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Abstract
Vibronic and vibrational spectra of 2-(2-fluoro-phenyl)-ethylamine (2-FPEA) conformers
were measured in a molecular beam by resonant two-photon ionization (R2PI), ultraviolet-
ultraviolet hole burning (UV-UV HB) spectroscopy, and ionization-loss stimulated Raman
spectroscopy (ILSRS). The measured ILSR spectral signatures in the survey spectra of the
amino group region and in the broad spectral range, revealed the presence of five different
conformers, which were confirmed by the HB spectra. The determination of the structures
of the conformers of 2-FPEA were assisted by quantum chemical calculations of the
torsional potential energy surface and of the scaled harmonic Raman spectra. Comparison
of the measured ILSR spectra with the calculated Raman spectra allowed to identify one
gauche structure with the ethylamino side chain folded toward the fluorine atom, two
gauche structures with the ethylamino side chain folded to the opposite side and two anti
conformers with extended tails. The effect of fluorination on the spectra and on the

stability and structures of these species is discussed.
submitted to Phys. Chem. Chem. Phys.
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1. Introduction

The presence of various degrees of freedom in flexible molecules may lead to
ridged potential energy surfaces (PESs) with several conformational minima.
Nevertheless, even if a particular molecule can possess multiple conformational structures,
only one or a few favored structures may be observed, depending on the relative energies
of their minima, the barriers heights which separate them and the possible paths for
isomerization. By finding the preferential conformations, it is plausible to obtain
information on intramolecular forces in isolated molecules and even on the delicate
balance between the intra- and intermolecular forces for a specific molecule and for those
situated in its vicinity, respectively.'*** This is of particular importance for molecules and
their clusters with biological activity, which play a significant role in biospecific
recognition at a receptor site, via hydrogen bonds or London dispersion forces. Yet,
finding the spatial arrangements of isolated biomolecules is only a very preliminary step
toward assessment of their function in actual biological environments.

One class of compounds that gained considerable interest during recent years is that
of neurotransmitters (NTs), which contain a rigid skeleton and an ethylamino side chain.
NTs are endogenous messenger compounds, responsible for transmission, enhancement
and modulation of neural signals across the synapse between neurons. The transmission
process occurs through hydrogen bonding of the NT to a receptor protein with specific
amino acid residues in a "key and lock" recognition process.’ Since NTs are flexible
molecules, they can modify their conformation easily, but their binding sites must be
situated at specific positions. Therefore, the conformation of the flexible key, which is
recognized by the usually more rigid lock, must be quite limited to achieve high

selectivity.®
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Indeed, the conformational topography of representative NTs, appearing in the gas

1,7,8,9,10,11,12,13,14,15,16,17,18,19,20 ﬂuorinated,21’22 d23,24 10,25,26

phase as neutra protonate and cluster
species was explored by various spectroscopic methods, assisted by quantum chemical
calculations. In these studies, comparison of the measured spectral signatures to calculated
spectra enabled to find the corresponding structures and to unravel their intrinsic properties
at the most fundamental level.

For example, 2-phenylethylamine (PEA), among the simplest aromatic biogenic
amines and the building block for various NTs and neurologically active molecules, was
found to fold into four different conformers, while rotating about the C-C and C-N single
bonds in the ethylamino side chain.”*®'*!"1618@ The two lowest and two highest energy
conformers of PEA favored structures with folded (gauche) and extended (anti) tail, where
in the former, one of the amino hydrogen atoms was oriented towards the aromatic ring,
forming weak N-H--- 7 hydrogen bonds.

Recalling that the activity of NTs and drugs can be altered by fluorine

27282930
substitution,””

and that structural information on these compounds is only scantily
available, it is anticipated that the substitution of a single hydrogen atom, in different
positions of the phenyl ring of PEA, might provide a venue for testing the effect of
fluorination on the conformational landscape.

In the present work, we extended our studies from PEA to 2-(2-fluoro-phenyl)-
ethylamine (F-C¢Hs—CH,—CH,—NH,, 2-FPEA), Fig. 1, an asymmetric structure obtained
by fluorine substitution at the ortho position. The presence of fluorine at this position,
nearby the ethylamino chain, is expected to be the most effective in inducing some
conformational variations and hence revealing the structural motifs in 2-FPEA is of much

interest. Indeed, the conformational landscape of 2-FPEA has been characterized recently

by rotational Fourier-transform microwave spectroscopy in a molecular beam, and five
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conformers were identified with the help of ab initio calculations.” 1In the present work,
one-color mass-selected resonant two-photon ionization (R2PI), ultraviolet-ultraviolet
hole burning (UV-UV HB), and ionization-loss stimulated Raman spectroscopy
(ILSRS),'®*! namely stimulated Raman-ultraviolet (SR-UV) hole-burning spectroscopy,
were employed to determine the characteristic vibrational and vibronic spectral
signatures. The ILSRS signatures were obtained by measuring the depletion of the
various ground state species, through SR excitation and R2PI probing, first in the NH
stretch region and then in the broad spectral range between 400 - 1700 and 2750 - 3500
cm™. The survey spectra in the amino group region and those in the broad range were
measured while fixing the UV laser on each of the dominant features of the R2PI
spectrum and on features related to the transitions to the origins, respectively. The ILSR
spectral signatures were compared to calculated Raman spectra, obtained by quantum
chemical calculations, allowing identification of the involved structures. Similar to the
microwave study,? the existence of five monomer structures, three gauche (one with the
ethylamino tail folded toward the fluorine atom, and two to the opposite side) and two
anti conformers, with extended tails was revealed. The calculated torsional PES

confirmed that these are the most stable structures of the 2-FPEA conformers, being

separated by high potential energy barriers.

2. Methods
a. Experimental Techniques
The one-color R2PI and ILSR experiments in Beer-Sheva were performed similarly

to previous studies,'®?

while using a pumped Wiley—McLaren home-built time-of-flight
mass spectrometer (TOFMS).**>  Briefly, the TOFMS included a differentially pumped

source and a main detection chamber, separated by a skimmer with a 2.0 mm diameter
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(dia.) aperture. A stream of a carrier gas (Ar), at a pressure of about 1 bar, was directed
through the vapor of a 2-FPEA sample, purchased from Sigma-Aldrich (99 % pure), held
in a small reservoir at room temperature. The prepared gas mixture was then expanded
through a solenoid-based pulsed valve (0.8 mm diam. orifice) operating at 10 Hz and then
passed through the skimmer before entering into the main vacuum chamber. The
generated molecular beam was introduced into the main chamber, while pointing toward
the detection plane.

In the interaction region of the TOFMS, the molecular beam was crossed by the
laser beams, allowing measurement of mass-selected R2PI and ILSR spectra. The R2PI
spectrum was measured using a tunable frequency-doubled pulsed neodymium:yttrium
aluminum—garnet (Nd:YAG)-pumped dye laser (UV) (~ 5 ns pulses, 10 Hz frequency and
energy of < 10 pJ). The ILSR spectra were measured while employing an additional
Nd:YAG laser system that provided the beams for SR scattering, and parking the UV laser
on resonances, related to the different conformers. This laser provided the second
harmonic (532 nm) (~ 5 ns pulses at 10 Hz), which was split in a one to five ratio, so that
the former served as the pump beam, @,, and the latter pumped a dye laser to generate a
tunable Stokes beam, ax. The counterpropagating vertically polarized @, and s beams
with energies of ~ 17 and 25 mJ/pulse, respectively, were focused with 35 and 30 cm focal
length (f.1.) planoconvex lenses and aligned to spatially and temporally overlap, in the
interaction region of the TOFMS. These beams also overlapped the UV beam, focused by
the 35 cm f.1. lens, but preceded it by ~ 30 ns.

Ions obtained by the different methods were detected by a microchannel plate and
fed into a home-made fast preamplifier, allowing measurement of the mass spectra, or the
integrated intensity of the molecular ion peak with a fast digital oscilloscope. The R2PI

and ILSR spectra were obtained by measuring the integrated ion signal as a function of the
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UV and ax beam wavelengths, respectively. For each conformer, three to ten ILSR spectra
were measured and averaged for obtaining suitable signal-to-noise levels.

The experimental setup in Tokyo to measure the one-color R2PI and UV-UV HB
spectra was described in detail elsewhere.”> Briefly, it couples a supersonic expansion
with a linear TOFMS. 2-FPEA vapor (Sigma-Aldrich, 99 %) seeded in 2 bar Ar carrier gas
was supersonically expanded through a pulsed valve. To measure R2PI spectra a tunable
UV laser (several pJ) was focused on the molecular beam in the ionization region of the
linear TOFMS. To measure the UV-UV HB spectra, one UV laser (several pJ) was set to a

specific S;<—S, band origin of a specific conformer and a second tunable UV laser (sub

mJ) with a delay of 1 pus was used to probe the isomer-specific depopulation by dips in the
R2PI spectra. Both UV lasers were generated by frequency doubling of Nd:YAG pumped
dye lasers. The pulsed valve and the second UV laser (probe) were operated at 20 Hz,
while the first UV laser (burn) was operated at 10 Hz to obtain R2PI signals with and
without burn lasers. The signals of alternating triggers were divided to derive a normalized

HB spectrum, corrected for source fluctuations.

b. Calculations

Initial geometry optimizations of the 2-FPEA conformers were performed by the
MMFF94s force field in Avogadro.** These initial geometries were then introduced in the
GAUSSIAN 09 package® to carry out density functional theory (DFT) calculations for
determining the geometric, energetic and vibrational characteristics of the 2-FPEA
conformers. The geometric optimization was carried out using "tight" self-consistent field
convergence criteria and "ultrafine" integration grids. The optimizations were performed
by the Becke three parameter hybrid functional combined with the Lee—Yang—Parr

36,37

correlation functional (B3LYP) and by dispersion-corrected DFT, using the M06-2X
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functional.”® The 6-311++G(d,p) basis set was used for both methods. The optimized
structures were then used for ab initio single point energy calculations, with the second
order Moller-Plesset perturbation theory (MP2)* and the same basis set, to confirm the
energetic ordering.

The optimized geometries were also used for calculation of the harmonic
vibrational frequencies and of the Raman activities at the same DFT levels of theory. The
location of these geometries at true local minima on the PES, were confirmed by the
positive values of all calculated vibrational frequencies. Since the harmonic frequencies
derived from the B3LYP and MO06-2X functionals overestimate the fundamental
frequencies measured in the experiment, the harmonic ones were scaled by the factors
0.956, 0.964 and 0.964 and 0.943 for the former and by 0.946, 0.953 and 0.949 and 0.974
for the latter functional. The first three factors for each functional were used for scaling
the N-H stretches, C-H stretches of the ring and C-H stretches of the ethylamino group and
the last ones for the low (<1700 cm™) frequency ranges, respectively. These factors were
determined by comparing the calculated and measured spectra of conformer G2h (see
below) and used for all other conformers. In addition, the Raman activities were converted
to Raman intensities, according to the procedure of Ref. 18(d).

Essentially, the flexible ethylamino side chain has four coordinates with large-
amplitude motion, namely internal rotation about the C8-N, C7-C8, and C1-C7 bonds,
i.e., the v, B, and a dihedral angles (Fig. 1), respectively, and inversion of the NH;
group.'*© Nevertheless, the nine lowest-energy conformers of 2-FPEA (see below),
obtained by the calculations, have almost similar configurations about the C1-C7 bond
(the angle « deviates by < 8° from 90°). In addition, the inversion of the NH; group has a
high barrier. Therefore, since the lowest energy conformers of 2-FPEA mainly differ in

the w and g dihedral angles, it was possible to calculate the three dimensional (3D)
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torsional PES of 2-FPEA, using the MP2/6-311++G(d,p) level of theory, while

considering internal rotation about these angles.

3. Results and Discussion
a. Resonant two-photon ionization and survey ionization-loss stimulated Raman
spectra

The mass-selected one-color R2PI spectrum of 2-FPEA, in the S; «— Sy band origin
region, is shown in Fig. 2(a). The R2PI spectrum is dominated by an intense origin at
37 608 cm™ and some other features shifted to the blue and red side, respectively. Since
this R2PI spectrum was monitored by measuring the ion signal appearing in the same mass
channel (m/z 139), it is anticipated that it includes features related to all different
conformers of 2-FPEA present in the beam, where some of them correspond to transitions
to the origins, i.e., 08 vibronic states, or to excited vibronic states of the various

conformers.  Usually these bands are distinguished by UV-UV, or IR-UV HB

31012 which can identify the vibronic transitions to the 09 or higher states,

spectroscopies,
related to each of the species in the R2PI spectrum. However, in previous studies,”™ we
noticed that the very sharp ILSRS peaks, reflecting the Q-branches of the vibrational
transitions, enable determination of very small shifts in their position. Therefore, we
decided to test the possibility to use ILSR spectroscopy for discerning between the
vibronic transitions related to the S, origins or excited states of the different conformers.
These survey spectra were measured while using the SR beams for vibrational
excitation and tuning the as beam through the limited spectral range of the amino
stretches, when the time-delayed UV laser was parked on each of the observed R2PI

transitions. When the frequency differences of the SR laser beams, @, - @s, matched the

amino group vibrational frequencies, depletion of the population of the vibrational ground
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state of 2-FPEA molecules occurred, reducing the number of produced ions, and thus
generating the corresponding ILSR spectra.

The ILSR survey spectra, shown in Fig. 3(a)-3(n), probed the 3300 - 3450 cm’
range, including the symmetric and antisymmetric N-H stretches of the 2-FPEA
conformers. It can be noticed that the spectra in the various panels show similar or
different Raman shifts for the N-H stretches, represented by identical or other colors,
respectively. Actually, the small variations in the shifts of symmetric and antisymmetric
N-H stretches of 3346 and 3414 [panels (a), (b), (¢), (d), (¢) and (g)], 3349 and 3416 [panel
(0], 3345 and 3408 [panels (h) and (k)], 3347 and 3408 [panels (i), (m) and (n)], and 3350
and 3413 cm™ [panels (j) and (1)], respectively, were considered to indicate conformer-
specificity. In most cases both frequencies differ, but the spectra of Figs. 3(h) and 3(k) as
well as Figs. 3(i), 3(m) and 3(n) show a similar position for the antisymmetric N-H stretch
(3408 cm'l). Yet, the different frequencies of the symmetric N-H stretches and in most
cases of both symmetric and antisymmetric N-H stretches, respectively, allowed sorting
the spectra into five different types, plotted with black, cyan, blue, magenta and green
colors, respectively. Following the assignment of the structures of the observed
conformers, from the ILSR spectra (see below), the colors were found to correspond to
G1lh, Alh, G2h, G2f, and A2 conformers of 2-FPEA, respectively. This notation of the
conformers is according to that used by Melandri ef al.,”> who also detected the same five
conformers in the molecular beam by using rotational spectroscopy.

Our above classification allowed distinguishing between the R2PI features of 2-
FPEA [Fig. 2(a)], where some were associated to the origins of the different conformers
and others to excited vibronic states, where the former were marked by the corresponding
colored circles. For most conformers, the first excited vibronic states at ~ 40 cm™ are

observed, while for Glh additional states at higher frequencies could also be observed.
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This is reasonable, considering that the G1lh exhibits the most intense feature for the 09
vibronic state and appears to be the most populated one in the molecular beam. It is worth
noting that the R2PI spectrum of 2-FPEA is richer than that of PEA, which showed only
four dominant features, corresponding to the four different conformers.'™*®  This is
reasonable, considering the relative energies of the conformers of the two compounds (see

below) and probably the more intense transition moments in 2-FPEA.

b. UV-UV hole burning spectra

The R2PI spectrum of 2-FPEA measured from 37 380 — 37 750 cm™ in Tokyo was
similar in appearance to the one measured in Beer-Sheva [Fig. 2(a)] and therefore not
shown here. UV-UV HB spectra measured to distinguish the electronic transitions of the
various 2-FPEA conformers are shown in Figs. 2(b)-2(f)]. The burn laser was set to the S;

< Sy transitions marked with the circles in the R2PI spectrum. The HB spectra together

with the R2PI spectrum revealed five different conformers, which are in full agreement
with those derived from the R2PI/ILSR spectra in Figs. 3-5. The latter provide the
conformational assignment as shown in Fig. 2 and listed in Table I. Next to the band
origins all other transitions in the R2PI spectrum appear in the HB spectra except peaks

above 37715 cm™ due to insufficient laser power.

c. lonization-loss and —gain stimulated Raman spectra

Conformer-specificity in 2-FPEA was confirmed by measurement of the ILSR
spectra of the different species in a broad spectral range. In particular, the upper traces of
Figs. 4(a)—-(e) and 5(a)-(e) show the low (400-1700 cm™) and high (2750-3500 cm™)
frequency ranges of the ILSR spectra (see data in Table S1 of the ESI) f, and were

measured by parking the UV laser on the 03 vibronic states marked in Fig. 2 as colored
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circles and corresponding to Alh, G1h, G2h, A2 and G2f, respectively. It can be clearly
seen that each spectrum includes peaks pointing down, reflecting the Q-branches of the
transitions to different vibrational modes. The observed features show different positions,
not only for the N-H stretches, but also for other bands, leading to different patterns with
characteristic vibrational signatures for each of the five conformers of 2-FPEA.

Furthermore, in the low frequency range, Fig. 4, some of the ILSR spectra,
presented in panels (a), (c), (d) and (e) and corresponding to conformers G2h, Alh, G2f
and A2 of 2-FPEA, respectively, include in addition to the loss lines (pointing down) also
some gain lines (pointing up). These lines are a result of SR-induced gains, due to
ionization probing of the upper Raman-pumped levels,"8©18@40 11y thig process, the
amount of photoionized 2-FPEA molecules increases, as a result of resonant R2PI probing
of excited SR transitions. This leads to enhanced mass selected ion signals as a function
of the ws frequency and consequently to observation of some Raman resonances by gain
lines.

Examination of the Raman shifts, exhibited by the gain features in the different
spectra, shows that they exactly match the position of the loss lines of conformer G1h (the
most populated one, as suggested by its intensity in the R2PI spectrum, Fig. 2(a). Some
of the lines appear in all spectra, although they are excited by different UV wavelengths
(depending on the UV excitation wavelength for each conformer), while others only at a
specific UV wavelength. In some cases, when the gain- and loss-lines are very nearby,
the appearance of the former lines in the spectra perturbs the latter ones and particularly
their intensities, so that they seem to be first derivatives of peaks, but in fact they are

related to the two different Raman processes.
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d. The torsional potential energy surface and the energetic ordering of the 2-FPEA
conformers

As a first step toward the identification of the measured ILSR spectra, the
conformational preferences of the 2-FPEA molecule in their ground electronic state, S,
were determined.  These preferences were obtained by initiating the geometry
optimization from one of the conformers of 2-FPEA and by performing a PES grid search
at the MP2/6-311++G(d,p) level of theory. As mentioned above, the grid search for 2-
FPEA was performed by scanning the y and f dihedral angles (Fig. 1) in steps of 10°.

The resulting PES of 2-FPEA and the structures of its conformers are shown in
Figs. 6(a) and 6(b), respectively. Figure 6(b) also includes the computed energies of the
minima, in the phenyl ring of each structure, and of the transition states (first-order saddle
points), near the arrows marking the direction of the transition from a conformer to the
other, as determined from the torsional PES.

The PES is characterized by nine unique minima, six of them related to gauche
conformers with the amino group pointing toward the fluorine atom (G1f, G2f and G3f)
or to the opposite side (G1h, G2h and G3h), and three to anti conformers with extended
ethylamino side chain (Alh, A2 and Alf). It can be seen from Fig. 6 that the highest
energy barriers are between the two types of gauche conformers, and somewhat lower
between the gauche and anti conformers. Even lower barriers are observed between the
different conformers in each column.

In particular, the global minimum is related to the Glh gauche conformer [Fig.
6(b)] and the two additional gauche conformers, G2h and G2f, where the NH, group
possesses different orientations, are somewhat higher in energy and separated from each
other, and from the global minimum, by relatively high potential barriers. These

conformers are reached by varying the y and £ dihedral angles (relative to those of G1h)
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for the former and latter, respectively. The following two additional minima, Alh and
A2, result from anti conformers, which are separated by lower barriers from each other,
and by higher barriers, along the £ dihedral angles, that separates them from the gauche
conformers. The additional conformers are even higher in energy and actually were not
observed in our experiment and in the microwave study.22

These values of the global minima are also summarized in Table II and compared
to the results computed at other levels of theory. Actually, the ordering of the energies of
the five most stable conformers (Glh, G2h, G2f, Alh, A2) is similar for the values
obtained at the MP2/6-311++G(d,p) level of theory with corrections for zero-point
vibrational energies from MO06-2X/6-311++G(d,p) and B3LYP/6-311++G(d,p). This
ordering also agrees with that obtained by Melandri ef al.* at the MP2/6-311++G(d,p)
level of theory. As for the higher energy conformers (G1f, G3f, A1f, G3h) the ordering
obtained by the three methods does not exactly match. The ordering of these conformers
depends on the calculation method and probably differs due to the very small changes in
energy between them. It is anticipated that the M06-2X functional performs better than
the B3LYP functional in terms of predicting the general trends in the conformer relative
energies, since the dispersion interactions, taken in account by the former, contribute to

the conformer energetics of 2-FPEA.

e. Identification of the conformers of 2-FPEA

As mentioned above, the assignment of the conformers of 2-FPEA is supported by
evidence coming from calculations of structures and energetic ordering and especially by
ILSR spectroscopy. It is obvious that the interpretation of the measured ILSR spectra and
the identification of the conformers of 2-FPEA requires high accuracy calculated Raman

spectra.  Eventually, by considering which are the most stable five conformers of 2-
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FPEA and by comparing the measured and calculated spectra we found the best matching
ones and as a result revealed the conformers existing in the molecular beam. First
attempts verified the resemblance of the measured ILSR spectra and Raman spectra
calculated at the B3LYP/6-311++G(d,p) level of theory. However, since the patterns
shown by the latter did not fit very well the measured spectra, difficulties were
encountered in assigning the involved conformers. Consequently, dispersion-corrected
MO06-2X/6-311++G(d,p) Raman spectra were calculated and used for the comparison.

For instance, Fig. 7 shows the measured low frequency range ILSR spectrum of
one of the conformers, G2h, of 2-FPEA [panel (a)] and the scaled harmonic Raman
spectra, obtained by using the functionals, M06-2X [panel (b)] and B3LYP [panel (¢)],
both with the 6-311++G(d,p) basis set. It can be seen, particularly for the features marked
by the dashed lines, that their positions in the spectrum calculated at the M06-2X/6-
311++G(d,p) level show smaller deviations from those observed in the experimental
spectrum and generally reproduce it better. This behavior was also encountered for the
other conformers, leading us to rely on the M06-2X/6-311++G(d,p) level of theory for
finding the correspondence between the ILSR spectra and the specific structures of 2-
FPEA.

Accordingly, the measured ILSR spectra of the different conformers of 2-FPEA,
top traces of Figs. 4(a) - 4(e) and 5(a) - 5(e), were compared to the scaled harmonic
Raman spectra [M06-2X/6-311++G(d,p)], shown in the bottom traces. As can be seen,
the calculated spectra match relatively well the measured ILSR spectra, when different
scaling factors were used for the low frequency range and for the various groups of
vibrations in the high frequency range. In the low frequency range, where the vibrational
signatures involve bending modes of the amino and the alkyl groups, as well as collective

motions of most atoms in the molecule, the calculated spectra nicely mimic the patterns
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exhibited by the measured ILSR spectra. The measured spectra in Figs. 4(a) — 4(e) and
5(a) — 5(e) were consequently attributed to the G2h, G1h, Alh, G2f and A2 conformers of
2-FPEA, respectively.

Essentially, the high frequency range spectra include features corresponding to the
N-H stretches of the ethylamino side chain and to C-H stretches of the ring and of the
alkyl group. While the C-H stretches of the ring appear as four peaks in the 3040 - 3080
cm’ range in all five conformers, the N-H (3340 - 3460 cm™) and the C-H stretches (2870
— 2980 cm™) of the ethylamino group show some slight changes in frequencies and in
patterns. Comparison of these changes in the antisymmetric (higher frequency and
weaker feature) and symmetric (lower frequency and stronger feature) N-H stretches,
respectively, while passing from one conformer to the next, show a tendency of red and
blue shifts, that is mimicked by the calculated spectra of the above mentioned 2-FPEA
structures.  In addition, the intensities of the measured peaks correspond nicely to the
calculated ones.  Explicitly, the gauche conformers of 2-FPEA show that the N-H
symmetric stretches in the ILSR spectra are somewhat shifted to lower frequencies (Glh,
G2h and G2f at 3346, 3345 3347 cm’, respectively) compared to the corresponding
features of the anti conformers (Alh and A2 at 3350 and 3349 cm™, respectively). These
small red displacements of the N—H symmetric stretch mode may indicate that in the
gauche conformers, with the amino side chain folded toward the phenyl ring, the electron
density is pulled away from the N—H bonds, with very minor changes from one conformer
to the next. Accordingly, the interaction between a hydrogen atom of the amino group
(on the folded side chain) with the electron cloud of the ring in 2-FPEA, leads to weak N—
H--- 7 hydrogen bonds in the gauche conformers. It is interesting to note that the red
shifts for the N-H symmetric stretches of the gauche conformers of 2-FPEA, resemble

those observed in the unsubstituted PEA. This implies that the strength of the N-H--- 7
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hydrogen bonds in the gauche conformers of both molecules are quite similar; although it
may possibly be expected that the electron-withdrawing eftect of the fluorine atom in 2-
FPEA would lead to somewhat weaker interaction.

As for the alkyl C-H stretches, observation of four transitions, related to the
symmetric and antisymmetric stretch modes of the two different CH, groups would be
anticipated. Indeed, in some of the spectra the number of resolved transitions is four,
while in others some of the bands split up, probably due to Fermi resonances that couple
the C-H stretches with overtones and combination bands of the CH, bends. Yet, it is
apparent from the spectra that the alkyl C-H stretch region is sensitive to the conformation
of the ethylamino side chain in 2-FPEA. It can be seen that the spectra in panels (b) and
(c) of Fig. 5, exhibit features that are characterized by a triplet separated from the lowest
Raman shifted line, while the other spectra include two pairs of lines that differ in spacing
between them. The calculated Raman spectra in the C-H stretch region for conformers
G1h (the most stable one) and Alh of 2-FPEA, panels (b) and (c), respectively, correlate
well with the experimental ILSR spectra and indicate that the symmetric C-H stretch on
C8 shifts to < 2880 cm™. As for the other conformers, no quantitative fit between the
measured ILSR and calculated Raman spectra is observed. This could be a result of the
harmonic frequency calculations that were performed, which fail to reach the required
accuracy in the computed C-H stretch force field and also do not account for the Fermi
resonances, anharmonic couplings and local mode mixing, and therefore do not provide
the exact values for the C-H stretch frequencies. These findings show that the C-H
stretches in the ILSR spectra are very sensitive to the amino group orientation and are
probably influenced by the interaction of the CH, moiety with the lone pair electrons on

nitrogen.
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Nevertheless, the assignment of the 2-FPEA conformers is greatly assisted by the
low frequency range spectra, Fig. 4. It is immediately apparent that for all conformers the
dominant measured ILSR features, and even most of the low intensity ones, are well
reproduced by the calculated Raman spectra. Comparison of the spectra, related to the
different conformers, shows that some of features appear at almost identical frequencies,
while others exhibit shifts, due to changes in structure. A region that shows very different
patterns in the ILSR spectra of the 2-FPEA conformers is that around 1000 cm™, Fig. 4,
displayed as an expanded portion in Fig. 8. Also shown at the right of each panel in Fig.
8, are the geometries of the respective conformers together with the displacement vectors,
generated by GAUSSVIEW.*! These vectors graphically represent a pair of normal
modes of the two highest frequency vibrations, related to collective motions of the atoms
in the different conformers. In fact, only small changes appear in the frequency of the
vibrational mode around 1040 cm™, which is attributed to the breathing mode of the ring,
and therefore expected to be relatively insensitive to the structure of the different
conformers. As for the other vibration, consisting of out-of-plane movement of the C-H
groups of the ring and of the alkyl moieties of the tail, the shifts to lower frequencies are
as much as 65 cm™, depending on the specific conformer.

Consequently, the good agreement between the measured ILSR and computed
Raman spectra provides evidence that the structures of 2-FPEA, on which the harmonic
frequency calculations are based, may be reliable, enabling us to assign the structures of
the conformers existing in the cold molecular beam. The observation of five different
spectra for the conformers of 2-FPEA and their comparison to the calculated spectra
confirmed that the low and high frequency features, shown in Figs. 4(a) — 4(e) and 5(a)
and 5(e), correspond to the G2h, Glh, Alh, G2f and A2 conformers of 2-FPEA,

respectively, also identified in the microwave study.”
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This interpretation is also supported by the energetic ordering predicted by the
quantum chemical calculations shown in Fig. 6 and in Table II. As mentioned above, the
Glh conformer of 2-FPEA corresponds to the global minimum and the gauche
conformers, G2h and G2f, and the anti conformers, Alh and A2, are somewhat higher in
energy. The relatively high potential energy barriers between these conformers render
them experimentally distinguishable. As for the four additional computed conformers,
GI1f, G3f, Alf and G3h, they are even higher in energy, but exhibit lower potential
barriers for isomerization, implying that they would not persist in the molecular beam.

The fluorination in 2-FPEA, with the fluorine atom in the ortho position,
introduces an asymmetry in the molecule and exerts a delicate stabilizing effect that
increases the number of conformers, when compared to the non-fluorinated analog, PEA.
This explains our observation of five discernible conformers in the former, instead of four

10.16@118@) a5 reflected by the somewhat smaller gaps in energy between the

in the latter,
most stable structures of 2-FPEA. Actually, as can be seen from the data in Table S2 of
the ESI’, the action of the bonding interactions, between the N-H and the center of the 7
system, N-H---F, C-H---F and that between the nitrogen carrying the lone pair electrons
and the hydrogen atom, N(lp)---H, as well as the repulsive interaction between the
nitrogen and fluorine, N(Ip)- - - F(Ip) span over a large range of values. This implies that
these bonding and repulsive interactions play a major role in establishing the stable
structures of the various conformers of 2-FPEA, being determined by the available
number of interactions as well as by their strength.

It is very satisfying to find out that the same five conformers were found in the
molecular beams of three setups, while using very different methods based on microwave

spectroscopy,”> UV-UV HB and ILSRS, where the last two methods confirm the previous

findings of the former. These are the first measurements of the vibrational and electronic
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spectra of the 2-FPEA conformers, where the former allowed, through comparison to
theoretical calculations, to distinguish between numerous conformational structures. This
work is of importance both due to the metholodgical demonstration of the use of ILSRS in
the N-H stretch region and in the broad spectral range, where the former allowed finding
the different conformers that exist in the molecular beam and the latter obtaining the
structures of the congested conformers of 2-FPEA. The assignment of the conformers
was assisted by the access of low- and high-frequency regions, which provided
information on the collective as well as on the localized vibrational motions, respectively.
It is anticipated that the ILSR spectra in the extended range would allow to distinguish
between conformational structures, even in cases in which the more widespread infrared
double-resonance techniques do not lead to unequivocal assignments. The intramolecular
interactions stabilizing the conformational structures of this neurotransmitter analog have
only been slightly considered in the microwave study*” as well as in this work and

certainly deserve further characterization in the future.

4. Conclusions

As can be inferred from the above, this study shows the premise behind our
approach, where vibrational spectra were measured by the ILSR method in a broad
spectral range, enabling to monitor multiple vibrational modes of the different conformers
of 2-FPEA. The ILSR and UV-UV HB spectra confirmed the existence of five different
conformers of 2-FPEA in the molecular beam. The interpretation and identification of the
available conformers of 2-FPEA in the molecular beam became possible by the
comparison of the experimental ILSR spectra with the computed Raman spectra. The
good correlation between the measured ILSR spectra and the calculated ones allowed to

find out that gauche conformers, including G1h, as the global minimum, and the G2h and
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G2f conformers, as well as the anti conformers, Alh and A2, persist in the molecular
beam. These results also bring support to the fact that the harmonic Raman spectra,
calculated by the dispersion-corrected M06-2X/6-311++G(d,p) level of theory, reproduce
better the experimental ILSR spectra and mimic better the observed patterns than spectra
calculated at the B3LYP/6-311++G(d,p) level.

The substitution of a specific hydrogen atom with fluorine atom in the ortho
position produces an asymmetric structure for 2-FPEA with the fluorine being in close
proximity to the ethylamino side chain, slightly modifying the energetic ordering and the
energy gaps between the various conformers. This energetic arrangement derives from
the interplay between the hydrogen bonds and the repulsive interactions, which exert a
delicate stabilizing effect that increases the number of conformers, when compared to the
non-fluorinated analog, PEA. It would be of interest to examine the effect of fluorine
substitution in the para-position, where the symmetry of PEA is kept, on the

conformational landscape.
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Table I. Vibronic transition frequencies (cm™) of the conformers of 2-(2-fluoro-phenyl)-

ethylamine, obtained from the one-color resonant two-photon ionization and from the

two-color ultraviolet-ultraviolet hole burning spectra, and their assignment.

R2PI (cm™) Conformer UV-UV HB (cm™)
assignment
G2f A2 G2h Glh Alh
37468 G2fS; — S, 37468
37509 G2f 37509
37516 A2 S, S, 37516
37531 G2f 37531
37543 G2h S, < S 37543
37550 G2f 37550
37556 A2 37556
37569
37582 G2f, A2 37582 37582
37589 G2h 37589
37591
37597 A2 37597
37608 G1lh S; < Sy, Glh 37609 37608
37613 AlhS, < S, 37613
37636
37645
37654 Glh, Alh 37654 37653
37663 G2f 37664
37671 G2h 37673
37675 Glh 37676
37679 Alh 37679
37691 Alh 37692
37697
37700 Glh 37701
37710
37720
37731 Glh
37742
37763 Glh
37800 Glh
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Table II. Calculated relative energies, AF, and zero-point corrected energies, AEy, of 2-

-11aoro-phen -et amine and o -phenylet amine, 1n cm , 10llowin - an
(2-fluoro-phenyl)-ethylamine and of 2-phenylethylamine, in cm™, following M06-2X and

B3LYP optimizations with subsequent MP2 single point energy calculations. All

calculations were performed with the 6-311++G(d,p) basis set.

2-FPEA PEA

M06-2X B3LYP MP2 M06-2X B3LYP MP2

MP2 ZPE MP2 ZPE MP2 ZPE MP2 ZPE MP2 ZPE ZPE

AE  AE,* AE  AE,® AE®  AEy AE®  AE,* AE® AE,® AE,°

Glh 0 0 0 0 0 0 GI 0 0 0 0 0

G2h 136 129 135 114 108 115 G@I) 121 8 120 105 128
G2f 183 190 164 149 162 199

Alh 374 344 309 259 368 267 A(I) 472 392 409 349 382

A2 429 381 367 307 420 369 A(I) 498 416 434 372 406
GIf 462 430 473 435 452 383
G3f 465 450 458 400 459 445
Alf 493 451 429 364 487 379
G3h 586 519 562 489 581 421

Zero-point corrections based on

T M06-2X/6-311++G(d,p) and ° B3LYP/6-311++G(d,p)

levels of theory. € and 4 values obtained at the MP2/6-31 1++G(d,p) level of theory, taken

from Melandri et al.** and Lopez et a

1,'@ respectively.
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Figure Captions

Fig. 1. The 2-(2-fluoro-phenyl)-ethylamine molecule and its dihedral angles, which
determine the possible conformations.

Fig. 2. (a) One-color resonantly-enhanced two photon ionization spectrum of the S; <~ Sy
electronic transitions of the 2-(2-fluoro-phenyl)-ethylamine monomer measured in the
mass channel m/z 139 under water-free conditions. The bands labeled with colored
circles correspond to the 03 electronic origins of the conformers Alh, Glh, G2h, A2 and
G2f and (b-f) two-color ultraviolet-ultraviolet hole burning spectra recorded with the burn
laser set resonant to the S; origin of the five conformers.

Fig. 3. Survey ionization-loss stimulated Raman spectra of the conformers 2-(2-fluoro-
phenyl)-ethylamine in the N-H stretch region, displayed in panels (a) to (n). The spectra
corresponding to conformers G1h, Alh, G2h, G2f, and A2 are represented by black, cyan,
blue, magenta and green, respectively.

Fig. 4. lonization-loss stimulated Raman spectra of the five conformers of 2-(2-fluoro-
phenyl)-ethylamine, G2h (a), G1h (b), Alh (c), G2f (d) and A2 (e) (their geometries
appear in Fig. 6), in the 400-1700 cm™ energy range. Below each measured spectrum a
calculated one, exhibiting the closest agreement, is shown. The computed spectra are
based on scaled harmonic vibrational frequencies and on Raman intensities, obtained
according to Ref. 18(d). The frequencies and Raman activities (used for derivation of the
intensities) of the different conformers were calculated at the M06-2X/6-311++G(d,p)
level and convoluted with Lorentzian lines of full width at half maximum of 0.5 cm™.

Fig. 5. lonization-loss stimulated Raman spectra of the five conformers 2-(2-fluoro-
phenyl)-ethylamine, G2h (a), G1h (b), Alh (c), G2f (d) and A2 (e) (their geometries
appear in Fig. 6), in the 2750-3500 cm™ energy range. Below each measured spectrum a

calculated one, exhibiting the closest agreement, is shown. The computed spectra are
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based on scaled harmonic vibrational frequencies and on Raman intensities, obtained
according to Ref. 18(d). The frequencies and Raman activities (used for derivation of the
intensities) of the different conformers were calculated at the M06-2X/6-311++G(d,p)
level and convoluted with Lorentzian lines of full width at half maximum of 0.5 cm™.

Fig. 6. (a) The potential energy surface (PES) of 2-(2-fluoro-phenyl)-ethylamine (2-
FPEA) as a function of the y and £ dihedral angles (Fig. 1) and (b) the structures of the
nine energetically most favorable conformers of the 2-FPEA monomer, fully
geometrically optimized in their ground electronic state, So. The computed energies
[MP2/6-311++G(d,p)] of the minima and of the transition states (first-order saddle points)
as determined from the torsional PES are given in the phenyl rings of each structure and
near the arrows pointing to the direction of the transitions, respectively.

Fig. 7. Comparison of the (a) measured ionization-loss stimulated Raman spectrum of the
G2h conformer of 2-(2-fluoro-phenyl)-ethylamine with the calculated Raman spectrum at
the (b) M06-2X/6-311++G(d,p) and (c) B3LYP/6-311++G(d,p) levels of theory.

Fig. 8. Expanded portion of the ionization-loss stimulated Raman spectra of the
conformers of 2-(2-fluoro-phenyl)-ethylamine, G2h (a), G1h (b), Alh (c), G2f (d) and A2
(e) in the 1000 cm’ region. Below each experimental spectrum a calculated one,
exhibiting the closest agreement, is shown. On the right of each panel, the geometries of
the respective conformers together with the displacement vectors corresponding to the

normal modes of the two highest frequency vibrations are shown.
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Mayorkas et al., PCCP, Fig. 1
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Mayorkas et al., PCCP, Fig. 6
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