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Introduction

Elucidating the structure and binding nature of
thianaphthene dimers using gas-phase
infrared spectroscopy

Gaia Zucali,? Vincent J. Esposito, ' ° Sandra Brunken (22 and Piero Ferrari (2 *?
Crucial for many biological systems, in astrochemistry, and for fundamental chemistry in general, the
conformations adopted by weakly bound complexes of polycyclic aromatic hydrocarbons (PAHs) have
been the focus of debate for decades. Still, there are great challenges in forming such complexes in the
laboratory, measuring accurate spectroscopic information sensitive to structure, and computing
molecular properties for systems subtly bound by dispersive interactions. Here, we employ a combination
of gas-phase infrared spectroscopy with extensive density functional theory (DFT) calculations to
unambiguously determine the preferred conformation adopted by dimers of neutral thianaphthene, a
PAH composed of one six- and one five-membered ring with an incorporated sulfur atom. A very wide
spectral range from 350 to 3150 cm ™! is covered, allowing a determination of the effect of complexation
on fingerprint vibrations as well as C-H stretches. A comparison of the recorded infrared spectra
of monomers and dimers in combination with detailed vibrational calculations assigns a m-stacked
configuration for the complex. This agrees with energetic arguments, where DFT predicts the isomeric
T-shaped configuration to be 0.13 eV higher in energy. The potential energy surface of the complex is
explored using the nudged elastic band (NEB) method and the nature of the interaction between neutral
monomers is investigated based on the local energy decomposition (LED) analysis. The n-stacked dimer
is overwhelmingly stabilized by =---m dispersion, an interaction that is much weaker in the T-shaped
configuration, despite the effect of C—H---n forces. The methodology applied here to thianaphthene is
extendible to dimers without a permanent dipole moment, hence invisible to microwave spectroscopy, as
well as larger clusters of PAHSs.

rotational spectra based on a combination of microwave spectro-
scopy and radioastronomy.*® On Earth, PAHs are relevant for

Polycyclic aromatic hydrocarbons (PAHs), a class of organic
species composed of two or more aromatic rings fused together,
have been the centre of research for decades. In an astrochemical
context, PAHs are crucial, as this family of molecules is observed
throughout a wide range of astronomical environments." For
example, PAHs are thought to be responsible for the so-called
aromatic infrared bands (AIBs), a series of emission lines most
prominently centred at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 pm,
common frequencies of the vibrational modes of these
molecules.>® Moreover, many substituted PAHs that possess a
permanent dipole moment have been detected in space via their
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combustion chemistry, as they are crucial for soot formation and
are considered environmental pollutants.”

From a chemical point of view, the non-covalent interaction
in complexes of PAHs is of great significance, given their crucial
role in many biological and chemical systems,®° as well as pro-
viding unique data sets for benchmarking quantum chemical
calculations.'® In this context, interest stems from the subtle
nature of the interaction between closed-shell aromatic species,
governed by an interplay of electrostatic forces, Pauli repulsion,
and dispersion forces.'! In PAHs clusters in general, but mostly
investigated on dimers in particular, such interplay of forces
leads primarily to two structural families, the so-called
n-stacked and T-shaped configurations.'” In the former, mono-
mers bind primarily by a n- - -m interaction, leading to parallel
conformations, whereas in the latter C-H-- -t forces are sig-
nificant and dimers orient perpendicular to each other.” In
addition, substituted PAHs also support hydrogen bonding
structures, with monomers oriented on the same plane."* The
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benzene dimer, a prototypical system for studying the structure
and non-covalent interactions on aromatic species, has been
studied in detail, with conflicting results from quantum chemical
calculations,">™” partly resolved by microwave spectroscopy mea-
surements revealing a T-shaped configuration.'® However, the
n-stacked structure of benzene does not possess a permanent
dipole moment, making it undetectable with microwave spectro-
scopy. In addition, infrared spectroscopy, which does not suffer
from that limitation, has been employed to investigate the con-
formation of dimers of pyrazine,'® pyridine,*® azaphenanthrene,**
and naphthalene and acenaphthene,* revealing system-specific
conformations. Nevertheless, despite the work currently done,
there is still a lack of widespread experimental information about
dimers of aromatic species.

More recently, microwave spectroscopy was used to identify
the conformation adopted by dimers of thiophene, an analo-
gous species to benzene with a sulfur atom incorporated in its
ring.?” In this case, thiophene does possess a permanent dipole
moment, so the measurements are sensitive to both n-stacked
and T-shaped structures. Nevertheless, similar to the early
experiments on benzene, only a T-shaped configuration was
identified. This raises the question about the effect of size on
the preferred conformation of dimers of sulfur-containing
PAHs (S-PAHs), since naphthalene, for example, adopts
a m-stacked geometry,”® thus different from the smaller ben-
zene. This suggests a conformational change with PAH size. In
S-PAHs, also the S-- -7 interaction plays a role in determining
the conformation of neutral dimers, an important non-covalent
interaction in biological systems.>* Moreover, S-PAHs are gain-
ing attention for their possible presence in the interstellar
medium, where they have been proposed as a possible sink of
interstellar atomic sulfur,>® thus contributing to the missing
sulfur in the so-called sulfur depletion problem.>® Notably,
the sulfur-bearing PAH 2,5-cyclohexadien-1-thione has been
recently discovered in space.”’

In this work, we employ a combination of gas-phase infrared
spectroscopy and detailed density functional theory (DFT) calcu-
lations to identify the preferred configuration of thianaphthene
dimers, an indene analogue with the CH, group replaced with
the sulfur atom, thus the next size step from thiophene. The use
of the FELIX free electron laser*® allows the measurement of
infrared spectra in a wide spectral range, covering the fingerprint
region of PAHs, in addition to the C-H stretching range sampled
with a pulsed infrared OPO/OPA laser. Our analysis conclusively
shows that thianaphthene dimers adopt a n-stacked geometry,
and provide a detailed understanding of the non-covalent inter-
actions at play, leading to this preferred conformation.

Methods

Experimental

Experiments are conducted in a molecular beam setup coupled
to a beamline of the FELIX free electron laser of the HFML-
FELIX Institute (Nijmegen, The Netherlands). Briefly, a reser-
voir containing thianaphthene powder is resistively heated to
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80 °C. The created vapor is then expanded supersonically into
vacuum by a stream of Ar gas at a backing pressure of 2 bar via a
pulsed valve, forming a molecular beam of neutrals. Following,
the beam is collimated by a 2 mm skimmer before entering a
perpendicularly extracted reflectron time-of-flight mass spec-
trometer, where the composition of the molecular beam is
analysed after ionization. At the low vibrational temperatures
of the molecular beam, estimated to be close to 40 K,>° a wide
distribution of thianaphthene clusters is formed, (Thia)y with
N spanning up to 9 on some cases. Here, however, experimental
conditions are tuned to primarily produce the thianaphthene
monomer and its dimer. To record mass spectra, the molecular
beam is ionized via resonance-enhanced multiple photon ioni-
zation (REMPI) at the mass spectrometer entrance using the
light of a tunable dye laser operating on Rhodamine B in
ethanol, pumped by the second-harmonic of a Nd:YAG laser
(532 nm; Spectra-Physics). After frequency doubling, the dye
laser (Lioptec) is tuned in the 293-298 nm range, where the S;
« S, transition of thianaphthene has been observed.*°

To measure the infrared spectrum of (Thia), and (Thia),, the
counterpropagating light of FELIX is used to resonantly excite
the gas-phase species vibrationally. This excitation depopulates
their vibrational ground-state, making ionization less efficient
and thus inducing a signal depletion in mass spectra (the so-
called ion-dip spectroscopy).”’ In order to account for signal
fluctuations, FELIX runs at half the repetition rate of the
molecular beam experiment, 10 and 20 Hz, respectively. This
allows the recording of consecutive mass spectra with and with-
out IR light. The IR yield is defined as i = —In(I/I,)/P, with I and
I, the intensity in mass spectra with and without FELIX excita-
tion, respectively, and P the laser energy. FELIX is scanned in the
so-called fingerprint region, ranging from 350 to 2200 cm ™, in
steps of 1 cm™ . Importantly, FELIX is timed to interact with the
molecular beam 300 ps prior ionization, thus ensuring that the
recorded IR spectra correspond to species in the neutral state.
The linewidth of FELIX is wavelength dependent, roughly
corresponding to a FWHM of 0.5% of the central wavenumber
in the current measurements. Further experimental details can
be found elsewhere.**>*

In addition to the fingerprint region, the range where the
C-H stretching modes are located (3000-3150 cm ™) is covered
using a tabletop infrared OPO/OPA (LaserVision), with a higher
spectral resolution of 0.1 cm™'. Here, the IR radiation is
crossed perpendicular to the molecular beam, opposite in
direction to the ionization laser, and is timed 2 ps prior
ionization. The OPO is scanned in steps of 0.16 cm™*. Further
details of this procedure can also be found elsewhere.**

Computational

Density functional theory calculations (DFT) are conducted
with the ORCA 6.01 software package.*® For (Thia),, an initial
structural search was performed using the GOAT algorithm,>®
preserving the topology of the thianaphthene monomers but
varying their relative orientation in the dimer. This process yielded
five distinct conformations, all corresponding to m-stacked geome-
tries with different angles between the monomer units. Following,
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the set of structures are re-optimized at the DFT level, employing
the meta-GGA TPSS functional®” in conjunction with the Def2-
TZVP basis set®® and D3 dispersion corrections.® All n-stacked
structures are found to be essentially isoenergetic, with relative
energies below 0.001 eV. These structures are presented in the
supporting information (SI). Furthermore, new configurations
were manually constructed, in particular focusing on T-shaped
geometries as well as side-by-side structures, where the two
monomers bind horizontally forming C-H---C-H or C-H:--S
bonds. This process yielded one stable T-shaped geometry and
no horizontal configuration. The DFT calculations are performed
with the “tight” convergency criteria for the SCF and geometry
optimization cycles, as implemented in ORCA, as well as with the
finer “defgrid3” integration grid. For all stable structures, harmo-
nic frequency calculations are carried out.

Anharmonic frequency calculations for the dimers are
attempted but failed due to issues with the dispersion forces
and large amplitude motions in computing the force constants
on the potential energy and dipole moment surfaces. Never-
theless, for an accurate description of the vibrational spectrum of
the thianaphthene monomer, anharmonic vibrational frequen-
cies are computed using the B3LYP hybrid DFT functional® in
conjunction with the aug-cc-pV(T+d)Z basis set.*'"**> First, the
geometry of the monomer is optimized to the ground state
minimum and the normal modes and harmonic frequencies
are computed. Following this, a quartic force field (QFF) is
computed at the same level of theory. A QFF is a fourth-order
Taylor expansion of the potential energy surface surrounding the
equilibrium geometry and consists of the quadratic, cubic, and
semi-diagonal quartic force constants.** Anharmonic vibrational
frequencies are then computed via second order vibrational
perturbation theory (VPT2)***® using Gaussian 16*° including
up to 3-quanta vibrational modes.

Moreover, of the different n-stacked configurations of the
dimer, the lowest in energy is selected for further analysis,
together with the T-shaped geometry. The lowest-energy path
connecting these structures within the PES of the dimer is
explored using the Nudged Elastic Band (NEB) method imple-
mented in ORCA. For this, the same level of theory as for the
DFT calculations is employed to compute 8 images along the
energy path. The same methodology is used to compute the path
along two m-stacked geometries. In addition, the interaction
strength between monomers in both geometries is analysed
using the local energy decomposition (LED) methodology imple-
mented in ORCA, for which single-point DLPNO-CCSD(T) calcu-
lations are conducted using the structures optimized with DFT.
This allows decomposing the interaction energy of the monomers
into dispersive and non-dispersive terms, as discussed below and
in the literature.*”*®

Results and discussion
Size distribution and REMPI spectra

The cold conditions of the molecular beam allow the formation
of a distribution of thianaphthene clusters, (Thia)y, as shown
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Fig. 1 (a) Mass spectrum of neutral thianaphthene clusters in the mole-

cular beam, constructed as the average over all scanned REMPI reso-
nances. (b) Typical REMPI spectra of the thianaphthene monomer, dimer
and trimer, highlighting the wavelength used to measure the IR spectrum
of the dimer.

by the representative mass spectrum in Fig. 1(a). An identifi-
cation of the true size-to-size abundances of the different
(Thia)y complexes in the molecular beam is hard to determine,
given the strong sensitivity to ionization efficiency when record-
ing mass spectra and the possibility of some fragmentation
occurring upon ionization, but as shown in the figure, com-
plexes with up to N = 6 are clearly present, while an extended
mass spectrum shows even larger clusters (see the SI). Here, we
focus on the monomer (Thia); and dimer (Thia), species,
although it is noteworthy that such large complexes are stable
in the molecular beam.

Important for conducting spectroscopic measurements on
such wide mass distributions is to have distinct REMPI reso-
nances per complex, such that specific species can be isolated
in the recorded mass spectra. Fig. 1(b) shows that this is indeed
the case here, to a large extent. The S; « S, transition of the
monomer, seen at 293.52 nm, is sharp and at a slightly higher
energy than the resonances of the dimer and trimer. For these
species, the REMPI spectra are broad, as typically seen in
weakly bound complexes,"**° and while they do overlap, select-
ing 296 nm as the excitation wavelength allows mostly the
selective ionization of the dimer. Thus, the experiments dis-
cussed next were performed at 293.52 nm for the monomer and
at 296 nm for the dimer. We note that in a previous study the
S; « Sy transition of thianaphthene was reported as 293.58 nm,
very close to our measurement.*’

Infrared spectroscopy of thianaphthene monomer

The measured IR spectrum for the yet-cold thianaphthene
monomer is depicted in Fig. 2, showing in panel (a) the finger-
print region between 350 and 2300 cm ™! (FELIX) and in panel (b)
the C-H stretching range, between 3000 and 3150 cm™* (OPO).
Panel (a) reveals a dense infrared spectrum, where the presence
of sulfur breaks the molecular symmetry leading to all 38
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Fig. 2 Infrared spectrum of thianaphthene, measured with FELIX in the

350-1700 cm™ ! range (a) and with the OPO/OPA laser in the 3000-3150
cm™ region (b). The red stick spectrum corresponds to the anharmonic
vibrational transitions computed using the B3LYP/NO7D method. The
geometry of thianaphthene is shown as an inset in panel (a).

vibrational modes being infrared active. The measured spectrum
(in filled blue) agrees well with data from the NIST data base,*
although here recorded with higher resolution due to the low
temperature. Among the many features, the three most intense
bands are found at 689, 732 and 761 cm ', with similar
intensities, as well as other significant bands seen at 409, 467,
555, 799 and 867 cm™*. In addition to the experimental spec-
trum, panel (a) presents in red the computed anharmonic
vibrational transitions of thianaphthene at the B3LYP/aug-cc-
pV(T+d)Z level of theory, revealing a very good match for most
features, despite some small frequency differences and mis-
matches in relative intensities. We note that between 1600 and
2100 cm ™" all observed bands are of anharmonic origin (combi-
nation bands and overtones, both 2- and 3-quanta transitions), a
trend seen in many other PAH systems, both unsubstituted and
substituted.”®" This explains why previous computational ana-
lysis of thianaphthene based on harmonic calculations did not
reproduce that part of the IR spectrum.>

The three most intense features observed in Fig. 2a corre-
spond to out-of-plane C-H bending modes. The IR spectrum of
indene® exhibits only two intense features in this frequency
region at 717.8 and 765.7 cm™ . The substitution of a sulfur
atom for the sp® hybridized CH, group leads to changes in the
vibrational spectrum, most notably the presence of a third
intense feature in thianaphthene. In indene, the strong transition
at 718 cm™ " corresponds to an asymmetric out-of-plane bending
motion involving the four hydrogens on the 6-membered ring
(v36) while the transition at 766 cm™" originates from a symmetric
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out-of-plane CH bending of the four CH groups on the
6-membered ring in addition to the CH group on the alpha
carbon (v3,). In thianaphthene, the asymmetric out-of-plane CH
bending of the four 6-membered ring hydrogens (v,5) occurs at
732 cm ™, a blue shift of 13 ecm ™" from indene. Interestingly, the
symmetric out-of-plane CH bending (761 ¢cm™%; 1,,) does not
seem to be as affected by the sulfur substitution, with a redshift
of only 5 cm™" in thianaphthene. The thianaphthene band at
689 cm ! is unique to this molecule and arises from anharmonic
mixing. This feature consists of an out-of-plane CH bending of
the two hydrogens on the 5-membered ring (v3,) mixed with a
combination band of a rocking motion and an asymmetric in-
plane carbon skeleton deformation (v3; + vsg). Additionally,
several vibrational modes involving displacements of the C-S
bond are identified in the IR spectrum, in particular those
observed at 706, 796, 867, 1055 and 1093 cm ™.

In addition to the mid-infrared range, Fig. 2b shows the C-H
stretching region, covered with a tabletop infrared OPO/OPA.
Given the low temperature of our gas-phase measurement, its
resolution here is far greater than that of the NIST data,*®
allowing a clear distinction of individual IR features, in parti-
cular with intense bands at 3067, 3073 and 3086 cm ™', together
with many less intense modes. The stick spectrum in (b) shows
the anharmonic vibrational frequencies, revealing a satisfactory
agreement with the experiment. A well-known challenge for
PAHs is computing C-H stretching modes, which often poorly
reproduce experiments due to strong anharmonic effects.’**
Here, our calculations reproduce well the three main features of
the experiment, as well as some of the weaker modes. Never-
theless, the match between experiment and theory is somewhat
weaker than in the mid-infrared range, as expected.

Anharmonic vibrational frequency computations using var-
ious methodologies were performed on the thianaphthene mono-
mer before arriving at the B3LYP/aug-cc-PV(T+d)Z level as the
most accurate. The first attempt with the B3LYP/NO7D level of
theory, which has been shown to provide exceptionally accurate
frequencies for standard and N-substituted PAHs,>'**%¢ pro-
duced fairly good agreement in the mid-IR region, but performed
quite poorly in the CH stretching region. The NO7D basis set
struggles for thianaphthene due to the underlying small 6-31G(d)
double-{ basis set. The inclusion of electron correlation using
the rev-DSDPBEP86/jun-cc-pVDZ+B3LYP/N07D hybrid method®”
that accurately computes the vibrational frequencies of cyano-
substituted PAHs>*>® also struggled in the CH stretching region
for thianaphthene. A switch to the Dunning family of basis sets
and a size increase to the triple-( aug-cc-pV(T+d)Z basis set
including the additional d functions is required to properly
describe the presence of the 3rd period sulfur atom.

Dimer versus monomer infrared spectra

The presence of monomers and dimers within the same
molecular beam allows the measurement of their infrared
spectra under the same experimental conditions, meaning that
IR spectra are sensitive to small variations upon complexation.
This ultimately provides crucial information to elucidate the
preferred conformation adopted by the dimer.'**' Fig. 3
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Fig. 3 Comparison of the IR spectra of thianaphthene dimer and monomer,
separated into the 350-1700 cm™ range in (a) and the 3000-3150 cm™*
region in (b). For visualization purposes, the spectrum of the monomer is
multiplied by —1. Vertical dashed lines are included to help visualize small
differences in the spectra.

compares the measured IR spectrum of the dimer to that of the
monomer, with the former at the top and the latter at the
bottom (multiplied by —1 for visualization purposes). More-
over, the figure is divided into panels (a) and (b), showing the
mid-infrared and the C-H stretching regions at higher resolu-
tion, respectively.

In the mid-infrared range, presented in panel (a), only small
differences are visible between dimer and monomer. Close
inspection, however, reveals important effects. For example,
the relative intensity of the three most pronounced bands in the
monomer change, with the feature at 761 cm " (leftmost
vertical dotted line) becoming roughly twice as strong in the
dimer relative to the other bands in this region. Similarly, the
relative intensity of the three peaks between 980 and 1100 cm ™ *
is slightly affected by complexation. Moreover, some bands are
redshifted in the dimer, as highlighted by the vertical dashed
lines included in the figure (zoomed in versions are presented
in the SI). For these two cases, for instance, redshifts of roughly
5 cm ™' are observed in the dimer. Nevertheless, the IR spec-
trum of the dimer shares many similarities with that of the
monomer, suggesting only a weak interaction in the complex.

Further differences are observed in the C-H stretching
region, presented in Fig. 3(b). Here, redshifts of some bands
are clear, in particular for the two strongest features. The red-
shifts are slightly smaller, close to 3 em™", but significant if
compared to the 0.1 cm™* resolution of the infrared OPO laser.
Assuming a Gaussian shape, the experimental bands in this
range have FWHM close to 1.5 cm™". Moreover, the spectrum of
the dimer presents additional IR features in the spectrum,
particularly around 3100 cm™ ", where the monomer only shows
a sharp band at 3114 cm ™, whereas for the dimer many peaks
are seen between 3095 and 3115 cm ', partly overlapping.
Similarly, between 3020 and 3050 cm™ ' three distinct peaks
are observed for the monomer, in contrast to a much broader IR
absorption for the dimer in that range. We stress that even
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though changes are subtle, measurements are conducted under
the same excitation conditions, i.e., with the same FELIX set-
tings, meaning that they cannot be attributed to experimental
artifacts, such as different laser power during the measure-
ments, or variations in laser wavelength calibration or linewidth.

Conformational analysis and structural assignment

In order to assign a conformation to (Thia), based on the
measured IR spectra, calculations of vibrational frequencies
are required. As detailed in the introduction, two families of
conformations are expected for the complex, namely the so-
called n-stacked and T-shaped geometries. As discussed, our
conformational search confirms this expectation, yielding 5
distinct n-stacked structures and a single T-shaped geometry.
Within the n-stacked family, the relative orientation between
monomers varies, although TPSS DFT calculations reveal quasi
isoenergetic structures. Nevertheless, we select the lowest
energy one for the analysis further on, while all structures are
presented in the SI.

Fig. 4(a) depicts the most stable n-stacked geometry together
with the single stable T-shaped conformation. At the TPSS DFT
level, the T-shaped conformation lies 0.13 eV above the n-stacking
geometry. Notwithstanding, TPSS DFT calculations on the
smaller thiophene dimer give almost isoenergetic T-shaped
and n-stacked conformations, with the T-shaped just lower by
0.001 eV, in agreement with previous studies.”” Thus, purely
based on TPSS DFT energies, increasing the size of the S-PAH
favours a m-stacking conformation. In Fig. 4(b), the minimum-
energy path along the PES connecting both conformers is
presented (blue circles), based on NEB calculations with ORCA.
As seen, an energy barrier of 0.28 eV with respect to the lowest-
in-energy m-stacked conformer (right side in the plot), is com-
puted, a value too high to be accessible at 40 K, the typical
vibrational temperature of the molecular beam. But even when
assuming a Boltzmann distribution, an energy difference of 0.13
eV yields a population solely composed of the n-stacked con-
former. In contrast, exploring the path between two n-stacked
structures, as shown in Fig. 4(b) by red squares, gives the much
lower energy barrier of 0.07 eV. This value is still high in
comparison with 40 K, but within reach depending on the

(@ m-stacking T-shape (b)os
Eo.z-
3
V 3 45 A g .1
go.
2 81A
l
v O-ﬂ_lﬁﬁﬁﬁﬁﬁ_
012345867
v Image
Fig. 4 (a) Geometries of the thianaphthene dimer on the n-stacking and

T-shaped conformations. Two representative distances between atoms in
both structures are depicted. (b) PES along the minimum-energy path
connecting the conformations shown in panel (a), presented by blue
circles. The initial and final energies are depicted, as well as the located
transition state. In addition, a PES scan along the path connecting two
n-stacked conformations is presented by red squares.
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timescale. Therefore, the possibility of an ensemble of n-stacked
conformers cannot be excluded. Moreover, the vibrational spec-
tra of the n-stacked conformers are too similar as to distinguish
them in the experiment, as shown in the SI.

Despite the strong computational conclusions based on
energetics, an elucidation of the preferred conformation in the
molecular beam requires experimental evidence. For this pur-
pose, the harmonic vibrational frequencies of the geometries
shown in Fig. 4(a) were computed, allowing a direct comparison
with the measured IR spectrum of the thianaphthene dimer. The
computed vibrational spectrum of the dimer on both conforma-
tions is presented in Fig. 5(a), covering the entire measured
range from 350 to 3150 cm ™", with the experimental data shown
at the top of the panel. A careful inspection of the spectrum
reveals key differences between conformers, as highlighted in
panels (b) and (c) where the spectra of the two unique dimer
configurations are compared with the spectrum of the monomer
(also harmonic).

Fig. 5(b) focuses on the region between 650 to 800 cm ',
corresponding to the C-H out-of-plane bending modes. As seen
in comparison with the monomer, small redshifts are predicted
for the n-stacked conformation, whereas a clear splitting and an
overall blueshift of the three main modes are computed for the
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Fig. 5 (a) Computed vibrational spectra of the thianaphthene dimer in the
n-stacked (green) and T-shaped (purple) conformations, with the experi-
mental data presented at the top of the figure. Expanded views of the
regions between 600-800 and 3050-3110 cm™ are presented in panels
(b) and (c), respectively, which also present the spectrum of the monomer
for comparison.
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T-shaped geometry. The origin of the splitting is caused by the
fact that for the T-shaped structure both monomers become
distinguishable, with one pointing its C-H bonds towards the
second, making the C-H out-of-plane bending modes of both
units different. Clearly, this effect is not present for the
n-stacked conformation, where the C-H out-of-plane bending
modes of both monomers are only slightly destabilized. Thus,
calculations are consistent with a n-stacked conformation for
the dimer in the molecular beam, where the measured infrared
spectrum presented in Fig. 3(a) revealed very similar spectra for
the monomer and dimer, with only small redshifts of the main
features upon complexation.

Similarly, the expanded view of the region of the C-H
stretches (3050-3110 cm ™ "), presented in Fig. 5(c), shows a clear
splitting of the main modes in the T-shaped conformation, in
addition to an overall blueshift of the features with respect to the
monomer. In contrast, the vibrational spectrum of the n-stacked
geometry is very similar to the monomer, only with small red-
shifts of the dominant peaks. Again, this aligns well with the
experimental observations in this wavelength range (Fig. 3(b)),
where the infrared spectrum of the dimer only showed small
redshifts of some features, with an overall similar structure as
the monomer spectrum. Therefore, our strategy of combining
infrared spectroscopy measurements in molecular beams with
vibrational frequency calculations based on DFT assigns with
confidence a m-stacked conformation as the spectral carrier for
the neutral thianaphthene dimer, stressing that the conforma-
tion can be a family of n-stacked geometries.

Intermolecular interactions and chemical bonding

Our combined experimental and computational analysis iden-
tifies a m-stacked configuration as the preferred orientation for
the neutral thianaphthene dimer, in contrast to the smaller
thiophene, shown by microwave spectroscopy to prefer a
T-shaped geometry. This conclusion agrees with calculations of
relative energies, which at the DFT level predict a more stable
n-stacked conformation for thianaphthene (by 0.13 eV), whereas
for the thiophene dimer both configurations have similar ener-
gies, with a slight preference for the T-shaped. In order to better
understand the binding nature in the dimers, as well as to
explore the change from preferred T-shaped to n-stacking
conformation with S-PAH size, a local energy decomposition
(LED) analysis is performed for the interaction energy in thia-
naphthene and thiophene dimers in the n-stacking and T-shaped
conformations.

In the LED analysis, the total interaction energy is computed
at the accurate DLPNO-CCSD(T) level of theory and is decom-
posed into different physically relevant components, as is
explained in detail elsewhere.*”** In short, non-dispersive
terms include: (i) the electronic preparation energy, corres-
ponding to the energy required to perturb the wavefunction
of the monomers from their ground-state configuration to the
one they adopt in the dimer. (ii) The electrostatic interaction
between monomers. (iii) The exchange interaction. (iv) The
charge transfer energy. Of these four terms, the electronic
preparation energy is always repulsive, while all others are
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attractive. In addition, the total energy includes a repulsive
term denoted as strain, resulting from the distortion of the
geometry of the monomers into their configuration adopted in
the dimers. Finally, the total energy includes a stabilizing
component accounting for the London dispersion attraction
between monomers.”>® Fig. 6(a) summarizes the results from
the LED analysis of (Thia),, where single-point DLPNO-CCSD(T)
calculations are performed employing the geometry optimized
with DFT.

First, we note the negligible role played by strain, only
accounting for 0.01 eV in the n-stacked dimer, whereas no
strain is calculated for the T-shaped geometry. Therefore, the
geometry of the monomers is slightly distorted, but only when
the dimers adopt a n-stacked configuration; however, the effect
is insignificant. Moreover, we see the dominance of dispersion,
especially for the n-stacked configuration. Here, the dispersion
term accounts for an attractive —0.41 eV, whereas the non-
dispersion energy becomes repulsive, because the negative
electrostatic, exchange and charge transfer terms are overcom-
pensated by a large electronic preparation energy. Thus, the
dimer is overwhelmingly stabilized by n---m dispersion. In
contrast, although the dispersion term in the T-shaped geome-
try is still the largest, it is much lower than in the n-stacked
configuration, only accounting for —0.22 eV, almost half the
value in the m-stacked dimer. Moreover, because the repulsive
electronic preparation is lower and the C-H---n electrostatic
energy is larger, the non-dispersive term is also attractive.
Hence, both dispersive and non-dispersive terms account for
the interaction energy in the T-shaped geometry.

Thianaphthene Thiophene
0.2
9 mr-stacking B9 tr-stacking
{ BEH T-shape | B T-shape
S o 1
)
>
<y
2
w -0.2 .
-0.41 @ (b)
Strain Disp  Non-disp Strain Disp  Non-disp

Fig. 6 Local energy decomposition analysis of the m-stacked and T-
shaped conformations of thianaphthene (a) and thiophene (b) dimers.
For thianaphthene the geometries depicted in Fig. 4(a) are employed,
whereas for thiophene the geometries presented in ref. 22 are used. (c)
Dispersion interaction density plot of the thianaphthene dimer (isovalue =
0.12 kJ mol™* Bohr™).
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A visualization of the extent of the dispersion interaction in
both configurations is found by plots of the dispersion inter-
action density (DID),*" as shown in Fig. 6(c). In the n-stacked
conformation, dispersion is distributed along the monomers, with
a strong involvement of the sulfur atom. In contrast, the T-shape
geometry displays a weaker dispersion interaction, primarily due
to the two C-H groups of the thianaphthene molecule pointing
towards the second monomer. Thus, the DID plots agree with the
LED analysis, showing a much stronger dispersion interaction in
the n-stacked structure.

Ultimately, the total interaction energy is an interplay
between the dispersive and non-dispersive terms. In the =-
stacked dimer, dispersion is strong, but there is also an energy
penalty for distorting the stable n clouds of thianaphthene. This
effect is much weaker in the T-shaped configuration, given that
only one of the monomers is affected. Thus, there is a subtle
balance between the stabilizing n- - -1 dispersion and the cost of
distorting the stable electron density of the S-PAH. For thia-
naphthene, dispersion wins, and the dimer adopts a n-stacked
conformation, as observed experimentally. Nevertheless, it is
noteworthy that at the DLPNO-CCSD(T) level the preference for
n-stacking over T-shaped is smaller than for DFT, only by 0.01
eV, showing the difficulties of this type of calculations.

Similarly, dispersion is the most significant component in
the interaction energy of the thiophene dimer, as presented in
Fig. 6(b), but its strength is weaker than for thianaphthene.
Moreover, in stark contrast to thianaphthene, the difference in
dispersion between n-stacked and T-shaped geometries is
small, being only slightly larger for the former configuration.
Still, the T-shaped dimer is stabilized by non-dispersive terms,
whereas the energy penalty for electronic preparation in the n-
stacked dimer compensates for the somewhat larger dispersion
energy, thus favouring the T-shaped geometry. At the DFT level,
the n-stacked and T-shaped geometries are almost isoenergetic,
with just a small preference for the latter. Instead, at the
DLPNO-CCSD(T) level the T-shaped is clearly preferred, being
0.06 eV lower in energy. Therefore, increasing the S-PAH size
enhances the dispersion interaction between dimers, which
overcomes the energy penalty for electronic preparation and
triggers a transition for a T-shaped dimer in thiophene to a
n-stacked one in thianaphthene.

Conclusions

The preferred conformation adopted by dimers of thia-
naphthene in the cold and isolated conditions of a molecular
beam was unambiguously identified by combining infrared
spectroscopy and density functional theory calculations. The
neutral dimers adopt a n-stacked conformation, in contrast to
the smaller thiophene dimer, which previous microwave spectro-
scopy experiments showed prefers a T-shaped configuration.
DFT calculations support the assigned geometry of the thia-
naphthene dimer, predicting the n-stacked conformation 0.13 eV
lower in energy than the T-shaped. A local energy decomposition
analysis of the interaction energy of the dimer was performed at
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the accurate DLPNO-CCSD(T) level of theory, revealing a major
influence of 7- - -m dispersion in the n-stacked dimer, which more
than compensates for a significant electronic preparation energy
penalty. In the T-shaped geometry, in contrast, non-dispersive
terms are attractive, but nonetheless, because of a much weaker
dispersion interaction the conformer is less stable. Overall,
dispersion is weaker in the smaller thiophene dimer, thus
favouring a T-shaped conformation. Our work shows the accu-
racy of gas-phase infrared spectroscopy to infer the geometry of
weakly bound complexes of PAHs, here applied to S-PAH, but
nevertheless extendible to dimers without a permanent dipole
moment, which therefore, cannot be investigated by microwave
spectroscopy. Moreover, the same strategy can be employed to
investigate larger clusters of PAHs.
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