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1 Introduction

Rotational spectra and semi-experimental
structures of furonitrile and its water clustery
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Rotational spectroscopy represents an invaluable tool for several applications: from the identification of
new molecules in interstellar objects to the characterization of van der Waals complexes, but also for
the determination of very accurate molecular structures and for conformational analyses. In this work,
we used high-resolution rotational spectroscopic techniques in combination with high-level quantum-
chemical calculations to address all these aspects for two isomers of cyanofuran, namely 2-furonitrile
and 3-furonitrile. In particular, we have recorded and analyzed the rotational spectra of both of them
from 6 to 320 GHz; rotational transitions belonging to several singly-substituted isotopologues have
been identified as well. The rotational constants derived in this way have been used in conjunction with
computed rotation—vibration interaction constants in order to derive a semi-experimental equilibrium
structure for both isomers. Moreover, we observed the rotational spectra of four different intermolecular
adducts formed by furonitrile and water, whose identification has been supported by a conformational
analysis and a theoretical spectroscopic characterization. A semi-experimental determination of the
intermolecular parameters has been achieved for all of them and the results have been compared with
those obtained for the analogous system formed by benzonitrile and water.

surveys of different astrophysical objects will thus be needed in the
future to secure the detection of such elusive species. However, as

Thanks to the discovery of several aromatic molecules in the
interstellar medium (ISM), a new era of astrochemistry has just
begun.' Recent astronomical observations reported on the first
interstellar detection of various cyano-substituted rings, these
including benzonitrile,”® two isomers of cyanonaphtalene®
and of cyanocyclopentadiene,”® and 2-cyanoindene.” Other
studies have reported the detection of ethynyl-derivatives of
cyclopentadiene,® pure hydrocarbon cycles,”™! and even the
first polycyclic aromatic hydrocarbon (PAH)."" Instead, searches
for nitrogen-, oxygen-, and sulfur-bearing heterocycles have been
unsuccessful so far.">'* More sensitive and broader spectral line
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it occurred for the pure hydrocarbon rings, cyano-substituted
heterocycles might enhance detection probabilities and they might
be identified well before their unfunctionalized counterparts.

Since oxygen is the most abundant element among hetero-
atoms and the presence of a cyano group typically results in a
large value of the molecular electric dipole moment, furonitrile
(also known as furancarbonitrile or cyanofuran) represents one
of the best candidates for the first detection of an interstellar
heterocycle via its rotational emission. The possible presence of
2-/3-furonitrile and their protonated forms in the ISM has been
recently addressed in a quantum-chemical investigation,'*
which also pointed out the lack of information on rotational
parameters. Indeed, an accurate spectroscopic characterization
of the rotational spectra of both regioisomers of furonitrile,
namely 2-furonitrile and 3-furonitrile, is mandatory in order to
support their astronomical search. Surprisingly, the rotational
spectrum of 3-furonitrile is completely unknown at present,
while that of 2-furonitrile was limited to the frequency region
below 40 GHz'>'® until recently."”

In addition to the crucial role played by rotational spectro-
scopy in radioastronomy, the analysis of rotational spectra
provides invaluable information to chemists. In the first place,
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because of its inherent precision and the intrinsic connection
between rotational constants and molecular geometry, rota-
tional spectroscopy allows for the derivation of highly accurate
equilibrium structures of isolated molecules. This requires to
account for the vibrational effects, which can be effectively
accomplished by combining the experimental rotational con-
stants of several isotopic species with the calculated vibration—
rotation interaction constants. This is the foundation of the so-
called semi-experimental approach, introduced long ago by
Pulay et al.'® This methodology has been demonstrated to
transfer to the derived equilibrium geometries the accuracy
obtained in the experiment.'®*° The strength of this approach
has been demonstrated for a large variety of molecules® > and
it is easily exploited whenever experimental data are available
for a sufficient number of isotopologues.

In the second place, the analysis of rotational spectra
permits the identification of non-covalent interactions occur-
ring in molecular clusters generated in a jet under supersonic
expansion conditions.”**° In this respect, interesting informa-
tion can be precisely unveiled towards the full understanding of
microsolvation processes, such as (i) the favourite bonding site
when several weak interactions are in competition, (ii) structural
changes moving from isolated to clustered molecules with unri-
valed accuracy, and (iii) interaction energies and geometries of
clusters in a matrix- and collision-free environment.””>* While
the literature on intermolecular complexes containing the cyanide
group is quite vast,’*" to the best of our knowledge no adducts
involving furonitrile have been studied so far. The investigation of
the molecular cluster formed by furonitrile and water can be of
great interest because of the widespread role played by water in
nature and can provide insights on how water interacts with
aromatic rings when a heteroatom is introduced.*®

In this work, we report the measurement and analysis of the
rotational spectra of isolated 2- and 3-furonitrile and several of
their isotopologues, as well as those of the complexes formed
by 2- or 3-furonitrile with one water molecule, also including
some water isotopologues. The rotational constants obtained,
in combination with computed vibrational corrections, allowed
us to derive the semi-experimental equilibrium structures for
both the monomers and their adducts with water. Finally, we
compared the interactions occurring in the furonitrile-water
cluster with those reported for the analogous system formed by
benzonitrile and water. In the next section, we present the
computational (Section 2.1) and experimental (Section 2.2)
methodologies employed in this study. Section 3 reports on
the analysis of rotational spectra and the structure determina-
tion for 2- and 3-furonitrile (Section 3.1) and for their inter-
molecular complexes with water (Section 3.2). Finally, we
summarize our results and their implications in Section 4.

2 Methodology

2.1 Computational details

In the following, the computational methodology employed
for the structural and spectroscopic characterization of 2- and
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3-furonitrile and their water complexes is presented. All density
functional computations have been carried out using the
Gaussian16 suite of programs,®” while the CFOUR program
package®®?° has been employed for methodologies based on
the coupled cluster and Mgller-Plesset perturbation theories.

2.1.1 Isolated molecules. According to vibrational pertur-
bation theory to second order (VPT2),*° the rotational constants
of the vibrational ground state (B5) can be written as the sum of
two terms:

. 1 _ . _
By=B.—3 Y do) = BL+ ABY, 1)
-

where B. is the equilibrium rotational constant relative to the
i-th inertial axis (i = a, b, ¢ so that, for example, Be = A.) and the
second term is the vibrational correction, with the sum of the
vibration-rotation interaction constants (o) running over the r
vibrational modes (d, represents the degeneracy of each mode).

Since the equilibrium rotational constants only depend on
the equilibrium structure and the isotopic composition, their
accurate prediction requires the determination of the equili-
brium structure at the best possible level.*'™** To this end, the
“jun-cheap” composite scheme,”®*>¢
denoted as junChsS, has been employed. This approach is based
on the geometry optimization using the CCSD(T) method*’ (the
acronym standing for the CC singles and doubles approximation
augmented by a perturbative treatment of triple excitations) in
conjunction with the partially augmented jun-cc-pVTZ basis set,*®
within the frozen-core (fc) approximation. This level of theory is
then corrected for the extrapolation to the complete basis set
(CBS) limit and the core-valence (CV) correlation effects using
second-order Mgller-Plesset perturbation theory.* For a detailed
account on junChs, the reader is referred to ref. 28 and 46.

As evident from eqn (1), the vibrational corrections require
the calculation of the o constants, which in turn implies
anharmonic force field computations.?®*>*%°! These calcula-
tions have been carried out using the double-hybrid rev-
DSDPBEP86°” functional in conjunction with the jun-cc-pVTZ
basis set (hereafter, this level of theory is shortly denoted as
revDSD). As a byproduct of such computations, the quartic and
sextic centrifugal-distortion constants have also been obtained.">*

Furonitrile contains a quadrupolar nucleus, which is the
nitrogen atom (**N), thus having a nuclear spin Iy = 1. This
leads to an electric interaction, namely the nuclear quadrupole
coupling, between the quadrupole moment of nitrogen and the
electric field gradient at the nucleus itself. This interaction
splits the rotational energy levels and, consequently, rotational
transitions, thus giving rise to the so-called hyperfine structure
of the rotational spectrum. From a computational point of
view, the prediction of nuclear quadrupole coupling constants
(x4 with 7,j being the inertial axes) requires the calculation of
the electric field gradient at the quadrupolar nucleus. For
details, we refer the reader to ref. 42 and 50. In this work, the
elements of the electric field gradient tensor have been
obtained as a byproduct of the geometry optimizations per-
formed for the junChS scheme, thus having the junChS nuclear
quadrupole coupling constants. To improve their values, the

so-called hereafter
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equilibrium terms have been augmented by vibrational correc-
tions at the revDSD level, derived from the anharmonic force
filed computations mentioned above. All these calculations
also allow for estimating the electric dipole moment compo-
nents, which are required to determine the type of rotational
transitions that are observable and their intensity.

2.1.2 Intermolecular complexes. The initial computational
search of the most stable structures of the molecular complex
formed by 2- or 3-furonitrile with water has been carried out
using the CREST software.>® The output structures resulting
from the CREST search were then optimized at the B3LYP-
D3BJ/6-311G++(d,p) level of theory.>**® Thirteen different iso-
mers have been found to lie within 1000 em™". These corre-
spond to different positions of the water molecule with respect
to the rigid framework of furonitrile. For all of them, the water
is at least partially located on the molecular plane defined by
furonitrile. The structures of these minima are shown in Fig. S1
in the ESL As it will be discussed in the results section, among
these, only the two most stable isomers for each furonitrile form
have been observed in our experiment. For them, the equilibrium
structure has been further refined at the revDSD level, which
straightforwardly provides the equilibrium rotational constants.
To predict the rotational spectra, these have been augmented by
vibrational corrections at the B3LYP/SNSD level of theory,>*§ this
calculation also providing the centrifugal distortion constants.
Analogously to the isolated species, as a by product of the
computations described above, the nuclear quadrupole coupling
constants have been made available (at the revDSD level augmen-
ted by B3LYP/SNSD vibrational corrections).

2.1.3 Semi-experimental equilibrium structure. As men-
tioned above, the equilibrium rotational constants are immediately
obtained from the equilibrium geometry. However, structural
determinations from the knowledge of rotational constants are
hampered by the limited number of data with respect to the
number of geometrical parameters. This limitation can be over-
come by considering for a given molecule different isotopic species
in order to increase the number of available data. Since experi-
mental rotational constants refer to the vibrational ground state,
vibrational effects need to be excluded. For doing so, we can
re-write eqn (1) and employ the computed ABLy, corrections, thus
obtaining a set of semi-experimental (SE) equilibrium rotational
constants:

BQ(SE) = Bi),exp - AB{/’ilelC- (2)
The so-called semi-experimental equilibrium geometry'®*" is
then obtained from a least-squares fit of the semi-experimental
equilibrium rotational constants of different isotopologues.

If the number of available isotopologues of a molecular
system is not sufficient to allow the determination of all
structural parameters, a subset of structural parameters can
be kept fixed at the computed values, which can be further

improved by using the linear-regression or template-molecule
models.>*>°

§ https://www.skies-village.it/smartdownload/download.php
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2.2 Experimental details

In the following, the two high-resolution spectroscopic techni-
ques employed in the present work are described in some
details.

2.2.1 Microwave spectroscopy. The 2-22 GHz microwave
spectra of several isotopologues of 2- and 3-furonitrile, as well
as the spectra of their adducts with one water molecule, have
been recorded in Chongqing with a Fourier transform micro-
wave (FTMW) spectrometer.”” A detailed description of this
apparatus has been given elsewhere.>®

Furonitrile (97% in purity) as well as H3*0 and D,0 enriched
samples were commercially obtained from Adamas and used
without further purification. Furonitrile and water (or H*0 and
D,0 enriched samples) were placed at room temperature in two
separate reservoirs inserted in the gas line. Helium, used as
carrier gas at a stagnation pressure between 1 and 2 bar, was
injected through a solenoid valve and supersonically expanded
into the Fabry-Pérot cavity of the coaxially oriented beam-
resonator spectrometer. Here, the molecules are polarized by
strong pulses of microwave radiation and their free induction
decay signal is recorded several times and co-added in order to
improve the signal-to-noise ratio (S/N) of the spectrum. The
spectral line positions were determined after Fourier transfor-
mation of the time-domain signal with 8k data points, recorded
at 100 ns sample intervals. Because of the spectrometer
arrangement, each rotational transition is split into a Doppler
pair; the rest frequency of each line was then retrieved as the
arithmetic mean frequency of the Doppler pair using the
FTMW++ program. The assumed uncertainty on the frequency
measurements is between 1 and 5 kHz, depending on the S/N of
the transitions and their blending with other lines.

2.2.2 Millimeter-/submillimeter-wave spectroscopy. At higher
frequency, the rotational spectra of 2- and 3-furonitrile have been
recorded in Bologna with a frequency-modulation millimeter-/
submillimeter-wave spectrometer (FM mm-/submm-W).>*** To
achieve spectral coverage between 240 and 320 GHz, a Gunn
diode operating in the W band (80-115 GHz) coupled to a passive
frequency multiplier (WR-3.4x3 from Virginia Diodes Inc.) was
used as radiation source. The frequency stability of the output
radiation is ensured by exploiting a phase-lock loop circuit in
which the reference signal is sine-wave modulated, while the
frequency accuracy of the spectra is guaranteed by a rubidium
atomic clock that provides a 5 MHz reference signal to all
electronic devices. The detector system is composed by a zero-
bias Schottky barrier working in the 220-330 GHz range
(WR3.4ZBD, Virginia Diodes Inc.) and a lock-in amplifier set at
twice the modulation frequency.

The measurements have been performed while maintaining
a slow but continuous flow of furonitrile vapors at a pressure of
3 pbar inside the spectrometer cell. The cell is a 3 m long glass
tube closed at both ends by two high-density polyethylene
windows. The full frequency range between 240 and 320 GHz
has been recorded by co-adding several spectra of 250 MHz
each and employing a time constant of 10 ms, a scan rate of
5 MHz s, a frequency step of 20 kHz, a modulation depth of
450 kHz, and a modulation frequency of f= 48 kHz. Each spectrum
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Fig. 1 Portion of the millimeter-wave spectrum of 3-furonitrile (black trace) observed between 245.2 and 251.8 GHz with the spectrometer described in
Section 2.2.2. The spectrum is dominated by a-type transitions (simulated by the red trace), approximately 100 times more intense than b-type

transitions.

is the average of 2 forth-and-back scans. An excerpt of the milli-
meter-wave spectrum of 3-furonitrile is shown in Fig. 1.

The assignment of the mm-/submm-W spectra has been
carried out with the PGOPHER program package.®' The experi-
mental uncertainty is estimated to be 15 kHz for all the lines
measured.

2.2.3 Spectral analysis. 2- and 3-Furonitrile as well as their
observed water complexes are nearly-prolate rotors. The assign-
ment and analysis of their rotational spectra have been per-
formed with the SPFIT program® using the S-reduced Watson-
type Hamiltonian for a semi-rigid nearly-prolate rotor.** All water-
furonitrile adducts show a large amplitude motion that exchanges
the hydrogen nuclei of water, thus leading to two inversion states
which have been modelled by fitting two different set of rotational
constants, while keeping a common value of all the other spectro-
scopic parameters. For both the isolated species and their water
complexes, as mentioned in the Section 2.1, the presence of
nitrogen produces a hyperfine structure of the rotational spectra.
Their analysis requires the introduction of an additional quantum
number, F, which originates from the coupling of the rotational
quantum number J and the nuclear spin Iy.

3 Results

3.1 Rotational spectra of 2-furonitrile and 3-furonitrile

Although the microwave spectrum of 2-furonitrile was already
studied in the past, we have re-measured it between 7 and
20 GHz at higher resolution and with an accuracy which is

31284 | Phys. Chem. Chem. Phys., 2023, 25, 31281-31291

about 25 to 50 times better than that of previous works.'>'®

Instead, the rotational spectrum of 3-furonitrile was unknown
so far and it has been recorded here for the first time. To guide
the search of its rotational transitions in the MW region, we
simulated the spectrum of 3-furonitrile using our computed
rotational and centrifugal distortion constants (to predict the
line positions) in combination with the electric dipole moment
values (to predict the line intensities). Typically, all the transi-
tions were found within 20 MHz from the corresponding
predictions and, thus, could be assigned easily. For both
regioisomers, the hyperfine structure of the rotational spec-
trum due to nitrogen has been resolved and the assignment of
the correct hyperfine components has been supported by the
computed nuclear quadrupole coupling constants. In the same
frequency range, we recorded and analyzed the spectra of
7 isotopologues of both 2- and 3-furonitrile, namely all the singly-
substituted "*C species, as well as the N- and "®O-containing
isotopic species.

The rotational spectra of the main isotopologues of 2- and
3-furonitrile have also been measured at higher frequency.
In detail, we recorded and analyzed their spectra between 240
and 320 GHz, thus assigning transitions with J and K, quantum
numbers as high as 98 and 45, respectively. The analysis of all
the assigned transitions - more than 1300 for the parent
species of each isomer — has been performed as explained in
the methodology section (Section 2.2.3). The inclusion of both
a-type and b-type transitions allowed us to determine with high
accuracy the rotational and nitrogen quadrupole coupling
constants as well as the entire set of centrifugal distortion

This journal is © the Owner Societies 2023
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Table1l Experimental and computed rotational, centrifugal distortion, and nuclear quadrupole coupling constants for 2-furonitrile and 3-furonitrile. For

the former, the results from previous works are also given

2-Furonitrile

3-Furonitrile

Parameter Unit Experiment® Theory” Previous®® Experiment® Theory”
A MHz 9220.2507(1) 9235.10 9220.2514(1) 9296.5488(2) 9306.31
B MHz 2029.27373(2) 2030.92 2029.27414(2) 1940.26649(2) 1942.17
c MHz 1662.64315(3) 1664.19 1662.64352(2) 1604.63206(2) 1606.19
Dy kHz 0.059599(5) 0.0560 0.059680(2) 0.054756(4) 0.0518
Dy kHz 2.9094(1) 2.845 2.91036(2) 2.9624(1) 2.913
Dy kHz 0.295(9) 0.272 0.2975(2) 0.405(5) 0.353
d, kHz —0.015166(2) —0.0142 —0.0151757(5) —0.0133656(6) —0.0125
d, Hz —9.994(3) —9.506 —9.9979(3) —9.0840(7) —8.692
H; mHz —0.0317(4) —0.0308 —0.02801(8) —0.0293(3) —0.0292
Hp mHz 4.32(1) 4.234 4.507(2) 4.330(9) 4.309
Hy Hz —0.03590(9) —0.0350 —0.03591(2) —0.03810(9) —0.0376
Hy mHz 0.0322 0.0322 0.0338(2) 0.0348 0.0348
hy pHz —-1.8(3) —1.728 —0.851(2) —2.004 —2.004
hy mHz 0.018(3) 0.0173 0.01883(3) 0.0157 0.0157
hs uHz 3.56(9) 3.367 3.72(1) 3.075 3.075
L pHz 0.149(6) 0.1502(5) 0.154(5)

Ligg pHz -1.51(2) —1.529(4) —1.62(2)

3/2 X Jaa MHz —6.440(1) —6.434 —6.39(8) —6.338(1) —6.588
(bb = Xec)/4 MHz 0.2565(4) 0.269 0.24(2) 0.1579(4) 0.159

| i D 4.483 4.51(2) 3.782

| ] D 0.892 0.901(5) 0.395
No. of lines 1314 10143 1371

rms error kHz 23.7 40 15.1

Std. deviation 0.94 0.80 1.05

“ Notes: Numbers in parentheses represent the standard error in unit of the last quoted digit. © Ground state rotational constants from the junChs
equilibrium rotational constants and revDSD vibrational corrections; equilibrium centrifugal distortion constants at the revDSD level; ground state
nuclear quadrupole-coupling constants from junChS scheme and dipole moment components at the fc-CCSD(T)/jun-cc-pVTZ level. The last two
quantities incorporate revDSD vibrational corrections. ° Rotational and centrifugal distortion constants from Esselman et al.,'” nuclear quadru-

pole coupling constants from Engelbrecht and Sutter,"> and dipole moment components from Wiese et al.®!

constants up to the sixth order (with the exception of Hy) and
two octic terms, i.e. Lyx and Lgg. The spectroscopic constants
obtained for the main species and their isotopologues are
reported in Table 1 and Table S1 of the ESIL respectively,
together with the fit statistics. For the analysis of the isotopic
species, the parameters not reported in Table S1 (ESIt) were
kept fixed to the values obtained for the corresponding parent
species.

The inspection of Table 1 reveals an overall excellent agree-
ment between the experimental spectroscopic constants
and the computed counterparts: the discrepancy is around
0.08-0.16% for the rotational constants and below 5% for the
centrifugal distortion terms; the nuclear quadrupole coupling
constants and the electric dipole moment values®* are also well-
predicted by our quantum-chemical calculations. Here, it
should be noted that, after the completion of our analysis,
Esselman et al. reported the measurements of the rotational
spectrum of 2-furonitrile from 140 to 750 GHz. In view of the
wide spectral coverage and the high number of transitions
analyzed by Esselman et al., it is not significant to discuss the
rotational and centrifugal distortion constants derived for this
species in our work. The similarity between our results and
those from ref. 17 is evident from Table 1. Still, the major
outcome of our analysis of 2-furonitrile is represented by the
accurate determination of the nitrogen quadrupole coupling

This journal is © the Owner Societies 2023

constants achieved thanks to the FTMW measurements below
20 GHz. As far as 3-furonitrile is concerned, instead, our work
represents the first determination of its spectroscopic con-
stants with an accuracy comparable to that obtained for
2-furonitrile. These data are of crucial importance for both
the structure determination of this species and the possibility
of obtaining accurate spectral predictions for astrochemical
purposes.

3.1.1 Semi-experimental equilibrium structure. The rota-
tional constants determined in this work for the main species
of 2-furonitrile and 3-furonitrile and for seven of their isotopo-
logues have been used to derive a semi-experimental equili-
brium structure,'®*" as explained in the methodology section
(Section 2.1). Vibrational corrections to rotational constants
have been evaluated at the revDSD level. Due to the lack of data
on the isotopic substitution at the hydrogen nuclei, the bond
distances and angles involving them were kept fixed to the
corresponding junChS values. All the remaining geometry
parameters, i.e. bond distances and angles involving heavy
atoms, were floated in the fitting procedure. Furthermore, since
both isomers are planar, all dihedral angles were constrained to
be either 0° or 180°.

The planarity constraint imposes that I.. — Ipp — s = 0,
so that only two principal inertia moments are linearly inde-
pendent. This, in turn, implies that only two values of the three

Phys. Chem. Chem. Phys., 2023, 25, 31281-31291 | 31285
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rotational constants of each isotopologue can be used in the
structure determination. Therefore, the dataset available for
each regioisomer is composed by 16 ground-state rotational
constants from which the revDSD vibrational contributions
have been subtracted, thus obtaining 16 semi-experimental
equilibrium rotational constants. The fitting procedure has
been performed with the XREFIT subroutine of the CFOUR
package and allowed the determination of eleven struc-
tural parameters, six of which are bond-lengths and five are
angles.

All geometry parameters are well constrained and are in
excellent agreement with the corresponding junChsS counter-
parts, the discrepancy being on the order of 1 mA for bond
lengths and mostly below 0.1° for the angles. The very good
quality of the fit is demonstrated by the small root-mean-square
errors (ca. 2 x 1077) and by the fact that the experimental
rotational constants are reproduced with an average deviation
as small as 0.1 kHz. The results of the structure determination
are collected in Table 2, where the computed junChS para-
meters are also given. The atom numbering employed is illu-
strated in Fig. 2.

3.2 Complexes with water

The computational search of the most stable structures of the
molecular complex formed by 2- or 3-furonitrile with water has
been performed as explained in the computational section
(Section 2.1). Among the optimized structures, the rotational
spectra recorded in our FTMW experiment revealed the
presence of only the two most stable adducts for each furoni-
trile isomer. The molecular complexes experimentally identi-
fied are shown in Fig. 4 and hereafter labeled as 2-I, 2-II, 3-I,
and 3-II. Higher energy isomers have been unsuccessfully
searched for.
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()

(b)

Fig. 2 Structure and atom numbering of 2-furonitrile (a) and 3-furonitrile
(b). Carbon atoms are depicted in grey, oxygen in red, nitrogen in blue, and
hydrogens in light grey.

The assignment of the rotational spectra to the correct
isomer is confirmed by the values of the rotational and quad-
rupole coupling constants, which have been found in agree-
ment with those calculated at the revDSD level. Moreover,
the type of transitions observed and their relative intensity
agree with the computed electric dipole moment components
(revDSD level). A further confirmation was then obtained by
using various isotopically-enriched samples of water in our
experiment (namely HDO, D,0, and H3°0) and by the fact that
most of the transitions were observed as a doublet due to a
large amplitude motion that exchanges the hydrogen nuclei of
the water molecule (see Fig. 3). Accordingly, rotational transi-
tions of the molecular complexes formed with HDO are not
split because the two nuclei are no longer equivalent, and the
magnitude of the splitting reduces when moving from H,O
to D,0.

For the parent species of each cluster, we have observed and
analyzed at least 150 hyperfine-resolved rotational transitions
(up to 366 for the 2-I species). The analysis of the spectra has

Table 2 Semi-experimental and junChS equilibrium structures of 2- and 3-furonitrile

2-Furonitrile

3-Furonitrile

Parameter Semi-exp. Theory Parameter Semi-exp. Theory
(C2N1) 1.1587(1) 1.1574 (C2N1) 1.15813(4) 1.1570
rC2C3) 1.4173(2) 1.4177 (C2C3) 1.4210(1) 1.4213
1(C4c3) 1.3623(5) 1.3597 r(c4c3) 1.437(2) 1.4363
1{05C3) 1.3590(5) 1.3597 (C5C3) 1.361(1) 1.3602
r(C705) 1.3544(1) 1.3535 r(c4ac7) 1.3516(1) 1.3509
1{CoC7) 1.3572(1) 1.3566 1(C709) 1.3628(1) 1.3618
(C4H6) 1.0747 1.0747 r(H6C4) 1.0741 1.0741
1{C7H8) 1.0737 1.0737 r(H8C7) 1.0732 1.0732
r(C9H10) 1.0744 1.0744 r(H10C5) 1.0737 1.0737
£ (C3C2N1) 179.7(2) 178.59 £ (C3C2N1) 179.42(6) 179.36
£ (C4C3C2) 131.06(9) 131.59 / (C4C3C2) 127.4(3) 127.44
£ (05C3C4) 110.93(2) 110.90 £.(C5C3C2) 126.2(2) 126.22
£ (C705C3) 106.24(2) 106.22 £ (C7C4C3) 105.47(4) 105.46
£.(C9C705) 111.070(4) 110.90 £.(09C7C4) 110.812(4) 110.79
/. (H6CAC3) 125.93 125.93 [ (H6CAC3) 127.08 127.08
/ (H8C705) 115.65 115.65 [ (H8C7C4) 133.35 133.35
£ (H10C9C4) 127.47 127.47 £ (H10C509) 117.11 117.11
/- (H10C9C7) 126.49 126.49 /. (H10C9C3) 132.66 132.66
rms error 2.6 x 107 rms error 1.9 x 1077

Notes: the parameters involving hydrogen atoms have been kept fixed at their junChS value. Bond lengths are given in A, angles in degrees.
Numbers in parentheses represent the standard error in unit of the last quoted digit.
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8718.5 8718.6 8718.7 8718.8 8718.9 8719.0 8719.1 8719.2 8719.3 8719.4

Frequency / MHz
Fig. 3 Hyperfine structure of the JKa'Kc = 404 « 3p3 transition observed
for the 2-l1 isomer. The Doppler splittings due to the spectrometer
arrangement are shown with the vertical bars and using different colors
for the two inversion states. The initial F quantum number is given for each
transition: only the AF = +1 components are visible in the spectrum.

71.01

2.066(3)

1431
., 2.346(3)

85.65(3) '

% 89.48(5)

2.488(4) § "
' 2.357(5)

Fig. 4 The molecular complexes formed by 2- and 3-furonitrile with
water observed in the FTMW experiment. The semi-experimental (black)
and theoretical (green) values of the most relevant intermolecular para-
meters are given. The symmetry point group of each isomer is also
indicated.

2.345(3)

been performed as explained in the methodology section (see
Section 2.2.3), with the two inversion states being labelled as
0 and 1 in Tables 3 and 4. The results of the fit for the parent
species of each isomer are collected in Tables 3 and 4, where
the computed rotational, centrifugal distortion, and nuclear
quadrupole coupling constants are also given. Thanks to the
high accuracy of the FTMW measurements, the rotational
constants and the nitrogen quadrupole coupling constants
have been derived with great precision. As far as the quartic
centrifugal distortion constants are concerned, their precision
is more limited because of the reduced number of rotational
energy levels accessible in a jet experiment, but their contribu-
tion is crucial to achieve a satisfactory modelling.

Tables 3 and 4 report also the value of the inertial defect
(4 =1. — I, — I) of each complex, computed using the
experimental rotational constants averaged over the two inver-
sion states. Its value is close to zero and slightly negative for all
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four isomers (ranging between —0.1 and —0.2 amu A?), thus
indicating that all the structures are substantially planar in the
ground state and that out-of-plane vibrations of water are more
relevant than in-plane modes.

As for the clusters containing a water isotopologue (HDO,
D,0, or H3%0), the analysis of the spectra has been carried out
using the same Hamiltonian model. However, due to the lower
S/N attained for these spectra, the number of measured transi-
tions is typically smaller than that observed for the corres-
ponding parent species. Therefore, in most cases the values of
the centrifugal distortion constants as well as the quadrupole
coupling constants were kept fixed to the values determined for
the main isotopologue and only the rotational constants were
floated. Also, the inversion splittings observed in the spectra of
the complexes containing D,O are not fully resolved: in this
case, the line frequency has been taken as the average of the
two transitions and, thus, a unique set of rotational constants
has been derived. Finally, it should be noted that HDO can bind
both 2- and 3-furonitrile in two different ways by forming the
main hydrogen bond either through the deuterium atom or
through the hydrogen. Consequently, the spectra of two differ-
ent adducts have been observed. The spectroscopic constants
determined for each isotopologue of the water adduct are given
in Tables S2-S5 in the ESL.¥ From their inspection, it is noted
that all fits are well constrained and characterized by small
standard deviations. The only exception is that related to the
HDO-2-11 isomer, whose fit suffers from the limitation of the
semi-rigid approximation. However, it has to be noted that,
based on the comparison with computed and scaled (using
experimental data of the other isotopologues) values, the rota-
tional constants determined in the fit are reliable, even if
affected by a larger uncertainty. Therefore, they could be safely
used in the semi-experimental approach (see next section).

3.2.1 Semi-experimental equilibrium structure. The rota-
tional constants derived for different isotopic species of the
molecular complexes formed by 2- and 3-furonitrile with water
were employed to derive their accurate intermolecular para-
meters using the semi-experimental approach (see Section 2.1)
combined with the Template Molecule (TM) model.®®> The use
of this latter is due to the fact that the experimental data are not
sufficient for deriving the complete structure and that the
intramolecular parameters affect the accuracy of the fitting
procedure.

The TM approach (described in more detail in ref. 22 and
65 and successfully applied to several systems*®®) is a
computationally-affordable procedure to improve structural
parameters. In the present case, it has been applied to the

intramolecular parameters of the complex (r5555) as follows:

best _

best = evDSD + ATM (3)

intra
where 4™ is given by:
T™ _ _SE evDSD
4 - r?nono - rrm\r])no (4)

The 5E . term denotes a generic structural parameters of the

reference geometry of the monomer, while revbSD is the corres-

ponding revDSD optimized value. The difference between these
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Table 3 Rotational, centrifugal distortion, and nuclear quadrupole coupling constants® determined for the 2-furonitrile—water complexes

2-1 2-11
Parameter Unit 0 1 Theoryb 0 1 Theoryb
A MHz 3464.9751(2) 3464.4422(2) 3473.955 9018.3(3) 9011.3(3) 8896.530
B MHz 1321.75814(7) 1321.70943(7) 1304.488 659.7708(1) 659.7989(1) 657.688
c MHz 957.00590(5) 957.01401(5) 948.858 614.9251(1) 614.9568(1) 610.714
Dy kHz 0.5603(5) 0.4638 0.1482(2) 0.053951
Dy kHz —1.409(4) —1.422 10.185(6) 4.9597
Dy kHz 13.27(2) 11.25 19.45 19.45
d, kHz —0.1957(4) —0.1673 —0.0169(3) —0.00427
d, kHz —0.0204(2) —0.0160 —0.0069(2) —0.00182
3/2 X Yaa MHz —3.431(2) —3.535 —5.98(3) —5.992
(b = Zec)/4 MHz —0.1975(6) —0.1550 0.26(4) 0.275
A amu A? —0.144 —0.203
No. of lines 366 216
rms error kHz 2.5 3.1
Std. deviation 0.49 0.62

“ Notes: Numbers in parentheses represent the standard error in unit of the last quoted digit. > Ground state rotational constants from revDSD
equilibrium rotational constants and B3LYP vibrational corrections; equilibrium centrifugal distortion constants at the B3LYP level; ground state
nuclear quadrupole-coupling constants at the revDSD level which incorporate B3LYP vibrational corrections.

Table 4 Rotational, centrifugal distortion, and nuclear quadrupole coupling constants® determined for the 3-furonitrile—water complexes

31 311
Parameter Unit 0 1 Theory” 0 1 Theory”
A MHz 3388.4572(5) 3388.1935(5) 3388.813 3480.0341(5) 3479.7402(5) 3496.796
B MHz 1337.0235(2) 1337.0087(2) 1322.051 1282.2758(3) 1282.2586(3) 1264.532
c MHz 958.9058(2) 958.9091(2) 951.722 937.2953(2) 937.3007(2) 929.183
D, kHz 0.419(2) 0.3551 0.494(2) 0.3978
D kHz —0.54(2) —0.6159 —1.10(4) —1.0373
Dy kHz 9.97(5) 8.4710 11.79(4) 9.8063
d, kHz —0.144(2) —0.1272 —0.169(3) —0.1402
d, kHz —0.016(2) —0.0149 —0.015(3) —0.0146
3/2 XYaa MHz —4.093(7) —4.188 —3.940(7) —4.087
(b — Zec)/4 MHz —0.165(1) —0.135 —0.204(1) —0.167
| %abl MHz 2.1(2) 2.560 2.6(2) 2.619
A amu A? —0.107 —0.171
No. of lines 190 158
rms error kHz 3.9 3.5
Std. deviation 0.79 0.69

“ Notes: Numbers in parentheses represent the standard error in unit of the last quoted digit. * Ground state rotational constants from revDSD
equilibrium rotational constants and B3LYP vibrational corrections; equilibrium centrifugal distortion constants at the B3LYP level; ground state
nuclear quadrupole-coupling constants at the revDSD level which incorporate B3LYP vibrational corrections.

two parameters provides the correction to the corresponding
intramolecular parameter in the complex, which is computed at
the revDSD level as well (Foia"). For water, the reference
geometry is the semi-experimental equilibrium structure
reported in ref. 22, while for 2 and 3-furonitrile we employed
those derived in this work (see Section 3.1.1). In this procedure, the
initial intermolecular parameters are set to the revDSD ones.
The semi-experimental equilibrium rotational constants
required to exploit the SE approach were obtained by correcting
the experimental ground-state rotational constants of the five
isotopologues investigated for each complex for the corres-
ponding vibrational corrections computed at the B3LYP/SNSD
level of theory. For symmetry reasons similar to those holding
for the monomer species, only two rotational constants for each

31288 | Phys. Chem. Chem. Phys., 2023, 25, 31281-31291

isotopologue could be used in the structural fit (the B and
C constants have been chosen for this purpose). For all four
complexes, the intermolecular distance fitted in the semi-
experimental procedure is the one formed by the nitrogen atom
of furonitrile with the closest hydrogen atom of water
[((H---N)]. With the exception of the 2-II isomer, the good
quality of the fit also allowed for the determination of an
intermolecular angle, i.e. that formed by the hydrogen atom
of water with the two atoms of the CN group [~ (H- - -NC)]. For
the 2-II complex, the attempt of determining such angle results
in a large uncertainty because, at least at the revDSD level of
theory, the hydrogen atom not involved in the hydrogen bond
appears to be substantially free to rotate out of the molecular
plane. For this species, we focused on the determination of the
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intermolecular distance mentioned above, while monitoring its
change as the other H atom moves out of plane.

For the 2-I isomer, we obtained a 7(H- - -N) value of 2.374(2) A
and a H---NC angle of 85.96(2)°. These quantities are quite
similar to those determined for the 3-I complex, where the
distance is 2.345(3) A and the angle 85.65(3)°. Therefore, the
hydrogen bond observed for 3-1 is 30 mA shorter than that of
2-1. This can be explained in terms of higher electron density
exhibited by the nitrogen atom in 3-furonitrile. The 3-II species
has an intermolecular distance similar to that of 3-I, 7(H- - -N)
being 2.357(5) A, while the H- - -NC angle is equal to 89.48(5)°.
All these distances are about 0.3 A longer than that observed in
complex 2-II. Indeed, the fitting procedure of the intermole-
cular distance for the 2-II species provides a r(H-: - -N) value of
2.066(3) A with the dihedral angles HOH---N and OH.--NC
fixed to 173° and 4°, respectively. This distance remains
unchanged (within the quoted error) if the dihedral angle
changes up to £50° thus pointing out the flatness of the
potential energy surface around this minimum. In such a
determination, the CN---H and N---HO angles are fixed at
the revDSD values of 171.0° and 176.8°, respectively. While
the present structure determination of isomer 2-II has been
carried out assuming a slightly non-planar configuration, ana-
logous results (same H---N bond distance and rotational con-
stants) could be obtained by adopting a completely planar
structure with the OH- - -NC dihedral angle fixed to either 0 or
180 degree. However, since our quantum-chemical calculations
indicate that the OH- - -NC angle is about 4° and the vibrational
corrections, employed in the determination of the semi-
experimental equilibrium structure, have been computed using
this slightly non-planar geometry, we have preferred to be
consistent and carried out the fitting at the non-planar
structure.

The intermolecular parameters discussed above are reported
in Fig. 4, while all the remaining structural parameters are
listed in Tables S7 and S8 of the ESI.T For the isomers 2-I, 3-I,
and 3-II, Fig. 4 also reports the values derived for the (O - -H)
distance of the secondary hydrogen bonds.

An interesting system to compare the furonitrile-water
complex with is the adduct formed by benzonitrile and water.
Benzonitrile has been predicted to lead to two different van der
Waals complexes with water: one with a cyclic structure and the
other one with a linear structure.®” Both structures have been
observed experimentally, though the cyclic form only in the gas-
phase via rotational spectroscopy®* and the linear system only
via matrix isolation infrared spectroscopy.®® These isomers
closely resemble those detected in our experiment, where a
seven-membered cyclic structure is observed for 2-I, 3-I, and
3-1I, while the 2-II structure possesses a linear form.

The intermolecular r(H---N) distance found for the cyclic
form of benzonitrile-water is 2.257 A** about 0.1 A shorter
than those found for furonitrile, but in line with the value
predicted by MP2 calculations (2.263 A).°® The same calcula-
tions predict a r(H- - -N) value of 2.066 A in the linear form,
identical to that determined for the 2-II isomer. The (O - -H)
distances of the secondary hydrogen bond occurring in 2-I, 3-I,
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and 3-II (see Fig. 4 for their value) are also consistent with those
found in benzonitrile-water, which has been experimentally
determined to be 2.484(1) A. The largest difference is observed
for the isomer 3-I, for which the non-covalent interaction is
stronger than that observed in 2-I and 3-II. Lastly, the H---NC
angles observed in the benzonitrile-water complexes are very
close to those found for furonitrile adducts, the former being
89° and 177° for the cyclic and linear forms, respectively.®® This
comparison shows how the binding sites and the overall
geometries of furonitrile-water and benzonitrile-water are
quite similar to each other, thus pointing out that the presence
of a heteroatom in the aromatic ring does not alter significantly
the nature of the non-covalent interaction.

4 Discussion and conclusions

Furonitrile represents one of the best candidates among the
family of heterocycle to be searched for in the interstellar
medium. Astronomical searches, however, require extremely
accurate spectral line catalogs which, in turn, rely on laboratory
measurements of rotational spectra. In this work, we filled the
lack of data for 3-furonitrile, a species for which the rota-
tional spectrum was completely unknown. Moreover, the
high-resolution measurements carried out in the microwave
domain for 2-furonitrile allowed the determination of precise
nitrogen quadrupole coupling constants, thus adding an
important piece of information towards an accurate and com-
plete set of spectroscopic constants for this species. At present,
the parameters reported here and in the work of Esselman et al.
enable the radioastronomical search of both furonitrile isomers
in a wide frequency range and in different interstellar environ-
ments, such as cold and warm gases, turbulent and quiescent
clouds, early-stage and more evolved objects. Our quantum-
chemical calculations (junChS electronic energy augmented by
zero-point vibrational energy corrections at the revDSD level)
indicate that 3-furonitrile is about 7 k] mol™" more stable than
2-furonitrile: based on the Minimum Energy Principle,®®”°
suggest 3-furonitrile to be the best candidate for detection in
the ISM.

The analysis of the rotational spectra of several furonitrile
isotopologues together with the calculation of the vibration-
rotation interaction constants allowed us to determine the
semi-experimental equilibrium structures of both 2- and
3-furonitrile for the first time. Our structural semi-experimental
determinations agree very well with those obtained by exploiting
the junChS composite scheme and reproduce, on average, the
experimental rotational constants within 0.1 kHz. These structures
will contribute to the extension of the SE127 database, which now
collects more than a hundred semi-experimental equilibrium
structures of small/medium-size molecules.>>*®

Moving to the characterization of the clusters formed by
furonitrile and one water molecule, our experiment revealed
the formation of the two most stable structures for each
furonitrile isomer. The assignment of the spectra has been
secured by the prediction based on our quantum-chemical

we
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calculations, which provided a reliable energetic scale and
accurate spectroscopic parameters for all isomers. The correct
identification has also been supported by the inversion split-
ting observed in the spectra and through the use of several
water isotopologues. In analogy to the monomers, the experi-
mental rotational constants of these complexes have been used
in combination with the corresponding computed vibrational
corrections to derive semi-experimental equilibrium values of
the most relevant intermolecular parameters, while the intra-
molecular ones have been improved by combining the Tem-
plate Molecule and the semi-experimental approaches. This
strategy has demonstrated to be effective and should motivate a
systematic study of the structure of molecular clusters formed
in the gas phase.

Finally, we have shown that the adducts formed by water
and furonitrile resemble those established between water and
benzonitrile, a similar system with a pure hydrocarbon ring.
This similarity seems to indicate that, in these systems, the
dominant non-covalent interactions are not significantly
affected by the presence of a heteroatom in the aromatic ring.
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