron correlation are indispensable to
obtain reliable values for both the inversion barrier and the
equilibrium puckering angle. Combining the results of MP4/
TZ(d,p) and MP2/PZ(3d2f,2p1d) calculations, they derived a
value of 235 + 20 em™! for the inversion barrier. However, in
order to compare this calculated value with that derived
experimentally, it should be corrected for zero-point vibra-

tional energy (ZPVE) yielding a barrier height of ca. 260 cm ™.
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Their computed value for the puckering angle was 23.6° at the
theoretical level of MP2/DZ(d).

Nevis et al.** performed molecular mechanics calculations
employing the MM4 force field and reported values of
266 cm ™' and 24.6° for the inversion barrier and the equili-
brium puckering angle, respectively. Leong and coworkers®
optimized the geometry of CYC at MP2/6-31G* and obtained
a puckering angle of 26.3°.

Recently Al-Saadi et al® compared results obtained by
ab initio and density functional theory (DFT) methods employing
various different basis sets. DFT with the B3LYP hybrid
exchange—correlation functional underestimates both the
barrier height (40-80 cm™') and the puckering angle (19-20°)
even when the relative large basis sets 6-311+ + G(d,p) and
cc-pVTZ are used. The small puckering angle is a result of the
tendency of B3LYP to favour planar structures, which stems
from an incomplete description of long-range non-bonding
interactions.*® Nevertheless, B3LYP is usually considered as
being superior to MP2 in predicting geometrical parameters
like bond lengths and angles, which are not influenced by non-
bonding interactions.*®° Indeed, as will be shown below,
rotational constants calculated at B3LYP/cc-pVTZ optimized
geometries resemble most closely those obtained experimentally
when constraints are imposed on the puckering angle.

In the same work Al-Saadi and co-workers® reported MP2/
cc-pVTZ calculated values of 247 cm™" and 26° for the ring
inversion barrier and the equilibrium puckering angle of CYC,
respectively. It turned out that the value of 247 cm™! was
obtained after taken into account the complete ZPVE correc-
tion (see Table 1 below). However, for proper comparison of
theoretical and experimental barriers the contribution of the
ring-puckering mode should be removed from the complete
ZPVE correction,*® which will increase the value above by
about 90 em™!, yielding 337 cm ™!, which is about 100 cm™
higher than the experimentally derived barrier.

To finally yield converged theoretical ab initio results for
the barrier to ring inversion and the equilibrium puckering
angle of CYC, we have performed a new set of quantum
chemical calculations far beyond the level of previously reported
computations.

3. Theoretical framework
3.1 Ring-puckering vibration

The ring-puckering vibration in ‘“‘pseudo-four-membered-
ring”’ compounds is usually treated as a one-dimensional motion
in a double minimum potential using a model Hamiltonian of
the following form:'84!

Hy(p) = — B,P, + V(p), V(p) = ap* — bp> (1)

Here B, is the puckering kinetic constant, which is, for the
sake of simplicity, treated here as being independent of the
puckering angle ¢, and V(¢) is the double minimum ring-
puckering potential. It is more convenient, however, to trans-
form Hamiltonian (1) to the reduced form:'84*

Hy(Z) = AP + Z* — B,Z") )

The relationship between the puckering angle ¢ and the
reduced puckering coordinate Z is given by the expression:

=) :

The barrier to ring inversion Vyaer and the equilibrium
puckering coordinate Z;, can be easily evaluated from the
ring-puckering potential in Hamiltonian (2):

|B B2
Zmin = 727 Vbarrier = AZTZ (4)

The Schrédinger equation corresponding to Hamiltonian (2)
can be solved numerically in the harmonic oscillator basis
set.***? The solution provides both the energy levels E, and the
wavefunctions W,(Z) of the ring-puckering vibration. The
averaged molecular property M, (e.g., a rotational constant)
in the ring-puckering state v is evaluated as:

M, = (Y} (2)|M(Z)|¥,(2)) ()

3.2 Simulation of an fs DFWM spectrum

Simulation of an fs DFWM spectrum of a single species in the
semi-rigid rotor approximation has been previously discussed in
detail.'>** Briefly, a typical time-resolved fs DFWM spectrum
of a single species consists of equidistant double-peak signals
called transients or recurrences. The period of such a transient
sequence is closely related to rotational constants (structural
parameters) of the molecule under investigation. Quantitative
simulation of the fs DFWM spectrum, however, requires the
rotational Raman spectrum to be calculated.*> This is usually
done within a semi-rigid rotor approximation using a Watson’s
A reduction of the rotational Hamiltonian.*

In case of a large amplitude intramolecular motion such as
the ring-puckering vibration the semi-rigid rotor approxima-
tion fails and a more general, vibration-rotation Hamiltonian
should be considered:*!4748

H = Hg + Hy + Hgy (6)

Hvy is a vibration Hamiltonian of a large amplitude motion,
Hy describes rotation of the molecule as a whole, and Hgy is
the vibration—rotation coupling.

Provided the spacing between the vibrational states v is
much larger than that between the rotational states of Hpg,
a series of contact transformations can be applied to the
non-rigid Hamiltonian (6). The so-obtained zero-order
Hamiltonian for each vibrational state v is simply given in
analogy to eqn (5) as:

HY) = (¥:(Z)|Hr ¥, (2)) (7

Subsequently, the vibration-rotation coupling can be taken
into account by the centrifugal distortion (CD) perturbation
term HSP, yielding the semi-rigid Watson A-reduced rota-
tional Hamiltonian Hy,:*°

Hy, = HY) + H® (®)

Two Watson quartic CD constants*® 4, and 4, turned out to
be sufficient for the simulation of an fs DFWM spectrum of a
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nearly symmetric top.'® In case of CYC the CD constants can
be expressed as a sum of two terms, one of which originates
from the ring puckering vibration while another one stems
from all residual vibrations. Apparently, only the former
term is different for each ring-puckering state v and can be
expressed in the instantaneous principal axes and the represen-

tation I” as follows:**°

1, . ;3 L, ) :
4 } = _g (T;)bbb + T:ra,‘c ) ) A; K :g (T;bbb + T:‘car ) - Z (T:wbb + T:wcc + T;Jb(f(' )
)

Here the Kivelson and Wilson quartic centrifugal distortion
constants”' are determined as:

: (Ra) v (Rp)
Taapp = 4Z“H7M7 (Rs)

)y By ~(W(2)IR ¥ (2)
v#EY v v

a7ﬁ: a7b7c

and R, R, R, are the rotational constants 4, B and C,
respectively.

The two lowest states of the ring-puckering vibration of
CYC are separated by 0.91 ecm™! (27 GHz), which is already
comparable with the energy spacing between the rotational
states.!”*3 In this case the vibration-rotation coupling cannot
be taken into account by only the CD perturbation term.
Several approaches were proposed for the treatment of the
general vibration—rotation problem.*”**>? In this work, we follow
the suggestion by Sharpen® and account for the vibration—
rotation coupling between the two lowest ring-puckering states
by correcting the corresponding rotational constants.

In a simulation of a fs DFWM spectrum, each ring-puckering
state v is associated with a semi-rigid rotor described by
Hamiltonian (8). Each v-rotor has its unique set of averaged
rotational constants, CD constants, and polarizabilities, which
are used to calculate the rotational Raman spectrum for a
specific v. The complete spectrum is constructed as a super-
position of the spectra of all vibrational states weighted
by their Boltzmann populations. Ultimately, the rotational
Raman spectrum is utilized for calculation of a fs DFWM
spectrum.45

The vibrationally averaged values of the rotational con-
stants for each puckering state were evaluated by eqn (5). This
requires the knowledge of the dependences of the rotational
constants on the puckering coordinate, which were expressed
in terms of a Taylor’s expansion:

2

Rx (Z) _ Z RE{H)Zzn
n=0

Because the vibration is symmetric with respect to the
puckering coordinate, only the coefficients at even powers of
Z are non-zero. Since it is quite difficult to visualize the limits
within which the coefficients RY” should be varied in the fit, we
used the values of R,(Z) at Z = 0.0, 1.5 and 3.0 as fitting
parameters and re-calculated them into R{ afterwards.
Another molecular property, which is necessary for the
simulation of a fs DFWM spectrum, is the polarizability
tensor. It was shown previously** that a fs DFWM signal is
mainly sensitive to the anisotropy of the polarizability tensor,

which can be parameterized by a single parameter. For CYC
this parameter is almost independent of the puckering angle.
Therefore, the same value of the parameter was used in
simulations for all puckering states.

In total, fourteen variable parameters were used in the fit
of the experimental fs DFWM spectrum of CYC at room
temperature. The global minimum of the chi-square function
in this multi-dimensional parameter space was searched by
means of the Differential Evolution minimization algorithm
developed by R. Storn and K. Price.>® The MINUIT optimi-
zation package™ was further employed for the final precise
optimization in the global minimum region.

4. Methods and materials
4.1 Experimental

The femtosecond degenerate four-wave mixing spectra of CYC
were recorded using an experimental setup described previously.'
Briefly, the laser setup consists of a Ti:isapphire oscillator
(Coherent, Mira Basic), which is pumped by a frequency-doubled
diode-pumped laser (Coherent, Verdi V-5), and a chirped-pulse
amplification system (Quantronix, 4800 Series). The fundamental
output of this femtosecond laser apparatus (wavelength of
800 nm, 1 kHz pulse repetition rate, autocorrelation of 220 fs
FWHM, energy of up to 800 wJ pulse™!) is divided into three
beams: two pumps and one probe of identical linear polarization
and energy. The probe pulse is delayed with respect to the pump
ones by a computer controlled translational stage, which allows
for scanning the time delay up to 4 ns. All three laser beams are
combined in a forward boxcar arrangement in order to provide
phase matching and the separation of the diffracted coherent
four-wave mixing signal beam.

In the gas cell experiment the vapour pressure of CYC was
kept at ca. 10 mbar and the temperature was 298 K.

The supersonic expansion experiments were carried out by
expanding a mixture of CYC and helium adiabatically into the
vacuum by means of a pulsed Even—Lavie valve®® working at a
repetition rate of 1 kHz. Stagnation and background pressures
were 2 bar and 107* bar, respectively. DFWM spectra were
recorded in the expansion region located at a distance of
approximately 2 mm from the nozzle orifice.

CYC (=96.0%, purum grade) was obtained from Fluka
and used without further purification.

4.2 Quantum chemical calculations

Sixteen different geometries of CYC with constrained
puckering angles in the range between 0° and 50° have been
optimized using the B3LYP/cc-pVTZ level of theory. This
approach is known to provide structural results of quality
comparable to that achieved at a benchmark theoretical
level’®*7 of CCSD(T).*®

Energy differences among the chosen points on the potential
energy surface were accurately evaluated by a Focal Point
Analysis (FPA) similar to those carried out by Allinger ez al.,”
Salam et al.®® and Huang et al.,”® to determine the conforma-
tional energy differences or barriers of n-butane, n-pentane,
and dimethoxymethane, respectively.
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The main point of a FPA is to establish convergence of
conformational energy differences at the limit of both the basis
set and the correlation correction.”® This is done by extra-
polating the results of single point calculations at the HF,
MP2, MP3, MP4, CCSD and CCSD(T) levels and basis sets of
improving quality (cc-pVXZ, X = D, T, Q) to the benchmark
CCSD(T)/cc-pV o Z. FPA allows for the determination of
conformational energy differences with an accuracy of
~0.05 keal mol ™" (~20 cm™").*€°

In addition to FPA, sixteen points along the ring-puckering
coordinate were optimized at the scaled-opposite-spin
second order Moller—Plesset®' (SOSMP2) level of theory with
Dunning’s cc-pVDZ basis set. The energies at these optimized
structures were subsequently refined by single point calcula-
tions at the CCSD/aug-cc-pVTZ level.

In order to accurately determine the inversion barrier and the
minimum puckering angle from the calculated discrete ring-
puckering potentials a number of points around the minimum
were interpolated by a symmetric polynomial function with the
highest power of eight.

Furthermore, MP2, MP4 and CCSD optimizations of the
planar and puckered equilibrium configurations of CYC were
performed using different basis sets. Optimized geometries were
subsequently used for high level single point energy calculations.

The ZPVE correction for the evaluation of the ring-puckering
potential was calculated by excluding the contribution of the
ring-puckering vibration from the complete ZPVE correction.*’

The quantum chemical calculations were performed using the
following program packages: Gaussian03% (DFT, FPA), Q-Chem
3.0% (SOSMP2°!) and MOLPRO* (MP2, MP4, CCSD).

5. Results and discussion
5.1 Quantum chemical calculations

The puckering potential of CYC obtained by FPA is shown in
Fig. 3. The barrier to ring inversion was found to be 194 cm ™!
without taking ZPVE correction into account. However
inclusion of the ZPVE correction calculated at the B3LYP/
cc-pVTZ level of theory yields a barrier height of 229 cm™',
which agrees very favourably with the obtained previously
experimental value of 232 4+ 5 cm™'.!>!® The puckering angle
that corresponds to the equilibrium structure, @p;,, was
determined to be 24.4° (xpni, = 0.244 A).

In addition to FPA, the ring-puckering potential of
CYC was also evaluated by single point CCSD/aug-cc-pVTZ
calculations at SOSMP2/cc-pVDZ optimized geometries.
Subsequently, the potential was corrected by ZPVE calculated
at the SOSMP2/cc-pVDZ level, which results in an inversion
barrier of 210 cm™' (Fig. 3, blue). If the ZPVE correction is
not taken into account, the barrier height is about 23 cm™
smaller. These calculations yield an equilibrium puckering
angle of 24.4°, which is exactly the value that was also found
by FPA. Due to the different nature of the two employed
methods, this perfect agreement is rather surprising and puts
thus some confidence in that value.

To further corroborate the above findings, the planar and
puckered structures of CYC have been optimized at different
levels of theory and basis sets. High level single point
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Fig. 3 Puckering potential of CYC obtained by FPA at B3LYP/

cc-pVTZ optimized geometries (red) and the single point CCSD/

aug-cc-pVTZ calculations at the geometries optimized with SOSMP2/

cc-pVDZ (blue).

calculations (at the CCSD/aug-cc-pVTZ level of theory) were
later applied to these geometries in order to accurately evaluate
the barrier to ring inversion. The obtained results are collected
in Table 1.

According to our results, inclusion of the ZPVE correction
increases the ring inversion barrier by about 22-53 cm™!,
depending on the level of theory and the basis set employed.
Thus, a ZPVE correction is indeed indispensable for an
accurate evaluation of the conformational energy difference.

In summary, the best agreement with the experimentally deter-
mined value for the ring inversion barrier (232 + 5 cm™!)!>18-20
was found employing FPA at B3LYP optimized geometries
(229 em™!) and by using CCSD/aug-cc-pVDZ for geometries
and energies (243 cm™"). Furthermore, these two methods predict
the same value of 24.4° for the equilibrium puckering angle.

According to B3LYP/cc-pVTZ and SOSMP2/cc-pVDZ
geometries the relationship between the puckering coordinate
x and the puckering angle ¢ is linear with a coefficient of about
0.01 A per degree.

On the basis of the B3LYP/cc-pVTZ and SOSMP2/
cc-pVDZ structures the puckering kinetic constant B,
(see eqn (1)) has been calculated as a function of the puckering
angle (Fig. 4).*” The constant B, does not change significantly
in the region below 30°, where the molecule is mainly localized
during the ring-puckering vibration. Therefore, the assump-
tion that B, does not depend on the puckering angle in the
one-dimensional ring-puckering Hamiltonian (1) is plausible.

The average value of B,, is taken to be 5.3 x 10° ecm ™',

5.2 Fs DFWM spectra of cyclopentene

5.2.1 Supersonic expansion. The fs DFWM spectra of
CYC were recorded both in a gas cell (298 K) and in a
supersonic expansion at lower temperature. Seven recurrences
of the supersonic expansion spectrum are shown in Fig. 5. The
recurrences can be successfully reproduced by a fitted simula-
tion using only one structure (Fig. 5, blue). The corresponding
simulation parameters are collected in Table 2. Since CYC is a
nearly oblate top, the fs DFWM signal is only slightly sensitive
to the rotational constant C. Therefore, this constant was fixed
in all fits to the values obtained by MW.3?
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Table 1 Energetic and structural parameters of cyclopentene calculated at different levels of theory and basis sets

—1d —1b

Geometry wmin/o xmin/A Sp Ebarrier/cmila AZPVE/cmfl" % puck/cm E*barrier/cm
B3LYP/cc-pVTZ 24.4 0.244 FPA 194 — — 229
SOSMP2/cc-pVDZ 24.4 0.244 CCSD/aug-cc-pVTZ 187 — — 210
MP2/aug-cc-pVDZ 26.9 0.263 — 318 —38 +91 371
CCSD/aug-cc-pVTZ 164 217
MP2/aug-cc-pVTZ 26.6 0.258 — 290 —43 +91 338
CCSD/aug-cc-pVTZ 169 217
MP2/cc-pVTZ 26.2 0.255 — 290 —43 +91 338
MP4/aug-cc-pVDZ 25.6 0.251 — 251 —56 +93 288
CCSD/aug-cc-pVTZ 180 217
CCSD/aug-cc-pVDZ 24.4 0.239 — 212 —54 +85 243
CCSD/aug-cc-pVTZ 184 215

¢ Without the ZPVE correction. ® With the ZPVE correction. ¢ The complete ZPVE correction (all normal modes are considered). ¢ The

contribution of the ring-puckering vibration to the ZPVE correction.

54 ]
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Fig. 4 The calculated dependence of the puckering kinetic constant B, on
the puckering angle ¢: red-B3LYP/cc-pVTZ geometries, blue-SOSMP2/
cc-pVDZ geometries. The average value of B, 5.3 x 10* cm ™" is shown by
the horizontal line.

The rotational constants 4 and B obtained from the one-
structure fit are slightly lower than those found by MW for the
first two vibrational states of the puckering mode of CYC
(see Table 5 below), but higher than those from the highest
puckering states. The most probable explanation for this
finding is that already under the conditions of a supersonic

Table 2 Parameters of two different fitted simulations of the fs
DFWM spectrum of CYC recorded under supersonic expansion

1 structure fit 5 structures fit

A/GHz 7.290(4) —a

B/GHz 7.225(4) —a

C/GHz 3.9494¢ _a

o/rad 0.5(+0.7/—0.2) 0.6(+0.5/-0.2)
Ay/kHz 1.7(9) 1.9(9)

Ay /kHz —2(6) 0(6)

Tro/K 114(10) 119(10)
Ton/K — 121(15)

“ Fixed to the MW values (see Table 5).

expansion not only the lowest two but more puckering states
are populated.

In order to test this assumption a fit was performed taking the
five lowest vibrational puckering states into account. The rota-
tional constants were taken from MW spectroscopy’> and were
fixed in the fit. The contribution of each puckering state to the
complete spectrum was calculated from its population assuming
thermal equilibrium, i.e. a Boltzmann distribution. The distribu-
tion was characterized by a single vibrational temperature, which
was varied in the fit. The puckering state energies were taken
from far-infrared and Raman vibrational spectroscopy studies.'

intensity/arb.units

x4

102 103 104 136 137 138 139 140

T T u

T T T T I T T T T T T T T
171 172 173 205 206 207 208 209

T T T T T T T T T T T

T T
240 241 242 274 275 276 277 278

delay/ps

Fig.5 fs DFWM spectra of cyclopentene under supersonic expansion: red—experimental, blue—fitted simulation using one structure, green—fitted
simulation using five ring-puckering states (structures) with rotational constants taken form MW (see Table 5).
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The resulting fitted simulation is shown in Fig. 5 (green). It
is in good agreement with the experimental spectrum. Thus,
indeed, several puckering states contribute to the supersonic
expansion spectrum of CYC. But according to the obtained
vibrational temperature of 121 K, the first two nearly degenerate
puckering states have a dominant contribution of 81% to the fs
DFWM spectrum.

The rotational temperature was found to be similar to the
vibrational one. This can be justified®> by the fact that the
spacing between the puckering states is rather small, i.e
25-130 cm™'.'> The same was observed for pyrrolidine in a
supersonic expansion experiment.®

5.2.2 Gas cell. Twenty recurrences of the fs DFWM
spectrum of CYC measured in the gas cell at room tempera-
ture are shown in Fig. 6. This experimental spectrum cannot
be reproduced by a fitted simulation using only one structure,
as for the spectrum measured under supersonic expansion,
which is not unexpected since at room temperature several
ring-puckering vibrational states have significant population.
Therefore, we carried out the fitted simulation based on a one-
dimensional model for the ring-puckering vibration. Seven
ring-puckering states of the ground state of the twist mode
together with the lowest ring-puckering doublet of the first
excited twist state'> at 385 cm ™! were considered in the fit.

The fitted simulation (Fig. 6, blue) is in good agreement
with the experimental fs DFWM spectrum. The parameters of
the ring-puckering vibration obtained from the fit are collected
in Table 3 together with the experimental data available in
literature. The reduced puckering coordinate corresponding to

M J\MJ&

the minimum energy structure, Z,;,, was found from the fit to
be 1.769+0.009/—0.005. The same value was derived in the
MW study of Lopez et al.,*® implying that the kinetic term of
the ring-puckering Hamiltonian is independent of the
puckering angle.

The experimentally derived barrier to ring inversion, Vyarriers
of 274+ 12/—20 cm ™! is somewhat higher than those found in
the infrared and MW studies (Table 3). It should be noted,
however, that of two potential parameters, Z;, and Viarriers
only the former determines the wavefunctions of Hamiltonian
(2), and therefore also the expectation values of the rotational
constants for each ring-puckering state.’®** The parameter
Varrier (Mmore precisely A.) is mainly a scaling factor®® for the
energies of the puckering states, and, thus, determines only the
populations of these states and the centrifugal distortion
constants. Therefore, the simulated spectra according to the
adopted ring-puckering model are much more sensitive to
the parameter Z,;, than to Ve It was pointed out
previously®® that a more complex ring-puckering model, where
the kinetic constant B,, is treated as a function of the puckering
angle, allows for a more precise determination of the barrier to
ring inversion. The accuracy may also be improved by con-
sideration of the vibration—rotation coupling for the two
lowest ring-puckering states.

The equilibrium puckering angle ¢, was calculated
to be 24.3°+1.4/—0.7 from the experimentally determined
values for Viamier and Zy, (see eqn (3) and (4)) and the
calculated average B, value of 5.3 x 10> em™! (Fig. 4).
This semi-experimental value of the equilibrium puckering
angle is very close to those obtained theoretically by FPA,

-
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Fig. 6 fs DFWM spectra of cyclopentene in the gas cell at room temperature: red—experimental, blue—fitted simulation based on the one-

dimensional model for the ring-puckering vibration.
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Table 3 The parameters of the ring-puckering potential of CYC

This work Lopez et al.*

Experiment Theory a b Laane et al.'® Malloy* Scharpen® Ueda et al.”®
Voare/om™' 274+ 12/—20 229 2418 238.0 231.9 232 236/232 244.6
Z min 1.769 +0.009/—0.005 — 1.769 1.746 1.758 1.758 1.746 1.773¢
Prmin” 24.3¢ 244 — _ 233 2.12
Xmin/A 0.243 0.244 — — 0.234 0.264 0.214

“ From fixed reduced mass Hamiltonian B, = const. b Semirigid Hamiltonian B, = B,(¢). © Calculated by Leong and coworkers.>® ¢ Calculated
from experimentally derived Vyarier» Zmin and the theoretical value of B, = 5.3 x 10 em~'(see eqn (3) and (4)).

CCSD/aug-cc-pVDZ and the single point CCSD/aug-cc-pVTZ
calculation on the SOSMP2/cc-pVDZ geometry (Table 1). The
corresponding puckering coordinate x.;, was found to be
0.243 A from its relation to the puckering angle derived from
B3LYP/cc-pVTZ and SOSMP2/cc-pVDZ structures.

The dependence of the rotational constants 4 and B on the
puckering angle obtained from the fit are shown in Fig. 7
(green). They resemble closely those obtained by MW33
(Fig. 7, blue dashes). Furthermore, the accuracy in the determi-
nation of the rotational constants 4 and B is about 1 MHz in
the region close to Z,,;, (as shown by error bars at Z = 1.5 in
Fig. 7), which corresponds to a relative error of better than
0.02%. This error increases for larger Z (> 2, see error bars at
Z = 3.0) because the probability of finding the system in this
region is lower. Since the fs DFWM spectra in case of CYC are
only slightly sensitive to the rotational constant C, its depen-
dence on the puckering coordinate Z, was taken from MW?3?
and fixed in the fit. Alternatively, this dependence may be
taken from quantum chemical calculations.

The calculations at the B3LYP/cc-pVTZ level of theory
yield rotational constants 4 and B that are systematically
higher than the experimental ones. On the contrary, the
rotational constants calculated at the SOSMP2/cc-pVDZ level

rotational constants/GHz

Fig. 7 Dependence of the rotational constants 4 and B on the
reduced puckering coordinate Z: red—calculated at B3LYP/cc-pVTZ,
the relationship between the puckering angle and the puckering
coordinate Z is calculated according to eqn (3); dark blue squares—
calculated at SOSMP2/cc-pVDZ; green—derived from the fitted simu-
lation of the experimental fs DFWM spectrum of CYC at room
temperature (standard deviation is shown by error bars); blue dashes—
taken from the MW work of Lopez et al.:** black dashes—taken
from the MW work of Scharpen.”® The dashed vertical line indicates
the equilibrium reduced puckering coordinate Z.;, deduced from
the fit.

are lower than those derived from experiment. In order to find
out how quantum chemical calculations can reproduce the
rotational constants a number of optimizations of the CYC
planar structure have been carried out using different combi-
nations of theory levels and basis sets. The obtained results are
collected in Table 4.

The smallest discrepancy of about 40 MHz between the
experimentally determined and the calculated rotational
constants was found for the B3LYP/cc-pVTZ optimized geo-
metries. On the basis of Table 4 it can be concluded that an
enlargement of the basis set increases the magnitude of rota-
tional constants, whereas inclusion of higher order correlation
in the calculations tends to decrease it. The same effects were
previously found in calculations of the rotational constants of
pyrrolidine.® Moreover, it was shown that consideration of
anharmonic effects should also decrease the magnitude of
the rotational constants. Thus, better agreement between
calculated and experimental values can be expected when
CCSD with larger basis sets is employed and the anharmonic
effects are taken into account, which is unfortunately currently
not technically feasible. Hence, the results obtained by rota-
tional fs DFWM spectroscopy can be used as a structural
benchmark for ab initio calculations.

The experimentally derived ring-puckering potential and
dependences of the rotational constants on the puckering
coordinate can be used for calculation of vibrationally averaged
values of the rotational constants A4,, B,, C, for each ring-
puckering state v. These averaged values for the first seven
ring-puckering states of CYC together with the CD constants
Ay and Ajg are collected in Table 5. The 4, and B, values
obtained in the current work deviate from the MW ones
by +3 MHz and —5 MHz, respectively. The deviation of
the parameter (4, + B,)/2, to which the fs DFWM signal is

Table 4 The rotational constants of the planar structure of CYC
calculated at different levels of theory and derived experimentally in
the present work

A/GHz B/GHz C/GHz
Exp. 7.266(4) 7.166(4) 3.8642¢
B3LYP/cc-pVTZ 7.3062 7.2136 3.8874
MP2/aug-cc-pVDZ 7.2187 7.0877 3.8331
MP2/aug-cc-pVTZ 7.3312 7.2121 3.8951
SOSMP2/cc-pVDZ 7.1938 7.0871 3.8267
MP4/aug-cc-pVDZ 7.1551 7.0332 3.8011
CCSD/aug-cc-pVDZ 7.1756 7.0718 3.8171

“ Taken from the MW study of Lopez er al.*?
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Table 5 Rotational constants for the first seven ring-puckering states of CYC

This work From the MW work of Lopez et al.*

Puckering state v 4/GHz  B/GHz  C/GHz® Aj/kHz® Ajx/kHz° A/GHz B/GHz C/GHz Ay/kHz¢  Ajg /kHz¢
0 729679 7.2220 3.9497 0.25 —0.47 7.2936358(8)  7.2269160(9)  3.9493823(8) 0.225  —0.339

1 7.29707  7.2229 3.9510 0.23 -0.43 7.2939721(8)  7.2279943(9)  3.9510356(9) 0.197  —0.280

2 7.2817 7.1987 3.9159 0.25 —0.43 7.281364(1)  7.202949(1) 3.915786(1) 0.220 2.508

3 7.2874 7.2135 3.9398 0.15 —0.30 7.285844(4)  7.218342(4)  3.939766(4) 0.126  —2.671

4 7.2814 7.2066 3.9308 —0.09 0.06 7.280766(2)  7.211166(2)  3.930749(2)  —0.089 0.308

5 7.2837 7.2180 3.9506 0.05 —0.17 — — — — —

6 7.2824 7.2223 3.9597 0.03 —0.16 — — — — —

O, 11° 7273(4)  7.224(4) 3.945" — — — — — — —

“ The dependence of the rotational constant C on the puckering coordinate was taken from the MW work of Lopez et al.;** ® Fixed in the fit. © The
CD constants originated from the rest of vibrations was found to be 4*; = 1.2 £ 0.1 kHz and 4*;x = 0.2 + 0.6/—0.4 kHz. 4 The correction for
the rotational constant A of the first two puckering states as suggested by Scharpen®® was found to be 5.2 + 0.9/—0.3 MHz. ¢ The two first

puckering states of the first excited state of the twist mode.

most sensitive in the case of CYC, is however less than
—2 MHz.

It was previously reported by Lopez et al.”” that the ring-
puckering part Ay of the complete CD constant Ay does not
change much over the ring-puckering states. Indeed, it stays
almost the same through the first three ring-puckering states
and drops only slightly for the highest states (Table 5).
Similarly, the other CD constant Ajx shows only a weak
dependence on the ring-puckering state, which is in contrast
to the finding reported by Lopez and co-workers, where this
constant changes significantly (by about 5 kHz from v = 2 to
3, Table 5). This discrepancy stems from the difference in the
forms of the adopted rotation—vibration Hamiltonian. In the
current work the rotation—vibration Hamiltonian is developed
in the instantaneous principal axes system, whereas Lopez
et al.*® utilized the reduced axis system.*’

The energy splitting of the first two ring-puckering
states was found from the fitted simulation to be 0.78 cm™",
which is slightly smaller than the previously reported value of
0.91 ecm "%

In addition, the rotational constants 4 and B for the lowest
puckering doublet of the first excited twist state at 385 cm™"
were determined (Table 5). However, these constants should
be considered with caution, since they can be somewhat
affected by contributions from all higher ring-puckering states
not included in the simulation.

133

6. Conclusions

In the present work rotational time-resolved fs DFWM
spectroscopy has been successfully applied for the investi-
gation of the large amplitude ring-puckering motion in gaseous
cyclopentene. This well studied molecule was chosen in order
to evaluate the accuracy of the fs DFWM technique in
determination of energetic and structural parameters of such
large amplitude motions.

The fs DFWM spectrum of CYC recorded at room tempera-
ture has been satisfactorily reproduced by a fitted simulation
based on an one-dimensional quantum mechanical model for
the ring-puckering motion. The fit yields the energetic para-
meters of the ring-puckering motion such as the barrier to ring
inversion, Viarrier, Of 274+ 12/—20 cm ™! and the equilibrium

value of the reduced puckering coordinate Z.;, of
1.769 +0.009/—0.005. Whereas the obtained inversion barrier
is somewhat higher than the most frequently reported experi-
mental value of 232 £+ 5 ecm ™!, Z;, is in line with previously
derived values of 1.746-1.773.

On the basis of these two energetic parameters (Vparriers
Zmin) an equilibrium puckering angle of 24.3° has been
determined using the calculated puckering kinetic constant
of 5.3 x 10* cm™'. The dependences of the rotational con-
stants 4 and B on the puckering angle obtained from fs
DFWM are in excellent agreement with those obtained by
microwave spectroscopy. ™

In addition, previous theoretical estimates of the inversion
barrier in cyclopentene were improved by high level quantum
chemical calculations. It turned out that inclusion of ZPVE
correction increases the barrier to ring inversion by about
20-50 cm ™!, depending on the level of theory and is thus
relevant for an accurate comparison of theoretical and experi-
mental potentials. Focal point analysis on B3LYP/cc-pVTZ
geometries yields a barrier to ring inversion of 229 cm™',
which is in excellent agreement with the experimental value
of 232 + 5 ecm™!. The puckering angle corresponding to the
minimum on the potential energy surface has been calculated
to be 24.4°, which is very close to the semi-experimental value
of 24.3° determined by the analysis of the room-temperature fs
DFWM spectrum in the current work.

Thus, the high structural sensitivity together with good
energetic evaluation makes the fs DFWM spectroscopy
in combination with high-level ab initio calculations an
attractive tool for the investigation of large amplitude intra-
molecular motions. The method is particularly interesting for
molecules lacking or possessing only a small dipole moment,
where far-infrared and microwave spectroscopy cannot be
applied.
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9.4 Detection and structural characterization of clusters with
ultrashort-lived electronically excited states: IR absorption
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The progress in chemical kinetics makes it clear that the so-
called “elementary” reactions, such as proton or electron transfer,
are, in fact, multidimensional processes, involving not only in-
tramolecular degrees of freedom but also those of the environment.
Elucidating the intricacies of such phenomena requires techniques
of high spectral, temporal, and structural resolution. These condi-
tions can be simultaneously fulfilled by isolating the reactants in
supersonic beams. Recent examples of successful applications of
this methodology for proton transferring systems include studies
of the cooperativity in excited state double proton transfer (ESDPT)
in 7-azaindole dimers' or detection of cis and trans tautomeric
species in alkylated porphycenes and the determination of tunneling
splittings for both forms in the ground and lowest singlet electronic
states.?

The investigation of gas phase molecular clusters formed in
supersonic beams at ultralow temperature is a very active research
field since it allows studying the structure of microsolvated
molecules by vibrational spectroscopy in combination with density
functional theory (DFT). The selection of species out of a
distribution of clusters differing in size and structure is feasible by
IR/UV double resonance spectroscopy combining IR predissociation
with UV resonant two-photon ionization and mass spectrometric
detection.® This ultrasensitive IR/R2PI ion depletion method
meanwhile finds widespread applications in the characterization of
small biomolecules and their aggregates due to its size and isomer
specificity.

We have chosen the 1-H-pyrrolo[3,2-4]quinoline (PQ)/methanol
system since it constitutes an important model system for under-
standing the mechanism and dynamics of intermolecular ESDPT,
which leads to tautomerization, a key reaction for chemical
mutagenesis of DNA. PQ belongs to the group of bifunctional (H-
bond donor/acceptor) heteroazaaromatics that have recently been
studied in the condensed phase.*~7 This group exhibits dual
fluorescence, although, in the case of PQ, with very low quantum
yield. The dual fluorescence is attributed to an ESDPT process
mediated by a cyclic 1:1 complex with the alcohol solvent. The
time scale of the ESDPT process in solution is in the subpicosecond
to picosecond range.® In the gas phase, we have recently found
different photophysical properties of PQ upon stepwise solvation
by methanol. Namely, the laser-induced fluorescence (LIF) of the
jet-cooled 1:1 cluster was not observed, while that of the 1:2 and
larger complexes was quite strong upon S; <— Sy excitation. This
difference in fluorescence was indicative of a fast relaxation
channel. Our goal was to investigate in detail the structure and
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f University of Houston.
§ Polish Academy of Sciences.

10000 = J. AM. CHEM. SOC. 2006, 728, 10000—10001

D‘n fs
Uy
11
1.2 7]
o,
- 4 -
S T 2
—_ o
4
S, ns c
Uy
v T v T
IR s, 200 300
me” / Da

—
t~50ns

Figure 1. One-color (266 nm) two-photon ionization scheme of PQ solvated
by alcohol and mass spectra of jet-cooled PQ/methanol gas mixture obtained
with the femtosecond and nanosecond laser pulses under otherwise identical
conditions. The UV absorption spectrum of the PQ/alcohol solution is
inserted. The timing of the IR/fsSMPI experiment is also indicated.

dynamics of such photoreactive complexes and unveil their excited
state reaction mechanism. For this purpose, their IR spectra in the
NH, OH stretch region should be recorded using an extension of
the double resonant IR depletion technique (IR/R2PT).

The essential condition for the “classical” IR/R2PI depletion
method is the existence of an electronically excited state of the
cluster, halfway to the ionization potential, which can be excited
resonantly and lives long enough to be able to ionize the species
by nonresonant absorption of a second photon of the same energy.
However, if this intermediate state is short-lived (<1 ns) due to
fast proton or electron transfer or internal conversion, the ion yield
observed with nanosecond lasers goes to zero.

An instructive example is given in Figure 1, where mass spectra
of the same supersonic expansion of PQ with methanol were
recorded for comparison, first with a nanosecond laser and second
with a femtosecond laser. The excitation is performed via a higher
lying electronic band, which can be attributed to electronically
excited states S4 or/and Ss of tw™ character (cf. scheme in Figure
1). Here, the third harmonic of a femtosecond Ti:sapphire laser
(266 nm, 300 fs) is used. It is obvious that in the former spectrum
the molecular aggregates of PQ with methanol are missing, probably
due to their short excited state lifetime. From the displayed mass

10.1021/ja063093e CCC: $33.50 © 2006 American Chemical Society
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Figure 2. 1R/fsMPI spectra measured for PQ:methanol,= » mass channels.
The calculated IR spectra are plotted with bars. Relevant cluster structures
are inserted.

spectra, it is clear that if one is interested in an IR investigation of
the PQ:methanol aggregates, this can only be achieved by femto-
second multiphoton ionization (fsMPI).

Our experimental setup consists of a narrow band nanosecond
IR-OPO for vibrational excitation, a femtosecond chirped-pulse
amplified Ti:Sa laser system for two-photon ionization of the cluster,
and a vacuum apparatus equipped with a pulsed nozzle and a home-
built time-of-flight mass spectrometer. All components have been
described previously in separate publications.®

The resulting IR spectra in the region of 3150—3450 cm™!
measured by IR/fsSMPI for the PQ:methanol,-; » ionic aggregates
are depicted in Figure 2. Whereas for the 1:1 aggregate only one
band at 3268 cm™! was found, the 1:2 complex exhibited two bands
at 3332 and 3209 cm™'. For assignment, these spectra are compared
to the results of calculations obtained at the DFT level.” The
calculated positions and intensities of the IR bands are plotted in
Figure 2. They agree very well with the experimental spectra. The
structures of the calculated aggregates are also depicted in Figure
2. In both clusters, the most stable geometries arise when the pyrrole
donor and the pyridine acceptor of PQ are connected through
H-bonds by a methanol OH bridge.

Thus, the strongest band of the 1:1 aggregate, calculated at 3291
cm™!, is readily identified as the simultaneous anti-phase stretch
of the OH group of methanol and the NH of the pyrrole unit of
PQ. Due to the strong double H-bond interaction (Epinging = 10 kcal/
mol®) in this cyclic complex, the local oscillator modes no longer
exist. Similarly, for the 1:2 aggregate, the most intense mode
calculated at 3212 cm™! is the anti-phase stretch of the pyrrole NH
and pyridine-bound OH. The vibration predicted at 3328 cm™! is
mainly the methanol dimer OH stretching, mixed, however, with
elongations of the OH and NH bonds within the H-bond cycle.

The cyclic NH:-*OH-**N bridge of the 1:1 aggregate was
suggested as an intermediate for fast ESDPT in solution, which
gives rise to the anomalous fluorescence and quenches the normal
one.* After photoexcitation, the protons involved in the H-bonds
undergo a concerted, albeit asynchronous, transfer. In principle,
such a process is also possible in the 1:2 aggregate, but since there
the “proton wire” is longer, a higher chance for dissipative side
processes or of disturbances along the way is also conceivable. The
different behavior of 1:1 and 1:2 PQ:methanol aggregates can be

deduced from our recent IR nanosecond fluorescence depletion and
R2PI'? studies. As mentioned earlier, both failed to detect the 1:1
complex after excitation to the S; state, but the 1:2 and larger
clusters appeared. Moreover, the spectra obtained by IR/LIF and
IR/fsMPI depletion for the 1:2 species agree nicely, which supports
the new method and the presented interpretation.

It should be emphasized that, under the employed experimental
conditions (i.e., fixed femtosecond laser wavelength at 266 nm),
no spectral selection of a specific cluster size by its UV fingerprints
is possible. Therefore, one would expect that the obtained cluster
mass spectra are dominated by fragmentation. However, conditions
can be found where the parent ions (1:1)", (1:2)* can be measured
nearly without contribution from larger clusters. For this purpose,
a careful control of the expansion conditions is important, either
by changing the vapor pressure of the solvent or by ionizing
different segments of the gas pulse containing different cluster sizes.

Additionally, it should be pointed out that very similar results
have been obtained for aggregates of PQ with water (spectra not
shown here), where also the 1:1 cluster could not be investigated
by LIF, but exclusively by the IR/fSMPI method.

In conclusion, we have presented a scheme for measuring the
IR spectra of photoreactive molecular clusters, which is based on
femtosecond multiphoton ionization probing (IR/fsMPI). We applied
it successfully to PQ:methanol,—;, clusters. One drawback of the
method is that, in general, it does not provide size and isomer
specificity. However, we could demonstrate that size-specific spectra
for small complexes could be obtained if the supersonic expansion
and excitation conditions are carefully controlled. In particular, PQ:
methanol,—,, aggregates could be identified and their structure
analyzed. A time-resolved study of the ESDPT dynamics is
underway. Thus, an important molecular model system for solvent-
assisted photoinduced tautomerization reactions can be elucidated
in full detail.
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Experimental and theoretical studies are presented for complexes of water with 1H-pyrrolo[3,2-A]quinoline
(PQ), a bifunctional compound acting simultaneously as a hydrogen-bond donor and acceptor. A 1:1 complex,
which is not fluorescent and only very short-lived in the electronically excited state, was analyzed by isolating
the complex under supersonic jet conditions and characterizing its structure by infrared-induced ion depletion
spectroscopy utilizing multiphoton ionization by femtosecond UV pulses (IR/fsMPI spectroscopy). On the
other hand, a long-lived 1:2 complex was identified as the smallest microhydrate of PQ contributing to the
laser-induced fluorescence excitation spectrum. Its structure was assigned by fluorescence-detected IR spectra
and analyzed using density functional theory. The structures of the 1:1 and 1:2 clusters are assigned to species
in which the water molecule(s) form a hydrogen-bonded solvent bridge between the two functional groups.
In accord with calculations, both 1:1 and 1:2 PQ/water complexes reveal weaker hydrogen bonding than the

analogous clusters of PQ with methanol.

1. Introduction

A fast phototautomerization process has been demonstrated
for 1H-pyrrolo[3,2-A]quinoline (PQ) in protic solvents.!™3 PQ
represents a family of bifunctional molecules which possess both
a hydrogen-bond donor (e.g., an aromatic NH group) and an
acceptor (e.g., a quinoline-type nitrogen atom Ng). In alcohols!2
and water,> PQ shows dual luminescence, contrary to its
behavior in nonpolar and polar aprotic solvents. In order to prove
that the appearance of a low-energy emission band is a
manifestation of an excited-state proton transfer (ESPT) process,
the spectral position of this fluorescence has been compared
with the emission of a Ng-methylated molecule synthesized to
serve as a chemical model of the tautomeric structure.! The
driving force for ESPT is provided by large pK, changes upon
photoexcitation. For PQ, the quinoline nitrogen becomes much
more basic (ApK, = +9.6) and the acidity of the NH group is
also strongly enhanced (ApK, = —6). Titration of solutions of
PQ in a nonpolar solvent with alcohol (in concentrations low
enough to prevent the formation of alcohol oligomers) and the
observations of spectral changes both in absorption and emission
gave strong evidence that the proton transfer occurs in a 1:1
hydrogen-bonded complex of an excited chromophore with an
alcohol molecule. The detailed structural characterization of the
reactive precursors is a challenging task for solution studies. It
has been assumed that these complexes correspond to a 1:1
“correctly prepared” doubly hydrogen-bonded cyclic structure
(Figure 1).!73 This idea has been corroborated by the finding
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t Polish Academy of Sciences.

§ University of Kaiserslautern.
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1:1+1a

H

Figure 1. Schematic structures of the considered hydrogen-bonding
complexes of PQ with water.

that the low-energy emission is still observed in glasses at
temperatures as low as 77 K. Moreover, the photoreaction is
extremely fast.* The decay of the primary excited fluorescence
is not monoexponential and consists of a fast component (a few
picoseconds) and a slow component, which increases from tens
to more than a hundred picoseconds with an increase in the
viscosity of the surrounding medium. Only the fast component,
not much dependent on the properties of the alcohol, is observed
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in the rise of the tautomeric fluorescence. Therefore, the general
picture for the bulk solution corresponds to a dynamic equilib-
rium between various solvates of different stoichiometry and/
or different structure.! Some of these complexes decay radia-
tionlessly within tens or hundred picoseconds, being responsible
for the viscosity-dependent fluorescence quenching. This model
has also been supported by a recent time-dependent density
functional theory (TDDFT) study performed for PQ/water, (n
= 0,1,2) clusters.® It has been demonstrated that the barrier for
the ESPT is dramatically reduced from 20.9 kcal/mol in the
bare PQ molecule to 3 kcal/mol in the 1:1 PQ/water complex.
Moreover, the TDDFT calculations predict that the extension
of the hydrogen-bonded chain connecting the hydrogen-bond
donor/acceptor groups of PQ in the 1:2 complex (Figure 1)
results in an increase of the tautomerization barrier to 5.6 kcal/
mol, due to unfavorable hydrogen-bond configurations. More-
over, the fraction of the 1:1 complex of PQ/water compared to
PQ/methanol in solution has been estimated by a molecular
dynamics (MD) simulation to be a factor of 3.5 smaller,’ in
agreement with the experimental value of 2.7.3 Most of the
previous studies focused on experiments in solution. In order
to characterize the structure of these reactive hydrogen-bonded
complexes with alcohols and water and to pave the way to
unraveling their size-dependent chemical dynamics, we have
recently started a study of the clusters isolated under supersonic
jet conditions. These issues provided motivation for the present
molecular beam investigations of the PQ/water, clusters.

We have recently shown that the photophysics of jet-isolated
complexes of PQ with methanol is strongly dependent on the
cluster size.” Complete lack of fluorescence, observed for the
1:1 complex, was explained by a fast ESPT reaction, that is, a
phototautomerization, followed by a nonradiative relaxation of
the vibrationally excited tautomer. It has been found that the
fluorescence of the 1:2 PQ/methanol cluster is quenched only
when the cluster is excited above the reaction barrier of about
1.9 kcal/mol. This value is an order of magnitude lower than
the binding energy of the cluster, indicating the onset of a
specific deactivation process. Such behavior can be correlated
with the viscosity dependence of fluorescence quenching in
alcohol solutions, which implies that the radiationless process
involves large-amplitude motion of the alcohol molecules
bonded to PQ. This motion, in turn, can be vibrationally
activated. Accordingly, while for the 1:2 complex a fluorescence-
detected infrared (FDIR) spectrum was readily recorded, this
spectrum was not observed for the “dark™ 1:1 aggregate.

A short excited state (S;) lifetime, as well as an ionization
potential higher than twice the value of the energy of the S; —
Sy transition, prevents both the detection and structural analysis
of the reactive precursors by conventional double-resonance IR
resonant two-photon ionization depletion spectroscopy (IR/R2PT)
using nanosecond lasers.® However, by using femtosecond laser
pulses for the photoionization step, we have recently demon-
strated that ion depletion spectroscopy can also be successfully
applied to multiphoton ionization via resonances in the con-
tinuum of excited states, with the drawback that the method is
no longer isomer-specific and of limited size selectivity. This
new technique was termed infrared/femtosecond multiphoton
ionization spectroscopy (IR/fsMPI).? Here the third harmonic
of a titanium:sapphire (Ti:Sa) laser (266 nm) was used for a
resonant two-photon ionization (R2PI) of PQ and its methanol
clusters via a higher singlet excited state (S4 or Ss) of wx*
character. By probing the ion signal of the PQ/methanol
complexes by IR/fsMPI spectroscopy in the region of the
hydrogen-bonded NH and OH stretch vibrations, cyclic doubly
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and triply hydrogen-bonded structures were assigned, analogous
to the 1:1 and 1:2 complexes depicted in Figure 1.°

In the present work we report IR/fsMPI and FDIR spectra of
PQ/water,=1» complexes. The structural analysis of the vibra-
tional fingerprints is performed by means of DFT calculations.

2. Experimental

2.1. Materials. 1H-Pyrrolo[3,2-h]quinoline (PQ) was syn-
thesized and purified according to the procedures described
earlier.!? Distilled water and helium of 4.6 grade were used for
the preparation of PQ/water clusters under supersonic expansion
conditions.

2.2. Methods. The details of laser-induced fluorescence (LIF)
excitation and of FDIR!! depletion spectroscopy have been
described previously.” The FDIR and IR-UV hole-burning!?
spectra were measured with modification of the earlier experi-
ment with PQ/methanol, utilizing a tunable DMQ dye laser
(FL2002/LPX200, LambdaPhysik) as the UV laser source.

The experimental setup for the IR/fsMPI measurements
consists of a narrow band, injection-seeded nanosecond IR
optical parametric oscillator (OPO) for vibrational excitation,
a femtosecond chirped-pulse amplified Ti:Sa laser system for
two-photon ionization of the clusters, and a vacuum apparatus,
equipped with a heated pulsed nozzle and a home-built linear
time-of-flight mass spectrometer. All components have been
described previously in separate publications.!>!* Below, we
briefly describe how these components were combined in the
experiment.

The fundamental output (800 nm) of a femtosecond chirped-
pulse amplified Ti:Sa laser system was frequency-tripled
(efficiency 18%) resulting in laser pulses (30 ©J, 266 nm, 260
fs autocorrelation) that were used to photoionize PQ/water
clusters. The femtosecond laser beam was spatially overlapped
in the ionization region of the time-of-flight spectrometer with
a counter-propagating nanosecond IR-OPO beam. Both laser
beams crossed perpendicularly a pulsed molecular beam col-
limated from a seeded supersonic expansion of PQ and water
with helium as the carrier gas at a stagnation pressure of 3 bar.
The sample/nozzle temperature was maintained at about 380 K
in order to have sufficient vapor pressure of PQ. The partial
pressure of water was controlled by means of a gas mixing unit.
The wavelength of the IR-OPO pulses (4 mJ, 0.2 cm™! fwhm,
6 ns) was scanned in the 3100—3450 cm™! region in order to
record the IR/fsMPI depletion spectra. At each spectral point,
the amplified and integrated time-of-flight signal corresponding
to the selected PQ/water clusters was averaged over 40 laser
shots. Finally, the spectra were averaged over up to 5 scans.
The synchronization of the pulsed nozzle (General Valve, 10
Hz), IR-OPO (10 Hz), and 1 kHz femtosecond laser system
was achieved with a digital delay generator (DG535, Stanford
Research Systems) that was triggered by a an arbitrary femto-
second laser pulse from the kHz sequence, so that after
predetermined time delays, the pulsed nozzle and the IR-OPO
laser were started. The nozzle delay was optimized in order to
overlap in time a femtosecond laser pulse next to the trigger (1
ms later) with the molecular beam pulse in the ionization region
of the mass spectrometer. The IR laser was fired 50 ns prior to
the ionizing UV laser. This delay was set and checked with a
photodiode. The delay generator was accepting an input trigger
only every 100 ms, providing an effective repetition rate of 10
Hz.

3. Results

3.1. DFT Calculations. The geometry optimization of the
1:1 and 1:2 complexes of PQ with water in the ground and the
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TABLE 1: Ground-State Binding Energies (in kcal/mol), Selected Distances (in A), and Angles (in degrees) of Various PQ/

Water (Methanol) Complexes

1:1 1:1+1 1:2

methanol water methanol water (1:1+1d) water (1:1+1a) methanol water
AE(So) —10.4¢ —9.3b —11.8%¢ —9.3¢ —11.0¢ —13.94¢ —12.6P¢
Ry 1.880 1.907 1.938 1.975 1.848 1.870 1.906
R> 1.831 1.816 1.763 1.740 1.900 1.798 1.785
R 1.882 1.905 1.975 1.742 1.753
(Sh 156.8 156.1 154.5 153.6 158.8 166.0 163.8
0, 165.2 165.7 168.4 168.9 162.0 174.5 173.1
(SH 174.4 171.3 178.2 162.4 161.7
ZONNO 23.2 17.7

@Ref 7. ? Ref 5. ¢ The binding energy was evaluated for the interaction between PQ and a water (methanol) dimer, so that it does not include a
contribution of water—water (methanol—methanol) hydrogen bonding. The energy of water—water (methanol—methanol) interaction was estimated

to be —2.6 (—3.9) kcal/mol at the same level of theory.

first excited singlet states has recently been performed at the
B3LYP/cc-pVDZ level of theory.® The cyclic 1:2 complex has
been found to be the most stable structure among the hydrogen-
bonded clusters that are possible with two water molecules.
Since several stable isomers corresponding to local minima
could eventually also be stabilized in the supersonic beam, we
considered additionally two other isomers of the 1:2 complex.
Both configurations correspond to a modified 1:1 complex, in
which the second water molecule is hydrogen-bonded to the
water molecule of the cyclic 1:1 cluster either as a hydrogen-
bonding acceptor (1:1+1a in Figure 1) or as a donor (1:1+1d
in Figure 1). The basis set superposition error (BSSE) and zero-
point energy (ZPE) corrected ground-state binding energies for
all relevant complexes are presented in Table 1 together with
the corresponding values for structurally related PQ/methanol
clusters.” Generally, the stabilization energies of the PQ/water
complexes are lower by 10% than those of the PQ/methanol
analogs.

Selected structural parameters (see Figure 1 for definition)
of the PQ/water and PQ/methanol clusters are compared in Table
1. The hydrogen-bond length and angle values in the PQ/water
clusters compared to PQ/methanol demonstrate systematically
weaker hydrogen-bonding of the water bridge at the pyrrole
site and a stronger one at the quinoline site. The latter can hardly
be explained in terms of the relative hydrogen-bonding donor
and acceptor abilities of water and methanol molecules. Ap-
parently, the methanol complexes should be stronger in both
senses as the isolated water exhibits both weaker proton
affinity' and acidity'¢ than methanol. In cyclic structures, a
solvent-specific cooperativity effect comes into play as revealed
by the non-additivity of hydrogen-bonding energies in the n =
3,4 clusters of water'” and methanol.'® Generally, small clusters
of water and methanol form similar structures but the differences
between them are determined by the methyl group of methanol.
For the 1:2 complexes of PQ, the water bridge provides a more
planar hydrogen-bonding network than the one with methanol.
The characteristic ONNO dihedral angles in the ground state
are 17.7 and 23.2 degrees for the water and methanol complexes,
respectively. This effect may be explained by interaction
between the methyl groups and the PQ molecule.

The binding energies, structures, and normal modes of the
PQ/water complexes were calculated on the B3LYP/cc-pVDZ
level of theory using the TURBOMOLE program package,
Version 5.7,'° as published previously.> Ground-state funda-
mental frequencies were obtained by scaling the harmonic values
with a factor of 0.9704 as proposed by Witek and Morokuma.?°

3.2. LIF Excitation Spectrum. Changes in the LIF excitation
spectrum of PQ after increase of the vapor pressure of water
are depicted in Figure 2a. This spectrum was measured with

the apparatus in the Warsaw Laser Centre. New spectral features
corresponding to the onset of cluster formation show great
similarity to those observed in the spectra with methanol. The
band at 28061 cm™! is assigned to the vibrational origin of the
smallest cluster of PQ with water which exhibits fluorescence.
Relative to the origin of bare PQ at 29524 cm™!2! it is red-
shifted by 1463 cm™!.

We also recorded an IR/UV hole-burning spectrum with the
IR-laser tuned to 3411 cm™!. As will be shown in the following,
this frequency corresponds to one of the vibrations measured
by FDIR detecting a total yield of fluorescence with the UV
laser tuned to 28061 ¢m™!. If all the solvent-induced spectral
features in Figure 2a are from the same neutral cluster, their
intensity should be equally decreased when recorded with the
IR-burn laser switched on. Since this was the case (Figure 2b),
we can assign these solvent-induced bands to only one solvated
species, which still has to be assigned. For recording the hole-
burning spectrum we used the experimental setup in Frankfurt.
There it was not possible to measure the LIF spectrum above
~228300 cm~! due to limited efficiency of the dye used. For
this reason we could not extend the hole-burning spectrum
beyond this energy limit.

The red-shift of the origin with respect to the location in bare
PQ (1463 cm™!) can be compared with the analogous shift
observed for the PQ/methanol, complex (1651 cm™") which was
unambiguously assigned by means of FDIR spectroscopy.” It
should also be pointed out that the LIF spectrum disappears at
excess energies above 471 ¢cm™!, which compares well with
the spectrum of the PQ/methanol, complex which is quenched
beyond 663 cm™!.

3.3. FDIR and IR/fsMPI Spectra. The ground-state FDIR
depletion spectrum measured by probing the fluorescence signal
upon excitation of the band at 28061 cm™! is shown in Figure
3a. While only very weak IR activity, if at all, was detected for
the region of free OH vibrations, three intense bands at 3140,
3310, and 3411 cm™! are observed corresponding to the
hydrogen-bonded NH and OH stretching vibrations, significantly
red-shifted in their values from those observed for the isolated
molecules: 3507 cm™! for PQ,” and 3657 and 3756 cm™! for
water.?? Hence, the fluorescent species possesses three hydrogen
bonds, indicating that at least two water molecules must be
involved in the cluster responsible for the LIF spectrum. Since
structurally related PQ/methanol,= » clusters reveal IR activity
in the same region,” we further concentrated on the 3100—3450
cm™! spectral part.

The IR/fsMPI spectra measured in parallel for the PQ*/water,
(n =0, 1, and 2) ion channels are presented in Figure 3 (traces
d, c, and b, respectively). These spectra are nearly saturated
because they were taken with a tightly focused laser beam in
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Figure 2. LIF excitation spectrum (a) and IR-UV hole-burning spectrum at 3411 cm™! (b) recorded in the region where the PQ/water,=; » clusters

should exhibit spectral activity according to our calculations.’
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Figure 3. A comparison of the FDIR spectrum (a) measured upon
excitation of the transition at 28061 cm™' with the IR/fsMPI spectra
recorded in (b) 1*:2, (¢) 1™:1, and (d) 1*:0 cluster channels.?? The
inserted mass spectrum shows the corresponding cluster ion distribution.
The dotted line above 3700 cm™! indicates the very weak free OH
stretch, which is also very weak in the calculated spectra (Figure 5).

order to detect weaker double resonance bands. While the
depletion of the fluorescence signal reached a value of 75%,
significant cluster fragmentation caused the ion depletion not
to exceed 40% at signal levels that were one-to-two orders of
magnitude weaker than that of fluorescence. The IR/fsMPI
spectrum detected for the PQ™"/water, ion signal (Figure 3b)
matches the above FDIR spectrum very well. Weaker additional
features at 3205 and 3430 cm™! can arise from larger clusters
fragmenting into this ion channel or can be due to less stable

isomers of the 1:2 complex. The spectra of the clusters larger
than 1:2 were not measured due to insufficient levels of the
corresponding ion signals (see the mass spectrum in Figure 3).
Close similarity of the spectra depicted in Figure 3, parts a and
b, proves that the smallest fluorescent complex of PQ with water
contains two solvent molecules. It should be emphasized that
the photoionization of the PQ clusters by femtosecond laser
pulses at 266 nm is not isomer-selective. It can be therefore
concluded that one conformer of the PQ complex with two water
molecules is dominant in all spectra under supersonic jet
conditions.

The bands at 3310 and 3411 cm™! are common for the spectra
of the 17:1 and 17":2 ions, thus providing evidence for the
fragmentation of the heavier complex by loss of one water
molecule. In the depletion spectrum of the 17:1 channel (Figure
3c) one band appears at 3148 cm™!, at a slightly different
wavelength than the band at 3140 cm™' recorded on the 17:2
cluster (Figure 3b). This fact indicates two close-lying transitions
of the 1:1 and 1:2 clusters which overlap in the lower mass
channel. The peak at 3341 ¢cm™! is observed exclusively for
the 17:1 and the 17:0 channels and therefore must stem from
the 1:1 complex. Actually, the spectrum recorded at the
monomer ion channel (Figure 3d) reveals all the features found
for the 1%:1 ions, however, again with different relative
intensities of the particular bands.

It was not possible to find expansion conditions under which
only 1:1 complexes were formed. The 17:1 channel was
contaminated by contributions from fragmenting higher clusters,
manifested by the 3310 cm™! band always appearing in the
depletion spectrum of the 1%:1 channel. However, it was
straightforward to distinguish between species belonging to
different stoichiometry. For that, the spectra recorded in the 17:1
channel were compared for different water pressures in Figure
4. The ratio between the peaks at 3341 and 3310 cm™! increased
for smaller water concentrations. At the same time, the low-
energy band around 3150 cm™! shifted to the blue by about 10
cm™!; this was accompanied by a decrease in intensity. These
findings leave no doubt about the assignment of 3341 and 3310
cm~! bands to 1:1 and 1:2 stoichiometry, respectively. They
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Figure 4. TR/fsSMPI spectra measured in the 17:1 (a,c) and 1*:0 (b)
PQ/water cluster channels. Parts (a) and (c) represent different cluster
distributions. The corresponding mass spectra are shown on the right.

also confirm that both types of complexes absorb at around 3150
cm™!, albeit with different probabilities, and that the corre-
sponding vibrational transition in the 1:1 complex is weaker
and blue-shifted with respect to that of the 1:2 species. These
conclusions were firmly corroborated by comparing band
intensities in the 17:2, 1*:1, and 17:0 channels (Figure 3, parts
b—d), with the contributions of the bands assigned to 1:1 species
being stronger in the 17:0 channel than that assigned to the 1:2
complex (it should be stressed that these signals were obtained
simultaneously, in the same experiment).

In order to obtain a separate spectrum of the 1:1 complex
alone, the depletion spectrum of the 17:2 ions (Figure 3b) was
subtracted from that recorded in the 17:1 channel (Figure 3c).
Such methodology is well-established, for example, in the
analysis of linear dichroism spectra, where it is known as a
“stepwise reduction procedure”.?* In order for this approach to
be reliable the peak positions must be separated in the two
spectra. This is the case for the bands at 3310 and 3341 cm™!,
but not for the bands around 3150 cm™!. The former two can
be therefore safely separated by finding a linear combination
of the spectra for which the feature at 3310 cm™! disappears
completely. In principle, one could use the same weighting factor
for the whole spectrum. However, it is quite probable that the
fragmentation efficiency is vibrational-mode-dependent (for
instance, mode-specific IVR/predissociation dynamics has been
demonstrated for phenol dimer in the picosecond IR-UV pump—
probe investigations by Ebata et al.>%). For this case, a single
weighting factor is not justified. We have therefore performed
the subtraction using different factors for different bands. The
results reveal a remarkable stability in the band frequency (£2
cm™!). An additional criterion for a proper choice of the
weighting coefficients is the limitation that the obtained signal
should not exceed unity, since only depletion is experimentally
observed. Using the above approach, one obtains a spectrum
of the 1:1 complex shown in Figure 5a. We consider the band
positions in the spectrum to be quite reliable, whereas the
relative intensities may be uncertain; we estimate the inaccuracy
of the intensity ratio to lie within £ 25%.

Having obtained by this analysis the vibrations of the
complexes with one and two water molecules, one can determine
their contributions to the depletion spectrum of the 17:0 channel

Nosenko et al.
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Figure 5. The ground-state vibrational spectra of the 1:1 (a,b) and
1:2 (d) complexes. Spectrum (a) was obtained using the subtraction
procedure, and spectrum (b) was recorded directly in the 17:1 channel
at low water concentration. The asterisk denotes the band of the 1:2
complex caused by fragmentation. The “IR fingerprints” of the relevant
clusters, calculated at the BALYP/cc-pVDZ level of theory, are depicted
by the stick spectra (c, e—g).

TABLE 2: Relative Intensities of the Vibrational Bands
Detected in the Depletion Spectra in Different Ion Channels
by IR/fsMPI Spectroscopy

1:1 1:2
ion
channel 3155cm™! 3341 cm™! 3140 cm™! 3310cm™! 3411 cm™!
1+:2 0.30 0.35 0.35
1*:1 0.20 0.20 0.20 0.35 0.15
17:0 0.05 0.15 0.05 0.12 0.02

(Figure 3d). The relative intensities of the particular vibrations
in the spectra measured in all three ion channels are summarized
in Table 2. Their different values in the lower ion channels give
evidence that photofragmentation efficiency depends on the
mode of the vibrational preexcitation.

3.4. Vibrational Analysis of the IR Spectra. The vibrational
spectra assigned above to the PQ/water,=; » complexes and the
theoretical IR “fingerprints” are compared in Figure 5. Excellent
agreement of the experimental and calculated spectra of the 1:1
cluster (Figure 5, parts a—c) in the region of hydrogen-bonded
NH and OH stretch vibrations provides a strong argument for
the cyclic double hydrogen-bonded structure (1:1 in Figure 1)
of this species. The bands at 3341 and 3155 cm™! are readily
identified as simultaneous out-of-phase and in-phase stretches
of the hydrogen-bonded NH and OH groups, respectively
(Figure 6). The in-phase vibration may be considered as a double
proton-transfer promoting mode.
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Figure 6. Normal modes showing hydrogen-bonded NH and OH stretching motions, calculated for the 1:1 and 1:2 PQ/water complexes: (a) 3314

cm™!, (b) 3155 em™}, (¢) 3349 cm™!, (d) 3300 cm™!, and (e) 3103 cm™'.

TABLE 3: Experimental and Theoretical Frequencies of
Hydrogen-Bonded NH and OH Stretch Vibrations of
Selected PQ/Water Complexes

species  Ve/em ! ve/om™! mode description

1:1 3314 3341 out-of-phase NH+++O and OH-+*N
3155 3155 “proton transfer”

1:2 3349 3411 water dimer OH
3300 3310 out-of-phase NH-++O and OH-+*N
3103 3140 “proton transfer”

l:1+1a 3612 water dimer OH
3333 out-of-phase NH+++O and OH-+*N
3210 “proton transfer”

1:1+1d 3509 water dimer OH
3363 out-of-phase NH++*O and OH-**N
2972 “proton transfer”

Of the three complexes containing two water molecules, the
mode pattern calculated for the 1:2 (Figure Se) exhibits the
closest agreement with experiment (Figure 3, parts a and b).
Since the spectrum in Figure 3b represents the major spectral
features detected in the depletion spectrum of the 17:2 channel
and the minor additional features of the latter are assignable to
fragmentation, we can rule out a significant amount of the
additional complexes of the same stoichiometry, such as the
1:1+1a and 1:141d, under our experimental conditions. The
calculated binding energies indicate that these clusters should
be less stable by several kcal/mol relative to the 1:2 complex
(Table 1). Hence, the bands at 3411, 3310, and 3140 cm™! are
assigned to the donor OH stretch of the water dimer, the out-
of-phase NH+++O and OH-+*N and the in-phase “proton transfer”
vibrational modes, respectively. The above assignment is
summarized in Table 3. The relevant normal modes are
visualized in Figure 6. Interestingly, the assignment of the 3310
and 3341 cm™! bands to the out-of-phase NH+++O and OH+**N
modes of the 1:2 and 1:1 complexes, respectively, is cor-
roborated by an enhanced contribution of those bands to the
17:0 fragment channel (Figure 3, Table 2) reflecting the
repulsive character of the concerted oscillation of the protons
between the chromophore and the water bridge. By comparison
of MP2 and DFT calculations, we previously demonstrated that
the contribution of particular local stretches to the normal modes
may significantly change depending on the level of theory.’
However, their sequence frequency is not affected. The same
frequency order of the stretch modes has been observed for other
systems with a triple hydrogen-bonding cycle, such as 7-
hydroxyquinoline/methanol,.?

4. Discussion

Even though the IR/fsMPI technique resembles in many
aspects the hole-burning procedures, the basic difference has
to be pointed out. In general, the IR/fsSMPI approach is not
specific with respect to stoichiometry (size), structure, or spectra.
Therefore, the obtained spectra may at first look rather imperfect,
since they can contain contributions from different species.
Moreover, the relative contributions, even in the same channel,

may not properly reflect the IR absorption probability, since
the signal may be vibrational-mode-specific. However, advan-
tages are overwhelming. One gets a possibility to simultaneously
monitor the behavior of different species present in the system,
in particular the short-lived ones, which escape detection by
other techniques, such as FDIR. In principle, the complicated
pattern of peak intensities in various channels could also be
used to trace down the pathways of dissociation.

The negative depletion signal in all ion channels suggests
that vibrational excitation leads to a decrease of the UV
absorption probability or to depopulation of the species, or to a
combination of both. The former factor can be caused by a
change of Franck—Condon overlap of the optical transition upon
IR excitation. This mechanism provides the possibility to
measure IR depletion spectra of covalently bound molecules,
for which predissociation of subunits is energetically not
possible. Noncovalently bound clusters can fragment in this way.
The present IR/fsMPI spectra, dominated by fragmentation,
indicate that dissociation is the main source of the signal.
Depending on the binding energy and photoionization condi-
tions, the process can occur in the ground, excited, and ionic
states. As we observed only depletion signals, the fragments
had enough initial energy to escape the beam. The required
kinetic resource was provided by photoionization with consider-
able excess energy (2 x 266 nm).

FDIR and IR/fsMPI measurements demonstrate that the
smallest fluorescing microhydrate contributing to the LIF
excitation spectrum must be assigned to the PQ/water, complex.
Failure to detect the 1:1 clusters in the LIF spectrum can be
due to its rapid depopulation via ESPT. This is the most reliable
explanation based on solution data,*?’ calculations,> ¢ and
studies of jet-cooled PQ/methanol clusters.”? Other possible
mechanisms of rapid excited-state deactivation, such as inter-
system crossing or enhanced internal conversion, have been
discussed in numerous previous works.?’ 32 Transient absorption
spectroscopy results demonstrated that the intersystem crossing
channel becomes inefficient in protic solvents.”® In turn,
enhanced internal conversion was found to be efficient in
solvates of 1:2 stoichiometry.?7-28:30

The 3341 cm™! band, assigned to the 1:1 complex with water,
is 73 cm™! higher in energy than the corresponding vibration
in the 1:1 complex with methanol (3268 cm™!). Similarly, the
3310 and 3411 cm™! vibrations of the 1:2 complex with water
also exhibit blue-shifts of 105 and 79 cm™! in comparison with
the 3205 and 3332 cm™! bands, observed with methanol. The
energy of the water dimer OH-donor vibration (3411 cm™!) is
shifted by —190 cm™! relative to that of the isolated water dimer
(3601 cm™ "), as reported by Huisken et al.** The corresponding
frequency reduction of the OH-donor dimer vibration in the case
of the methanol 1:2 complex was found to be —242 cm™!. Since
for a similar cluster structure the value of the red-shift of a donor
stretch correlates with the strength of the hydrogen bond, the
hydrogen bond in the 1:1 and 1:2 clusters with methanol is



1156 J. Phys. Chem. A, Vol. 112, No. 6, 2008

stronger than with water. The above relations are in good
agreement with the calculated binding energies, which are
repeatedly larger for the methanol complexes (Table 1).

5. Conclusions

In this work, we have investigated the structure of isolated
PQ/water, (n = 1,2) complexes. By combining the IR/fsMPI
and FDIR spectroscopies in the region of hydrogen-bonded NH
and OH stretch vibrations with DFT calculations, we detected
two different complexes of PQ with water. The structures of
the 1:1 and 1:2 clusters were assigned to cyclic doubly and triply
hydrogen-bonded species, respectively (Figure 1), similar to the
analogous system with methanol. The photofragmentation
efficiency of the clusters in the applied IR/fsMPI scheme was
found to be affected by vibrational preexcitation, depending on
the vibrational mode. Both 1:1 and 1:2 complexes of PQ with
water reveal weaker hydrogen bonding than those with metha-
nol.
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The results of spectral and photophysical studies strongly
suggest that photoinduced proton transfer in 7-(2-pyridyl)in-
dole (1) is accompanied by mutual twisting of the pyridyl and
indole moieties. This conclusion is supported by the unusual
finding that the photoreaction is faster in a cold, supersonic-
jet-isolated molecule than in solutions at room temperature,
and by the ultrafast repopulation of the ground state
substrate. The twisting and the presence of S-S, conical
intersection (CI) are also predicted by calcu-
lations. The phenomenon may be quite general
for several classes of organic molecules with
intramolecular hydrogen bonds. syn
Recent experimental and theoretical devel-
opments demonstrate that proton transfer—a
fundamental chemical reaction—is by no
means a one-dimensional process.l'l In partic-
ular, for tautomerization occurring along a
hydrogen bond, coupling with modes that
modulate the hydrogen bond strength may be
crucial.”? Much less explored is the possibility
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of large conformational changes accompanying proton/hydro-
gen transfer, although the role of torsional motion in the
deactivation of phototautomerization products has been
discussed in some depth.F)

Compound 1 is a member of a series of three isomeric 7-
pyridylindoles (Scheme 1), which were studied previously in
solution."” Compounds 1 and 2 can exist in syn and anti
rotameric forms. In 1 there is no doubt that the dominant

anti syn anti

Scheme 1. The structure of three isomeric 7-pyridylindoles.

species corresponds to the planar, intramolecularly H-bonded
syn form. Calculations predict this syn rotamer to be about
5 kcalmol ™" more stable than the anti rotamer which lacks the
intramolecular H-bond and is nonplanar because of steric
repulsion between indolyl NH and pyridyl CH. In 2, both
rotamers should have a nonplanar structure and similar
energies; calculations predict the syn form to be more stable,
but only by less than 0.5 kcalmol .

For compounds 2 and 3, in which the indolyl moiety is
respectively in the meta and para positions with respect to the
pyridine nitrogen atom, strong fluorescence is observed at
293 K both in nonpolar and polar aprotic solvents.'”! This is
not the case for 1, which fluoresces extremely weakly.
Moreover, fluorescence excitation spectra of 1 do not
coincide with the absorption, being shifted to the blue by
about 2x10° cm™ (Figure 1). We therefore assign the fluo-
rescence to a small fraction of anti rotamers. Such an
assignment is corroborated by the fact that the fluorescence
quantum yield in n-hexane is about ten times weaker than in
acetonitrile (0.0005 and 0.006, respectively). Calculations
predict a larger dipole moment for the anti form and,
therefore, its population should increase with solvent polarity.
The anti population can also be enhanced in alcohols, which
can form two independent hydrogen bonds with 1-anti, one to
the indolyl NH and the other to the pyridyl nitrogen atom.
Another strong argument for the assignment of the emitting
species to the anti form is that the energy calculated for
transition to the lowest excited singlet state for 1-antiis 0.4 eV
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Figure 1. Left: fluorescence of 1 at 293 K: a) n-hexane, b) acetonitrile,
c) methanol, d) ethanol, e) 1-propanol, f) 1-butanol; inset, temperature
dependence measured in the 1:1 methanol:ethanol mixture. Right:
room temperature absorption and fluorescence excitation of 1 in 1-
propanol (monitored at 25000 cm™'); inset: one-color REMPI spectra
of jet-cooled 1 and its ND isotopologue.

higher than that for 1-syn.”) This prediction is in excellent
agreement with the observed difference between the maxima
of the fluorescence excitation and absorption spectra.

The lack of detectable fluorescence from 1-syn implies
that nearly all the photoexcited molecules of 1, that is, those
corresponding to the syn form, decay very rapidly. This rapid
decay was confirmed by transient absorption (TA) spectros-
copy (Figure?2). The initially excited species reveals a
characteristic TA spectrum, which decays in about 1.0+
0.2 ps. After that, no significant signal is observed throughout
the whole available spectral range, except for a region around
360 nm, where a component is found decaying in a few ps.
Since this region is close, but slightly to the red of the onset of
stationary absorption, we assign this decay to cooling of the
hot molecule in the ground state. Essentially the same spectra
and similar decay time were observed in solvents differing in
polarity and proticity: n-hexane, acetonitrile, CH,;OH,

- /10°cm

30 28 26 24 22 20 18 16
0030 AI L | T T T T T T T T T T T T

] at 420 nm
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Figure 2. Transient absorption spectra of 1 in acetonitrile at 293 K;
inset, decay of TA signal probed at 420 nm.
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CH;0D, 1-propanol, ethylene glycol, and decanol. In decanol
and CH30OD the decay was somewhat slower, 1.7 and 1.9 ps,
respectively.

The explanation for the rapid decay of electronically
excited 1-syn is the excited state proton transfer, which occurs
along the intramolecular hydrogen bond. Calculations predict
that the reaction should be barrierless”” and therefore should
also occur in a cold, isolated molecule. Attempts to detect
photoexcited 1 in a jet using nanosecond laser pulses were not
successful, indicating that lowering the temperature does not
stop a rapid depopulation of S,. Therefore, the jet setup was
modified by shortening the excitation/ionization pulses. In
these experiments, molecules of 1 were ionized resonantly via
S, by laser pulses of about 200 fs duration, using either one-
color or two-color schemes. The resonance-enhanced multi-
photon ionization (REMPI) signal onset was observed at
about 29 x 10° cm ™, similar to the room-temperature absorp-
tion (Figure 1). Figure 3 presents the kinetic profiles of the

1,

| OO R R
e

T T T
1 2

Delay time / ps —=

Figure 3. Left: pump-probe REMPI spectra (0) obtained in a super-
sonic jet for 1 and its N-deuterated analogue (V); solid lines are the
results of the fitting procedure. Right: oscillatory components of the
data and their Fourier transforms (inset).

ion signals. Interestingly, the decay is not monotonic: a second
small maximum is observed at about 1 ps after excitation and
its intensity is higher in the deuterated molecule. Convolution
of a Gaussian with a harmonically modulated monoexponen-
tial decay: (1 + a*cos(wt+¢))*exp(—t/t), provided a satisfac-
tory fit to the experimental data. A very fast decay of the ion
signal, 280 fs, was extracted. In the N-deuterated molecule
the lifetime of the initially excited species increases to 390 fs.
The cosine frequency was about 34 cm™ in both cases.

The syn structure of the absorbing species was confirmed
by using the IR/fsMPI technique (IR absorption detected by
femtosecond multiphoton ionization).'"*? The IR/fsMPI
spectrum of 1 reveals a band at 3412 cm™!, assigned to the
NH stretch of the syn form (Figure 4). This value indicates a
fairly strong red shift assigned to an intramolecular hydrogen
bond; the value for bare indole in the jet is 3525 cm™".['%)

For comparison, IR/R2PI spectra (IR absorption detected
by resonance two-photon ionization) were also recorded,
using ns laser pulses, for 2-(2-pyridyl)indole (4) and its
bridged derivative, 3,3’-dimethylene-2-(2-pyridyl)indole (5).
Both molecules should have intramolecular hydrogen bonds
weaker than 1, especially the bridged derivative. These

Angew. Chem. Int. Ed. 2008, 47, 6037-6040
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Figure 4. The ionization-detected absorption of three pyridylindoles.

expectations are fully confirmed by the higher NH stretching
vibrational transition frequency (Figure 4).

The observation that the photoexcited population of 1
decays in a cold molecule much faster than at room temper-
ature may seem at first rather odd. However, it can be
rationalized on the basis of both experiment and calculations.
Analysis of the excited state potential energy profile obtained
at the CC2/cc-pVDZ level reveals a barrierless hydrogen
transfer coupled to the indole-pyridine torsional coordinate.”
The initially excited structure is unstable with respect to
torsion around the C—C bond joining the two moieties. A
shallow excited state minimum has been calculated for the
tautomeric species, corresponding to an indole—pyridine angle
of 33°. At this geometry, the S,—S, energy difference is only
about 1 eV. Equally important is the finding of a S-S, CI at an
indole—pyridine dihedral angle close to 90°. Finally, the back
reaction, occurring in S, is also predicted to be barrierless.

These computational predictions are in excellent agree-
ment with the photophysical behavior of 1 detected both in
solution and a jet. Coupling of hydrogen transfer with twisting
implies that tautomerization should be sensitive to changes in
torsional potential. In the condensed phase, solvent molecules
hinder torsion, thus slowing down the reaction. The barrier-
less character of tautomerization in a jet-isolated molecule is
suggested by the deuterium isotope effect, which is equal,
within experimental accuracy, to the square root of two. The
same value was obtained from TA decay times measured in
CH;0H and CH;0D.

The lowest vibrational mode of 1, calculated at 29 cm ™' by
DFT at the B3LYP/6-31G(d,p) level, corresponds to the
torsional motion of the indole and pyridine moieties, occur-
ring with a period of about 1 ps. The pump-probe REMPI
spectra shown in Figure 3 reveal, for both NH and ND
isotopologues, a second small maximum delayed by about
1 ps from the primary signal maximum. This feature is an
indication of a coherent process. It is tempting to associate it
with the torsional vibration, which is mandatory for a partial
recurrence/reflection of the initial wave packet at the CI point
back into the initially excited state. The next lowest frequency
vibration should have a period shorter by a factor of 3,
because it was calculated at 89 cm ™.
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The presence of a CI and the barrierless character of both
forward and reverse tautomerization processes help to
rationalize several other experimental findings. Firstly, TA
spectra demonstrate a lack of detectable transient species
along the decay route all the way down to the initial (possibly
vibrationally hot) ground-state form. This result is consistent
with the fact that no fluorescence from either 1-syn or the
phototautomer could be detected. Actually, calculations
predict a small barrier between the tautomeric species and
the CI geometry. The fluorescence of the phototautomer
should then be expected in the near infrared, and thus outside
our detection range. However, the TA data seem to exclude
the possibile existence of a measurable fraction of the
phototautomeric species.

In summary, experimental and computational evidence
strongly suggest that the phototautomerization in 7-(2-
pyridyl)indole is coupled with a twisting of the molecule,
and that the twisting provides an
efficient channel for ultrafast
excited state deactivation. More-
over, the tautomerization is barrier-
less in both the lowest excited
electronic singlet and the ground
state. This pattern of excited-state
tautomerization/deactivation may
turn out to be quite general. It was
predicted theoretically for 2-(2-
hydroxyphenyl)benzotriazole,”
methyl salicylate, and salicylic
acid.! Our recent studies of 2.9-
(di-2-pyridyl)-4,7-di(tert-butyl)car-
bazole (6, Scheme 2), a molecule structurally related to 1,
revealed dual fluorescence, indicating phototautomeriza-
tion."" Both emissions are very weak at 293 K in solution,
but increase significantly upon lowering of temperature. On
the contrary, neither fluorescence nor ion signals could be
detected using nanosecond lasers for the molecule isolated in
the jet. The situation is probably very similar to that of 1 and
thus the elusive short-lived species can be detected only with
femtosecond pulse excitation/ionization.

Scheme 2. The structure
of 2,9-(di-2-pyridyl)-4,7-
di(tert-butyl)carbazole.

Experimental Section

Synthesis of 1 has been described elsewhere.'”] Stationary absorption
and fluorescence spectra were recorded in spectral grade solvents on
a Shimadzu UV 3100 spectrophotometer and on an Edinburgh FS 900
CDT or Jasny spectrofluorimeter, respectively.

The details of the setup employed for the femtosecond transient
absorption experiments have been reported previously.” Briefly, a
Hurricane (Spectra Physics) laser/amplifier system generated a pulse
train (130 fs full width at half-maximum, 800 nm centre wavelength,
1 kHz repetition rate) that was separated into two parts. One part was
employed to pump a Spectra Physics OPA 800, which generated
pump pulses at 325 nm. The other part was focused on a calcium
fluoride crystal to generate a white light continuum from 350 nm to
800 nm that was used for the probe pulse. The polarizations of the two
beams were set at the magic angle. The probe beam was coupled into
a 400 um optical fiber after passing the sample and was detected with
a CCD spectrometer (Ocean Optics, PC 2000). A chopper (83 Hz,
Rofin Ltd) placed in the excitation beam provided / and /, depending
on the status of the chopper (open or closed). The total instrumental
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response was about 200 fs (FWHM). The excitation power was kept
as low as approximately 5 WJ per pulse using a pump spot diameter of
about 1 mm. Apart from using a relatively low excitation intensity,
thermal effects and photodegradation were also taken care of by
stirring the solution. Photodegradation was not substantial as shown
by comparing absorption spectra taken before and after the transient
absorption experiment. All experiments were performed at ambient
temperature.

Femtosecond multiphoton ionization (fsMPI), fsMPI-detected
infrared (IR/fsMPI) and femtosecond pump-probe photoionization
spectra were measured for jet-cooled molecules. The principle and
the setup for the IR/fsMPI experiment have been described
previously.'!! The sample/nozzle temperature was typically main-
tained at 343 K. REMPI signals were generated using the tunable
output of an optical parametric converter (TOPAS, Light Conver-
sion) pumped by a femtosecond chirped-pulse amplified Ti:sapphire
laser system (1 kHz, 260 fs FWHM autocorrelation at 800 nm). The
applied set of dielectric mirrors allowed for a scanning range from 330
to 360 nm with nearly constant energy of 15 uJ per pulse. The tunable
UV laser was employed for excitation (pump) and the second
harmonic of the Ti:sapphire fundamental for the ionization (probe) of
the electronically excited intermediate in the time-resolved pump-
probe measurements by the 1 x UV +2x400 nm process. Both the
UV and 400 nm (80 W pulse') beams were quasi-collinearly intro-
duced into the detection chamber and overlapped in the ionization
region of the mass spectrometer. Each of the beams alone did not
produce any ions, so the observed ion signal was purely two-color.
Time separation between the pump and probe pulses was controlled
by means of an optical delay stage. Partial deuteration was performed
by adding a few drops of heavy water to the sample compartment, and
subsequent evaporation of the water under vacuum. This procedure
resulted in fully resolved mass peaks of the ND and NH species with
the ratio between 1:1 and 3:1. Contamination of the ND signal by *C
isotopologues of the NH species did not exceed 20%. Details of
measurements of infrared spectra detected by resonance two-photon
ionization (IR/R2PI) were described elsewhere.!"!
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We present femtosecond multiphoton ionization detected infrared spectra of jet-cooled
monohydrates of adenine and 9-methyladenine. By quantum chemical vibrational analysis and
comparison with available literature data we identified two isomers of adenine hydrate with
one water molecule hydrogen-bonded to either the amino or the N9-H group. These two
monohydrates revealed different fragmentation patterns in the ion depletion spectra,
indicating isomer specific intermolecular dynamics. This different behaviour is discussed

in terms of competing electronically excited state relaxation and dissociation processes.

Introduction

Knowledge of the photophysics of individual nucleic acid
bases is a prerequisite for a detailed understanding of DNA
photostability under UV irradiation, in particular, since the
nucleobases themselves are the UV chromophores of DNA.
Within DNA under natural conditions, however, nucleobases
interact with each other, with proteins and water influencing
their photophysical properties. Thus, the environment requires
special attention when the photostability of nucleobases is
discussed either within DNA or as a selection criterion of the
DNA bases within a hypothetical “prebiotic soup” in the
earliest days of arising life on Earth.

As a consequence, many experiments have been performed
to elucidate the excited state dynamics of nucleic acids and
their constituents in solution.! Recently, progress has been
achieved also in gas phase.? ?* Excited state lifetimes of the
isolated nucleobases are of the order of a few picoseconds as
revealed in an ion yield study by Kim and co-workers with
a time resolution of At, ~ 400 fs.> Additionally, decay
components in the ~100 fs region have been observed by
Canuel ef al. (At, ~ 80 fs).* In particular, time constants of
0.1 and 1.1 ps are obtained for adenine (Ade) upon excitation
at 267 nm. The slower and faster decay components are
assigned to internal conversion (IC) pathways via the nm*
and nr* states, respectively, along the out-of-plane ring
deformation mixed with amino group inversion coordinates.>”
The observation of H-atom loss'®'" and data derived from
time-resolved photoelectron spectroscopy,'? moreover, suggest a
contribution of a mo* state, associated with the N9-H
group,'® to the faster decay channel at A < 267 nm.
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The corresponding time constant has been determined to be
40 fs (A1, &~ 160 fs).!? Since in DNA the N9-H group is the
sugar-binding site, methylation of Ade at this position
provides a biologically relevant nucleotide model. While the
photoelectron detection is sensitive to the methylation,
the ion yield spectra of Ade and 9-methyladenine (9mAde)
are essentially the same both in time*'* and frequency'>'®
domain (4 > 267 nm). A more pronounced effect should
appear in the properties of microsolvated Ade as the
methyl substitution reduces not only the number of possible
tautomers, but also the potential hydration sites (Fig. 1), thus
simplifying the analysis of the spectra.

Kang et al. have first reported a significant decrease of the
excited state lifetime of Ade induced by hydration down to
200 fs, when excited at 262 nm (A1, ~ 400 fs). This ultrafast
decay of the ion signals has been rationalized in terms of rapid
fragmentation of the clusters in their excited states.!” Ritze
et al. have found that the adenine-water (Ade-W) complex
lives only ~100 fs after absorption of a photon with
A = 250-266 nm (A1, ~ 130 fs), assigning this ultrafast decay
to excited state relaxation via a no* state.'® 9mAde hydrates
reveal biexponential decays (~0.1/1 ps) with a less intense
slow component as compared to the monomer.'”
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H ~N /0 [ H\N/H- —H
. H H /
"N 6\ - ) H
. N )
1) avi
o J
4
9,N N3 N N/
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. /H 3
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[
H

Fig. 1 Schematic primary hydration sites of 9-methyladenine and
9H-adenine. The standard atom numbering is provided for adenine.
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Little information exists on the structure of microhydrated
nucleobases. Three isomers of the monohydrate of guanine
have been distinguished by Crews et al. utilizing UV-UV and
IR-UV double-resonance techniques,?® but only one isomer
has been detected in the case of 9-methylguanine.”'
Busker et al. have reported an IR-UV spectrum of the
1-methylthymine-water complex photoionizing it via a long-
lived dark (>1 ps) electronic state.”> To the best of our
knowledge, for the microhydrates of Ade there are no experi-
mental vibrational data available. Theoretically, Hanus ez al.
have studied various isomers of Ade hydrates calculating
stabilization energies at the MP2 level of theory.?® Several
comparably stable monohydrates have been found; in the
most stable one water is H-bonded to the N9-H group, which
is not available in DNA.

Size and isomer selectivity is usually achieved by double-
resonance two-photon ionization detected IR (IR/R2PI)
spectroscopy making use of spectrally resolved vibronic
intermediate states for the R2PI probe.’*** The afore-
mentioned ultrashort excited state lifetime constitutes the
main obstacle for the application of this elegant method to
vibrational analysis of the Ade microhydrates, since with ns
laser pulses the ionization transition is not possible. This
problem may be solved by probing the cluster signals by direct
one-photon ionization in the vacuum ultraviolet (VUYV)
spectral region. Recently developed IR-VUYV techniques have
been reviewed by Matsuda er al.>® However, the applicability
of this approach for studying the Ade hydrates, characterized
by very slowly rising VUV ionization efficiency profiles,?” is
still to be proven. An alternative method employs ultrashort
UV pulses for the two step photoionization via the short-lived
electronic intermediate states, as recently demonstrated by our
group.?® Here the complex is characterized by femtosecond
two-photon ionization detected IR (IR/fsMPI) spectra in the
H-bonding sensitive region of the OH/NH stretch vibrations.
In addition to the ground state structure, the IR/fsMPI
method optionally provides access into the excited state
dynamics by a delayed UV-UV pump—probe scheme.”

In the present work, we shed light on the structure of the
Ade or 9mAde monohydrates by means of the IR/fsMPI
spectroscopy.

Experimental and computational details

Adenine (Fluka, 98%) and 9-methyladenine (Acros Organics,
98%) samples were used without further purification.

The principle and experimental setup for the femtosecond
multiphoton ionization detected IR measurements have been
described previously.?® In the following we only provide
details specific for the present work. The third harmonic of a
femtosecond chirped-pulse amplified Ti:Sapphire laser system
(20 pJ at 267 nm, 260 fs autocorrelation at 800 nm) was used
for two-photon ionization of Ade (9mAde) and its water
complexes. In order to increase the signal-to-noise ratio we
applied the dual beam technique®* by splitting the UV beam
into two by means of a 50% dielectric splitter. Both UV beams
were then focused in the source region of the time-of-flight
(TOF) mass spectrometer into two spots about 4 mm apart
from each other along the axis of the mass spectrometer.

By reducing the extraction electric field of the TOF spectrometer,
we separated two resulting ion peaks of 20 ns width each by
nearly 50 ns. Of these two femtosecond laser beams only the
downstream one was spatially overlapped with a counter-
propagating nanosecond IR-OPO beam (2 mJ per pulse,
0.2 cm~! FWHM, 6 ns), while the second UV beam served
as a reference. The IR laser was fired 50-100 ns prior to the
ionizing UV pulse. The IR/fsMPI spectra were recorded in the
3000-3750 cm™! region as ratio of the IR affected ion signal
and the reference one. This ratio was checked in the absence of
the IR radiation every ~110 cm™' during the scans. Between
the checkpoints, the baseline was then linearly normalized to
unity. Calibration of the IR frequency was accomplished by
measuring the red and green wavelengths used at the difference
frequency generation stage of the seeded OPO by means
of a wavemeter (ATOS LM-007). The final accuracy was
hence +1 cm™! in the tuning range 2800-3800 cm™~'. At each
spectral point, the integrated time-of-flight signals corresponding
to the selected ion channels were averaged over 40 laser shots.
Finally, the spectra were averaged over up to 8 scans.

All laser beams crossed at right angles to the pulsed
molecular beam, which was collimated from a seeded
supersonic expansion of Ade (9mAde) and water vapours with
helium (4.6 grade) as carrier gas expanded at a stagnation
pressure of 3 bar. The sample/nozzle temperature was
maintained at about 455 and 425 K for Ade and 9mAde,
respectively. Special attention was paid to minimize the 2:n"
signals to avoid their contribution to the 1:0" and 1:17"
channels by fragmentation. The partial pressure of water
was controlled by means of a gas mixing unit. The hydrate
size distributions studied were as narrow as possible with only
traces of the 1:n" > 2 ion signals.

In the quantum chemical study, the geometries of 9H-amino
form of Ade and three Ade-W conformers (N1, N3 and N7
bound as shown in Fig. 1) were optimized using second order
Moller-Plesset perturbation theory (MP2)*® with the standard
polarized triple-{ cc-pVTZ basis set.>' Only hydrates of the
9H-amino tautomer of Ade were considered. It is the only
tautomer of Ade detected in the present experiment, and even
hydrated it can hardly surpass the barrier for tautomerization
because the thermal activation energy is too low.*?> Counter-
poise correction of the basis set superposition error (BSSE)**
has been employed not only to the energies but also in the
course of geometry optimization, since also the geometries
can be largely affected by BSSE. In addition, standard
Kohn-Sham density functional theory has been used in
combination with the three-parameter Becke3-Lee—
Yang-Parr (B3LYP)** exchange-correlation functional and
the cc-pVTZ basis set to optimize all geometries including
the ones of 9mAde and its water complexes followed by
harmonic frequency calculations. Analyses of the frequencies
are only affordable at the B3LYP/cc-pVTZ level of theory.
As usual, computed frequencies were scaled by a factor of
0.961 which has been chosen such that the computed
frequency of the N9-H stretch vibration of Ade coincides
with the value determined experimentally.

The computed binding energies of the different isomers of
the 1 : 1 water complexes of 9mAde and Ade are given in
Table 1 and compared with previous results of Hanus ef al.?
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Table 1 Relative stabilities of the adenine and 9-methyladenine
monohydrates with respect to the free molecules (in kcal mol™")
calculated for the BSSE corrected geometries with the cc-pVTZ
basis set

9mAde Ade

N7 N1 N3 N7 N1
B3LYP -9.7 —-8.5 -9.7 -9.6 -8.5
B3LYP +ZPVE 7.1 —6.1 7.5 —-7.0 —6.1
MP2 — — —-10.6 -9.7 -89
MP2 +ZPVE — — -8.5 —7.4 —6.7
RI-MP2/TZVPP? — — —-10.6 -9.3 —-8.7

The binding energies computed at MP2/cc-pVTZ agree with
the previously reported RI-MP2/TZVPP values. It is impor-
tant to note that the B3LYP/cc-pVTZ method yields the same
order of the binding energies of the different isomers. Hanus
et al.> identified an additional fourth isomer of the Ade-W
complex, however, geometry optimizations with a very tight
convergence criterion only converged to the very closely
related NI isomer. All calculations reported here were
performed with the Gaussian03 program package.*

Results

Adenine and 9-methyladenine monomers

IR/R2PI spectra in the region of the NH stretch vibrations of
jet-cooled Ade™® and 9mAde'® have been reported by Pliitzer
et al. In the present work, the IR spectra of the monomers
were recorded in parallel to those of the hydrates in order to
unveil possible fragmentation patterns. The simultaneous
analysis of several mass channels was important, because the
applied photoionization scheme (260 fs at 267 nm) has limited
size selectivity due to considerable cluster fragmentation.’’
This is also the reason why only 1 : 1 complexes were
considered. For broader cluster size distributions, with
I:'nt > 2 signals, the quality of the IR spectra decreased
significantly, especially in the case of Ade. Fig. 2 shows the
IR/fsMPI spectra of Ade and 9mAde with water as detected in
the 1:07 and 1:17 ion channels along with the calculated
vibrational stick spectra of the monomers.

In contrast to transitions of the hydrates of both adenines,
the IR/fsMPI spectra of the monomers exhibit an ion signal
enhancement while in the ns IR/R2PI the vibrations appear as
depletion bands.® Thus for neat Ade, four positive bands were
recorded at 3069, 3452, 3508 and 3570 cm™'. The three latter
frequencies are within experimental accuracy in agreement
with those observed and assigned previously to the symmetric
NH, (v5(NH;,)), N9-H and anti-symmetric NH, (v,(NH,))
stretch vibrational modes of the 9H-amino tautomer.*® The
additional band at 3069 cm™' corresponds to the C2-H
stretching vibration (3038 cm™') which is quite strong,
if compared to the practically IR inactive C8-H one
(3111 cm™') at the B3LYP/cc-pVTZ level of theory. A similar
band, observed at 3061 cm ™' by gas phase IR spectroscopy,®
was initially assigned to the C8-H stretch and subsequently
revised to the C2-H stretch.*

The 7H-amino tautomer of Ade, characterized by the
vibrational bands at 3437, 3507, 3514 and 3550 cm™',*® may

3451 | 3568

1.0 YAk L b ikl 4x AR

3720

3530
0.8 4

(d)

I
EOIUO 31IUO 32|00 33|00 34|00 35|UO 36|00 3?|00
Frequency / cm’’

Fig. 2 IR/fsMPI spectra recorded in the 1:17 (a) and 1:07 (b) mass
channels of the 9-methyladenine : water; the 1:1" (c) and 1:0" (d) of
the adenine : water systems. The IR transitions of the monomers
calculated at the B3LYP/cc-pVTZ level of theory are shown as stick
spectra.

Table 2 IR/fsMPI bands and corresponding calculated vibrational
frequencies of adenine and 9-methyladenine

9mAde Ade

Exp Theory Exp Theory Assignment
3568 3585 3570 3587 NH, (v,)
— n/a 3508 3508 N9-H

3451 3460 3452 3461 NH; (v)
3062 3037 3069 3038 C2-H

show up as shoulders of the bands of the dominant 9H-amino
form. If at all, it is a minor contribution. No signatures of
other tautomers of Ade were detected. Possible reasons are
small relative concentration of the tautomeric species,
unfavourable FC for the IR/fsMPI at 267 nm and, finally,
lifetime in the electronically excited state significantly shorter
than the photoionizing pulse duration.

9mAde revealed three bands at 3568, 3451 and 3062 cm™!
analogously ascribed to the v,(NH,), vs(NH,) and C2-H
stretches, respectively. The vibrational frequencies and assign-
ments for both molecules are listed in Table 2.
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9-Methyladenine monohydrate

The IR/fsMPI spectra of 9mAde mono- and di-hydrate are
displayed in Fig. 3. The latter was measured at higher water
vapour pressure in the carrier gas in order to verify a possible
contamination of the 1:1" signal by fragmentation of larger
clusters. Only a negligible contribution of the 1:2™ vibrational
fingerprints appear eventually in the 1:1" spectrum at around
3400 cm~! and in the free OH region where both spectra
should overlap.

Since neither the symmetric (v;) nor anti-symmetric (v3)
stretch vibrations of both the amino group and of a water
molecule were detected only doubly H-bonded 1 : 1 structures
come into consideration. Two such isomers of the 9mAde-W
complex are possible: either N1 or N7, with the binding
energies of 6.1 and 7.1 kcal mol~!, respectively, at the
theoretical level of B3LYP/cc-pVTZ. In both cases the water
molecule acts as the H-bonding acceptor with the amino group
as a donor. The calculated IR stick spectra are compared with
the experimental data in Fig. 3.

Four cluster specific IR bands were observed at 3717, 3528,
3376 and 3326 cm™'. This vibrational fingerprint spectrum
resembles that of the 2-aminopyridine-water (2AP-W), with
the vibrational frequencies found at 3717, 3548, 3403 and
3315 cm™!, assigned to a hydrate which structurally mimics
the N1 isomer.*® Hence, the spectrum of the 9mAde hydrate
can be assigned to one isomer as follows.

Upon H-bonding, the v; = 3756 cem ' and vy = 3657 cm™!
stretches of free water®! transforms into a free or dangling OH
(w(OH) = 3717 cm™") and an H-bonded OH (1,(OH) =
3376 cm ') stretches of the hydrate with red-shifts of 39 and
281 cm™!, respectively. These significant and different
red-shifts as well as the broadening of the cluster bands

(@)
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Fig. 3 IR/fsMPI spectra of the 9-methyladenine-water, (a) and
9-methyladenine-water (b) complexes compared to calculated stick
spectra of the two strongest bound structures of 9-methyladenine
monohydrate.

(5 and 30 cm™' of FWHM, respectively) clearly indicate
decoupling of the water OH stretches. In turn, the amino
group vibrations, 1,(NH,) = 3568 cm™ ' and vy(NH,) =
3451 cm ™!, give rise to the v(NH,) = 3528 and v,(NH,) =
3326 cm ™' bands, red-shifted by 40 and 125 cm ™', respectively.
The amino group is a weaker H-bonding donor than water as
evidenced by the smaller red-shift of the corresponding
H-bonded vibration 14,. Hence, the NH, stretches can preserve
a non-local character to some extent. This can also be argued
by the width of the v{NH,) band (~20 cm™' of FWHM)
which is comparable to those of the H-bonded modes: 12 cm ™!
and 30 cm™! for the 3326 cm™! and 3376 cm™' bands,
respectively. Usually, the H-bonding results in broadening of
the stretch vibrations by anharmonic coupling with the lower
frequency modes. The vf(NH,) mode can be affected if the
amino group vibrations remain coupled. Additional lifetime
broadening cannot be excluded. Although such vibrations
may relax within a few ps, the stretches involved in the
H-bonds usually dissipate much faster than the free ones.*?
Thus comparable broadening of the free and H-bonded modes
cannot have solely the lifetime origin. The relatively weak
intensity of the 3326 cm™' mode can be rationalized in terms
of coupled and thus delocalized H-bonded NH and OH
stretches, resulting in anti-phase, 1,(OH — NH), and in-phase,
o(NH + OH), collective stretch vibrations within the
H-bonding cycle. Indeed, the in-phase mode was calculated
to be lower in frequency and of significantly weaker intensity
than the anti-phase vibration for both the N1 and N7 bound
structures (Fig. 3).

The similarity of the calculated vibrational fingerprints and
stabilities of the N7 and N1 bound hydrates imply an ambi-
guity in the assignment given the fact that fSMPI detection
using only 267 nm is not isomer selective. Moreover, this
wavelength excites the species well above the lowest conical
intersection, limiting thus the experimental sensitivity to the
excited state dynamics. Hence, we cannot rule out the presence
of both conformers in comparable quantities under the experi-
mental conditions applied. With this assumption an alterna-
tive assignment can be proposed. The reason for the width of
the 3528 cm ™' band (~20 cm™') is thus a superposition of the
vi(NH,) vibrations of two isomers. Corresponding theoretical
frequencies differ by 19 cm ™, in contrast to the v(OH) modes
whose energies are identical within a wavenumber. Remarkably,
the experimental v{(OH) = 3717 cm ™' band is quite narrow
(FWHM = 5 cm™"). The v,(OH — NH) and 1,(NH + OH)
stretches of two isomers should then overlap within the
3326/3376 cm~' doublet. One of the 1p,(NH + OH) bands
may not be observed due to its weakness or broadness. In
summary, if both the N7 and N1 isomers of the 9ImAde-W
complex were detected they were indistinguishable in the
present experiment. These two species are termed in the
following “amino-bound” hydrates.

Adenine monohydrate

Compared to 9mAde, one additional hydration site is
available for Ade with water bound between the N9-H group
as an H-bonding donor and the N3 nitrogen atom as an
acceptor. Moreover such a hydrate has the largest theoretical
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stabilization energy (see Table 1). BSSE and ZPVE corrected
B3LYP/cc-pVTZ binding energies for the N3, N7 and
N1 bound hydrates were calculated as high as 7.5, 7.0 and
6.1 kcal mol™!, respectively. The order of stability of the
hydrates was the same at the MP2 level of theory, in agree-
ment with the calculations of Hanus er al.®® These similar
binding energies may result in the formation of different
isomers of the monohydrate in the molecular beam. The
contribution of more than one isomer to the IR-UV spectrum
of Ade-W is indirectly supported by the relatively weak
individual depletion signals, which were less than 30%,
compared to a 50% depletion readily achieved for the
9mAde-W complex under similar laser conditions (Fig. 2).
Such a decrease regularly appears when the signal is made up
from several contributions.

Fig. 4 shows the IR spectrum, detected in the 1:1" channel
of the Ade—W system, in comparison with the stick spectra,
calculated for the doubly H-bonded geometries of the Ade
hydrate. The frequencies and spectral shifts are listed in
Table 3. Generally, the vibrational fingerprint of the Ade-W
complex is similar to that of the 9mAde hydrate. The v (NH>)
vibration (3530 cm™!) indicates the presence of the amino-
bound species. On the other hand, weak but reproducible
features at 3453 and 3574 cm ™" are characteristic stretches of a
free amino group of adenine (Table 2) and therefore suggest
the contribution of the N3 isomer. Interestingly, blue-shifts of
a few wavenumbers were nicely reproduced for the NH,
stretch vibrations of this hydrate by our calculations. We,
thus, conclude that both amino and N3 bound conformers
contribute to the observed spectrum of the Ade monohydrate.
The strongest transition for each of the calculated complexes is
the anti-phase stretching of the H-bonded NH and OH
groups: v,(OH — NH). Its frequency for the N3 isomer was
blue-shifted relative to both of the amino-bound hydrates.
Consequently we assign the 3387 and 3409 cm ™' bands to the
amino and N3 bound complexes, respectively. Compared to
the 9mAde—W system, the 1,,(OH — NH) mode of the amino-
bound Ade-W complex reveals a shift of 11 cm™'. Of the N1
and N7 isomers, only the latter was calculated to be compar-
ably sensitive to methylation of Ade in the N9—H position

3574

3453 3530 3720:

T X T ¥ T . T
3000 3200 3400 3600
Frequency/cm’'
Fig. 4 IR/fsMPI spectrum of adenine-water complex compared

to calculated stick spectra of the three most stable structures of
9H-adenine monohydrate.

(see Table 3). The corresponding red-shifts were 2 and
10 cm™!, respectively. This can be understood in terms of a
higher population of the N7 as compared to the N1 isomer, in
agreement with their relative stabilities. Nevertheless, these
species remain unresolved.

The in-phase v,(NH + OH) vibration of the amino-bound
isomer, an analogue of the 3326 cm~! band of the 9ImAde-W
complex, was probably too weak to be detected. A similar mode
of the N3 isomer is perhaps masked by the 3387 cm™' band.
The H-bonding topology of the N3 bound hydrate closely
resembles that of the 7-azaindole-water complex, for which
the H-bonding stretches at 3369 (1,(NH + OH)) and
3412 em™! (1,(OH — NH)) have been observed with the
intensity ratio of ~1/4.** Remarkably, the latter frequency is

Table 3 Selected theoretical® and experimental vibrational frequencies (in cm™") of adenine hydrates. The H-bonding induced spectral shifts are

given in parentheses

9mAde-W Ade-W
N7 NI IR/fsMPI N3 N7 N1 IR/fsMPI
vy (OH) 3716 3716 3717 3723 3716 3716 3720
(=38) (=38) (=39 (=30 (=38) (=38) (=36)
v, (NH,) — 3590 3574
(+3) (+4)
vy (NH,) 3536 3555 3528 3536 3554 3530
(—49) (—30) (—40) (=51) (-33) (—40)
v (N9-H) — 3508 3507 —
vs (NH,) — 3463 3453
(+2) (+1)
v, (OH — NH) 3353 3378 3376 3410 3363 3380 3387/3409
(=303) (—=278) (—281) (—2406) (—293) (—276) (—270)/(—248)
v, (NH + OH) 3291 3335 3326 3371 3294 3337 —
(—169) (—125) (—125) (—137) (—167) (—124)

“ Calculated at the B3LYP/cc-pVTZ level of theory for BSSE corrected energy minimum structures.
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only 3 cm™! away from that of the N3 isomer, validating such a
comparison excellently. Then the v,(NH + OH) transition
would be on the low-energy shoulder of the 3387 cm ™' band.

The dangling OH stretch of the most stable Ade—W isomer
was calculated to be blue-shifted by 7 cm™' with respect to
those of the amino-bound structures. Experimentally, the free
OH transition of the Ade hydrate is blue-shifted by 3 cm ™! and
broader (8 vs. 5 cm™' of FWHM) compared to the corres-
ponding band of the 9mAde—W complex. This could indicate
overlapping bands of the Ade hydrate conformers.

Summarizing the frequency analysis, we identified two
isomers of the Ade monohydrate. One can notice that the
3409 cm~! band (N3 isomer) is twice as intense as the
3387 cm~! band (amino-bound isomer). As the latter was
calculated to be more intense by 20% and assuming similar
ionization cross sections, as we are well above the IP thresh-
old, we conclude higher population of the former complex, in
line with the fact that the N3 bound isomer is theoretically the
most stable one (Table 1).

Interestingly, the bands assigned to the amino-bound
hydrate show depletion in the 1:0" channel (Fig. 2b), while
that of the N3 isomer (3409 cm™", Fig. 2d) surprisingly exhibit
an enhancement.

Discussion

IR induced ion signal enhancement, which was observed in the
present work for the monomers of adenines, does not often
occur. Usually, IR absorption results in the ion signal
depletion due to predissociation of the cluster, depopulation
of the vibrational ground state or a vibrationally induced
decrease of the Franck—Condon (FC) factors. An increase of
the ion signal is monitored when the IR photon compensates a
lack of energy for the ionization step in R2PI, provided by
appropriately chosen UV photons.**** This was not the case
here, since nearly 9.3 eV (2 x 267 nm) were deposited into a
molecule with a vertical two-photon ionization threshold of
8.6eV.° Generally, for fsMPI via a vibronic continuum the IR
induced change of the FC overlap becomes crucial for non-
dissociating monomers. So, the UV signal enhancement can be
caused by an IR induced increase of the FC overlap for
excitation and/or ionization steps, like for the 7-azaindole
dimer,* or by involvement of a new excited and/or cationic
state with higher transition dipole moments. Indeed, the
excited state relaxation of Ade involves significant structural
rearrangement. This implies a better FC overlap for vibra-
tionally excited molecules. Also vibrationally hot molecules
may preferentially access the nn* ('L,) electronic state which
presumably plays an important role in the IC of Ade.>' In
this case the corresponding electronic state is located at
around 267 nm (4.65 eV). This is 170 meV above the origin
of the nr* ('Ly) state, which is in good agreement with theory
predicting the 'L,~'Ly gap of 50150 meV.®® On the other
hand, activation of the no* state cannot be ruled out, parti-
cularly in the case of Ade. This is however improbable, since
there would be no IR induced fsMPI enhancement for the
9mAde, whose nc* states lie significantly higher than the
excitation energy (267 nm).'"'? So both, increasing FC factor
and activation of the nn* ('L,) state, are in line with the

observation that the R2PI signal of Ade grows with energy
excess in the electronically excited state.** This is also
supported by the fact that Ade reveals a more pronounced
ion signal enhancement than its methylated homologue
(Fig. 2). Because of the methyl group, 9mAde possesses a
higher density of states and relaxes closer to the zero vibra-
tional level than Ade after IR absorption.

As the photoionization efficiency signal of neat Ade
grows with energy, similar arguments can be applied regarding
the transition from the electronically excited to the
cationic state.

More challenging is the treatment of the fragmentation
patterns of the monohydrates observed in the 1:0" channels
(Fig. 2b and d). The dramatic difference for the N3 and amino-
bound species is nicely illustrated by the 3387/3409 cm™!
doublet of the Ade hydrate (Fig. 5). The band at 3409 cm™!
(N3 isomer) is seen as a positive peak in the monomer ion
channel, whilst the 3387 cm ™! band (amino-bound isomer)
appears as a depletion band of the 1:0" signal. The latter
could be explained by lowering the FC overlap for the photo-
ionization of the vibrationally hot amino-bound hydrates.
But, the opposite behaviour of the FC factor of the monomer,
together with the fact that the hydrates were photoionized via
a vibronic continuum, suggests that this mechanism is not
dominant. Here, the dynamics of the hydrates in the ground,
electronically excited and cationic states have additionally to
be taken into account, since loss of a water molecule by the
complexes is energetically possible at all three stages of the
photoionization process.

The energy of the vibrational excitation, 811 kcal mol ™, is
higher than the binding energies of the hydrates under study,
calculated to be 6-8 kcal mol™'. So, any of the reported
vibrational excitations can lead to dissociation of the cluster
already in the ground state. The predissociation rate can be
strongly mode dependent and thus isomer dependent.
Unfortunately, the vibrational relaxation dynamics of the
Ade hydrates is not known. In this context, a comparative
time-resolved IR study of the 2-aminopyridine and 7-azain-
dole monohydrates would be of great interest. There are two
reasons to suppose similar predissociation rates for the
3387 and 3409 cm ' modes. The first one is the similar binding
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Fig. 5 Fragmentation of the adenine hydrates in the region of the
o(OH — NH) vibration (left) and corresponding energy diagram
(right). Ak denotes change of a process rate after IR absorption.
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energies (Table 1). Secondly, these bands represent essentially
the same vibration, 1,(OH — NH), oscillating in similar
H-bonding NH- - -OH- - -N bridges. Therefore the Sy dissociation
of the hydrate is assumed to cause comparable enhancement of
the monomer ion signal for both vibrations.

The binding energy of a cation can be several kcal mol™!
higher than that of a neutral molecule due to an additional
charge—dipole interaction. The appearance energy of the Ade
monohydrate ion is 8.2 eV.?” Two-photon ionization by
267 nm radiation results in an energy excess of about 1.1 eV
(~25 kcal mol™"). This is enough to destroy the cluster if most
of this energy remains in the cluster ion. It is known that
cationic Ade microhydrates dissociate when photoionized by
266 nm ns laser pulses.*’ If this is the case for fsSMPI, a
vibrationally hot hydrate is expected to fragment more
extensively, providing thus an IR induced enhancement of
the monomer ion signal. A depletion of this signal due to a
chemical reaction of the Ade cation catalysed by hydration
seems improbable. On the contrary, hydration provides inter-
molecular degrees of freedom to dissipate excess energy
protecting the chromophore against photochemical reactions.

As mentioned in the Introduction, Ade hydrates are
extremely short-lived in their excited states. Fast excited state
relaxation of an isolated complex must lead to dissociation,
which is its primary dissipation channel.*® Depending on the
nature of the electronically excited states involved the hydrate
may dissociate either directly (faster than the UV pulse
duration) or after vibronic relaxation.

So on one hand, the vibrationally induced dissociation in
the ground and electronically excited states of the 1 : 1
complex produces additional monomer molecules ready for
the photoionization, leading to an increase of the monomer
ion signal. This also happens when the cation fragments. On
the other hand, direct excited state cluster fragmentation
competes with the IC pathways, which make the second step
of ionization of the hydrate less probable or even impossible.
Thus both the 1:17 and 1:0" signals are depleted. The
corresponding processes are schematically depicted in Fig. 5.
It should be pointed out that the fragmentation of the hydrates
did occur upon UV photoionization even without application
of IR radiation. Otherwise, there would be no depletion signal
of the IR cluster bands in the monomer ion channels. The
question is: how does the vibrational preexcitation affect the
fragmentation in the different electronic states?

The fast IC mechanism prevails for the amino-bound
hydrates, all giving depletion signals in both ion channels
(e.g. 3376 and 3387 cm ™! bands in Fig. 2). Generally, to affect
the fsMPI signal the relevant process must occur at a timescale
faster than the duration of the laser pulse (260 fs). Excited
by 267 nm radiation the 9mAde monohydrate decays biexpo-
nentially with the time constants of 110 fs and 1 ps."”
Consequently the 110 fs process, associated with the nn* state
relaxation, should be responsible for the observed IR/fsMPI
effect in the amino-bound hydrates. The out-of-plane ring
deformations accompanying the IC should be weakly
coupled with the in-plane dissociative intermolecular motion
prohibiting fast fragmentation. This explains qualitatively
why dissociation in the electronically excited state should be
much slower than the IC for the amino-bound hydrates.

Interestingly, the IR induced predissociation in the Sy as well
as in the cationic states also plays a minor role in the IR/fsMPI
effect compared to ultrafast IC. Instead, absorption of the IR
radiation with subsequent IVR heats up among others the
out-of-plane vibrational modes, which promote IC. Such
vibrationally hot molecules relax more efficiently after absorption
of an UV photon, providing the observed IR/fsMPI depletion
in both the 1:1" and 1:0" channels (Fig. 2a and b).

The opposite situation is observed for the N9—H bound Ade
hydrate, i.e. an IR induced enhancement of the fragmentation
signal (Fig. 5, 3409 cm™'). This dissimilarity could be
explained by different FC overlaps of the vibrationally hot
isomeric hydrates. Here, more experimental data are required
either to prove or to discard this mechanism. Taking into
account the available literature we propose an explanation
based on different excited state dynamics. A rapid excited state
dissociation which is faster than the competing IC has been
postulated for Ade hydrates to explain the dramatic decrease
of the ion signals with longer laser pulses.!” This interpretation
is very well supported by the recent time-resolved data. The
no* state, associated with the N9—H group, is dissociative by
nature. It can be operative in the case of the N9—H bound (N3)
isomer, directly coupling the energy of the electronic excitation
into the intermolecular motion of the hydrate moieties. In the
isolated Ade, this state is assigned to a 40 fs decay of the
photoelectron signal,'? therefore it is in any case competitive
with other slower relaxation channels. Due to the large dipole
moment of the to* state,'? it is stabilized in the hydrate with
respect to the n* and nn* states,'® making it the dominant
path for a relaxation. Then vibrational preexcitation facilitates
the excited state fragmentation by higher excess energy. In
fact, only a 80 fs decay was observed for the Ade—W complex'®
with no sign of a 1 ps decay component, characteristic of the
amino-bound hydrates.!® Lack of this picosecond decay does
not contradict the observation of both amino and N9-H
bound hydrates by the IR/fsMPI. The amino-bound species
are not dominant here. Then, keeping in mind that the
picosecond component is quite weak itself,'® we realize that
the relative amount of detected amino-bound isomer must be
lower in the experiment of Ritze et al.'® than in the present
work since our laser pulses (260 fs) were twice as long as those
in the forementioned work. Hence, the time-resolved signal
corresponding to the 1 ps decay has probably been on the
noise level.

Based on the present IR/fSMPI results, the biexponential
0.1/1 ps decay has to be assigned to the amino-bound
hydrates, whereas the N9-H bound complex should decay
faster than 100 fs.

Conclusions

We have detected Ade in its global minimum tautomeric form,
9H-amino, by photoionization using short laser pulses
(260 fs at 267 nm). The IR spectra of Ade and 9mAde hydrates
were measured for the first time utilizing femtosecond
two-photon ionization detection. A doubly hydrogen-bonded
structure was observed for the 9mAde monohydrate.
Quantum chemical calculations suggest the existence of
two vibrationally indistinguishable amino-bound isomers.
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Moreover, we have identified two Ade hydrates: amino and
N9-H bound forms, by comparison of the experimental
spectra with the results of quantum chemical calculations.
These isomeric Ade hydrates exhibit dramatically different
fragmentation patterns in the ion depletion spectra, which
must be due to isomer specific intermolecular dynamics.
A significant abundance of the N9-H bound species, which
cannot be formed in the case of 9mAde, can qualitatively
explain the differences in the photodynamics of Ade and
9mAde hydrates. In particular, for the N9-H bound hydrate,
excited state dissociation is suggested to be more efficient than
internal conversion (IC), whereas for the amino-bound
species, IC is dominant.
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