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For complexes involving aromatic species, substitution effects can influence the preferred geometry.
Using broadband rotational spectroscopy, we report the structures of three naphthol-aromatic ring
complexes with different heteroatoms (furan and thiophene) and alkyl groups (2,5-dimethylfuran). The
aim was to analyze the influence of the presence of heteroatoms or alkyl groups on the structure of the
complex and the kind of intermolecular forces that control it. Face or edge arrangements can take place
in these complexes via n—n or O-H-.-O/O-H--.1 interactions, respectively. All the experimentally
observed complexes present O-H---O/O-H---n interactions with the hydroxyl group, with different
structures and intermolecular interactions depending on the heteroatom present in the five-membered
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aromatic rings, yielding different symmetries in the experimental structure. Structures are experimentally
identified through the use of planar moments of inertia. Further results from SAPT calculations show
that dispersion and electrostatic interactions contribute similarly to the stabilization of all the studied
complexes. These new spectroscopic results shed light on the influence of dispersion and hydrogen
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|. Introduction

The competition or reinforcement of different intermolecular
interactions governs the properties and structural preferences
in biochemistry,'™ reactivity,>* catalysis®® and even in the
design of new materials.>>® The insight into the interplay of
these interactions at a molecular level is paramount to be able
to design structurally related systems, or just to predict mole-
cular recognition events.”® In this respect, the importance of
non-covalent interactions, especially dispersion, in the stabili-
zation of biochemical systems and materials has been under-
rated for some time.” As a consequence, there is a demand for
more knowledge about the performance of these interactions
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bonding in molecular aggregation of systems with substituted aromatic residues.

on a quantitative scale both theoretically and experimentally.”®
The study of molecular complexes isolated in the gas phase
provides the conditions to investigate their structural changes
and interactions without any external influence and the possi-
bility of benchmarking the results directly with theoretical
calculations.’™"?

The presence of a polar functional group along with an
aromatic ring within a complex can influence its preferred
arrangement.”® Examples of this are the phenol dimer
and trimer, where m-m interactions and substituent effects
enable the stabilization through their hydrogen bonded
structures."*® The consideration of dispersion interactions
in the theoretical calculations was crucial to simulate correctly
the experimental phenol dimer structure.’* This structural
situation changes when another aromatic ring is fused to that
of phenol, turning into 1-naphthol (1-NpOH), a naphthalene
analogue of phenol. The 1-NpOH dimer features a partially
overlapping m-m structure with, surprisingly, no hydrogen
bonds.”>*!

1-NpOH presents a planar, aromatic, bicyclic ring structure
bridged along a carbon-carbon bond, which has two possible
binding sites: the aromatic “face” with two n-rings and the
“edge” hydroxyl group. The aromatic rings give a relatively
large surface for dispersion-dominated interactions to form,
while the hydroxyl group would tend to favor an electrostatic
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interaction. This molecule is thus an attractive model to test its
complexation preferences with molecules with different func-
tional groups.

The range of face vs. edge interactions available to 1-NpOH
was already tested in the gas phase by three different studies.
The first was a rotational spectroscopy study that looked at the
homodimer of 1-NpOH formed in a molecular beam.”* The
authors found this to favor the n-n stacked geometry, a result of
the large surface interaction between the two bicyclic aromatic
systems having increased dispersive interactions. A comple-
ment to this rotational spectroscopy work are two studies by the
Leutwyler group. The first focuses on single-ring complexes
with 1-NpOH using the stimulated emission pumping-resonant
two-photon ionization (SEP-R2PI) technique and a cold, super-
sonic molecular beam.?” The second uses the same technique,
but with small linear molecules.*® In both studies, experi-
mental dissociation energies are compared to vibrational zero
point corrected energies obtained from quantum-chemical
calculations. The authors found different agreements between
experimental and theoretical values of dissociation energy for
the different complexes. This work extends these studies, where
we contribute detailed structural information about the com-
plexes, with a focus on the small ring complexes with 1-
NpOH.?? A rotational-spectroscopy study of the linear-molecule
complexes will follow in a future work.

The small-ring SEP-R2PI study of Knochenmuss et al. com-
bined new experimental data on complexes of 1-NpOH with
furan, 2,5-dimethylfuran (DMF), tetrahydrofuran (THF), and
thiophene, with previously published data on the 1-NpOH
complexes with cyclopropane®*® and benzene.?® All experi-
mental results were compared against three dispersion cor-
rected DFT methods, B97-D3, B3LYP-D3, and ®B97X-D. Of the
six measured complexes, computed D, values for thiophene
and DMF had the largest errors relative to the SEP-R2PI results.
The experimental D, of the 1-NpOH-thiophene complex was
26.56 + 0.57 k] mol ', with the range of computed values from
20.77 to 24.15 k] mol™". In the DMF complex, the observed
value is 36.5 & 2.5 k] mol ™", with a range of theoretical values
from 29.69 to 32.41 kJ mol'. While 1-NpOH-furan did have
good agreement to the experimental D,, the authors observed
two isomers of the complex contributing to the observed
spectrum. Overall, of the three DFT methods used there was
no clear optimal method for the prediction of binding energy
across all six complexes.

To better understand the differences between the experi-
mental D, values and the quantum-chemically calculated ones,
we examine observed structures used to make the comparison.
The assignment of vibrational-band shifts in the SEP-R2PI
study confirmed that all six 1-NpOH complexes with small
rings preferred the edge interaction to the m-n dominated
structures by 7-12 kJ mol " according to their computational
results. The technique cannot discern the absolute geometries
of the measured structures. Rotational spectroscopy can deter-
mine the planar moments of inertia to confirm absolute
symmetries of these complexes. A recent double-blind bench-
mark study on the furan-methanol complex*® has many
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computational methods predicting equilibrium geometries of
C; symmetry, while experimental structures were found to be
similar in general, but with an observed C; symmetry. At first
glance, these appear to be small differences in structure, but
the subsequent comparisons between theory and experiment
were ultimately complicated by the two different geometries.

To this end, we employ chirped-pulse Fourier transform
microwave (CP-FTMW) spectroscopy in the 2-8 GHz region to
measure the pure rotational spectrum of 1-NpOH complexes
with DMF and thiophene. Rotational spectroscopy will deter-
mine the relative symmetry of each complex, Cs or C;, and also
give insight to intermolecular distance of each complex in the
ground vibrational and electronic state. We also include the
1-NpOH complex with furan. While for 1-NpOH-furan good
agreement between experimental and theoretical dissociation
energies were determined in the SEP-R2PI study, the authors
observed two over-lapping isomers of the complex and had to
consider both contributing to the measured dissociation energy
together. Microwave spectroscopy will discern the relative
favorability of the two isomers with the inherent fingerprint
character of the technique.

These three complexes are also good candidates to test the
influence of different heteroatoms and alkyl groups in the
respective preferred geometries, which reinforces the inclusion
of the furan complex to the study. Their structures present a
five-membered aromatic ring with a heteroatom that can be
oxygen (furan and DMF) or sulfur (thiophene). A structural
difference between furan and DMF is the addition of two
methyl groups. Thus, two possible arrangements (face or edge)
with different interaction possibilities can ensue between them
and 1-NpOH.

Il. Methods

A. Experimental

The broadband rotational spectra were recorded with the
Hamburg broadband chirped-pulse Fourier-transform micro-
wave (CP-FTMW) spectrometer COMPACT in the frequency
range 2-8 GHz.”” Three separate experiments were run, in the
order of furan, 2,5-dimethyl furan (DMF), and thiophene. In
all three experiments, 1-naphthol (1INpOH) was heated in a
small reservoir built into the nozzle head to a temperature of
80-90 °C. The samples of furan, DMF, and thiophene were
introduced into the neon carrier gas via an external reservoir
further upstream, which was not heated. The absolute pressure
of neon was 3.5 bars in all experiments. As the seeded neon was
pulsed (at 8 Hz) into the chamber in an adiabatic expansion, a
microwave chirp from 2.0-8.0 GHz and with 4 ps duration
was broadcast into the cold, expanding jet using a horn
antenna. The microwave chirps were created by an arbitrary
waveform generator (AWG) and amplified with a 300 W travel-
ing wave tube amplifier. The resulting free-induction decay
(FID) was then collected and averaged between 2.7 and 4.0
million averages, which is subsequently Fourier transformed
into the frequency domain to produce rotational spectra.
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The experimental setup is described in detail in ref. 27. The
“fast frame” option of the digital oscilloscope was used for
these experiments.”® Eight back-to-back excitation chirps were
performed per gas pulse, and the subsequent eight FID acquisi-
tions were co-added and averaged. In this way, the measure-
ment time and sample consumption were decreased, resulting
in an effective repetition rate of 64 Hz for the experiment. The
FID was recorded for 40 ps, which generated a frequency
resolution of 25 kHz in our Fourier transformed microwave
spectrum.

The resulting spectra were then analyzed, concentrating first
on the species for which rotational transitions are already
reported to clean and simplify the spectra. These include
trans-naphthol,? cis-naphthol,>® naphthol dimer,* furan,*®3!
thiophene,**** and dimethyl furan.** The remaining, unas-
signed rotational transitions are then considered as potential
transitions for the desired complexes. Graphical assignment
and interface programs, JB95*® and SPFIT/SPCAT*® programs
with AABS package interface,’” were used to make the initial
assignments of the rotational spectra. All final fits were done in
SPFIT/SPCAT using a rigid-rotor and centrifugal distortion
Hamiltonian in I representation with a Watson S reduction.
The XIAM program was used to analyze the internal dynamics
of INpOH-DMF.*® XIAM is a least squares fitting program
employing the combined axis method of Woods,***® which is
used to analyze the internal rotation features of molecules
containing up to three internal rotors.

B. Theoretical

The minima structures of the INpOH-furan, INpOH-DMF, and
1NpOH-thiophene complexes were taken from ref. 22, where
they were optimized at three different levels of theory: B97-
D3*'/def2-TZVPP,** B3LYP-D3**/def2-TZVPP, and wB97X-D*!/
6-311++G(d,p). B97-D3 and B3LYP-D3 calculations yielded very
similar geometries for all the complexes. The two DMF isomers
and thiophene isomer I optimized with the wB97X method
resulted in different geometries than those obtained with B97-
D3 and B3LYP-D3. More details of the calculations can be
found in ref. 22. The molecular electric dipole moments were
predicted using single-point calculations of each previously
reported structure and its respective calculation level and basis
set using the ORCA program package.*>*® The relative energies
presented herein have been calculated at the PBEO0-D3/def2-
TZVPP level of theory and are harmonically zero point corrected
relative energies to ensure real minima on the potential energy
surface. The theoretical calculations were carried out using
Gaussian16.”” For clarity we use roman numerals to identify
the isomers of the complexes. The equivalent structures of ref.
22 are given in the ESI{ (Table S1).

We used Non-Covalent Interactions (NCI) analysis*® to char-
acterize the non-covalent interactions present in the complexes
and the Symmetry-Adapted Perturbation Theory (SAPT)*® calcu-
lations to gain insight into the different contributions to the
binding energy. The lowest-energy complexes optimized at
the B97-D3*'/def2-TZVPP level of theory were used as inputs
for the SAPT2+3/aug-cc-pVDZ-RI*® calculations and the NCI

1600 | Phys. Chem. Chem. Phys., 2022, 24,1598-1609

View Article Online

Paper

plots.*® The SAPT analysis was carried out using the PSI4
package.”®

[ll. Results and discussion
A. Rotational spectra analysis

In Fig. 1 portions of the experimental broadband rotational
spectra of 1INpOH-furan (a), 1INpOH-DMF (b), and 1NpOH-
thiophene (c) are shown, in comparison with simulations based
on their fitted rotational parameters (Tables 1-3). Similar to the
SEP-R2PI study, we identified two 1NpOH-furan complexes,
one INpOH-DMF cluster, and one complex of thiophene
interacting with the 1NpOH system (Fig. 2).

According to the quantum-chemical calculations carried out
in ref. 22 as described in the Theoretical methods section, the
lowest-energy structures of these complexes correspond to edge
isomers (Fig. 3 and Tables 1-3). The face structures were
predicted to be 7-12 kJ mol ' higher in energy than the edge
ones. By comparison of the calculated and experimentally
determined rotational parameters, we can unambiguously
assign the identified complexes to edge structures (see below),
in agreement with the results obtained using SEP-R2PI.

For the 1INpOH-furan system, quantum-chemical calcula-
tions®* predicted two low energy edge isomers with relative
energies below 0.7 kJ] mol ' (Fig. 3 and Tables 1-3). The
calculated isomers I and II could be unambiguously assigned
to the experimentally observed 1NpOH-furan(r) and 1NpOH-
furan(u), respectively, due to the good agreement between their
experimental and computed rotational constants as well as an
evaluation of the predicted/calculated dipole moment compo-
nents (Fig. 2 and Table 1). In the 1INpOH-furan(i) spectrum, we
observe a- and b-type rotational transitions, whereas in
1INpOH-furan(u) only a-type features are observed, in good
agreement with the theoretical calculations where 1NpOH-
furan(u) has a small predicted g, component.

In the 1INpOH-DMF case, two isomers with an energy
difference of 1.2 k] mol™' were computationally identified
(see Fig. 3). The experimentally observed 1INpOH-DMF complex
showed a- and b-type rotational transitions, and its rotational
constants and dipole moment components agree quite well
with those calculated for the lowest-energy INpOH-DMF struc-
ture (see Fig. 2 and Table 2), especially its (B and C) difference.
In this respect, it is important to note that differences between
the B and C rotational constants, i.e., relative values, are often
predicted better by quantum-chemical calculations than abso-
lute values of any of the constants.>! The predicted y, of isomer
1I is close to zero, so no b-type rotational transitions would be
observed in the spectrum if isomer II was the one present in
the supersonic expansion, which supports the assignment of
the experimentally observed isomer as the lowest-energy one,
isomer I. There is no indication of further 1INpOH-DMF
isomers in the spectrum.

In the INpOH-DMF spectrum, splittings of the respective
rotational transitions into three components were observed for
a few transitions (14) with K, = 3, which could be due to internal
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Fig. 1 Sections of the broadband rotational spectra of INpOH-furan (a),
INpOH-DMEF (b), and INpOH-thiophene (c) complexes. The upper traces
depict the experimental spectra, while the lower traces are simulations of
the experimentally identified complexes (rotational temperatures of 0.7 K)
based on fitted rotational parameters.

rotation of the methyl groups. A prediction of the expected
internal rotation splitting was generated using the published
internal rotation barrier for DMF®> as an initial guess and the
angles from the 7, structures provided by Knochenmuss et al.>>
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Fitting the internal rotation parameters with an internal rota-
tion Hamiltonian was carried out with XIAM, with all appro-
priate values taken from the SPFIT fit as an initial guess. Both
SPFIT and XIAM fits are presented in Table 2. As only some
transitions showed partially resolved internal rotation splitting
(not all internal rotation states were observed for each transi-
tion), we present both fits to show the limits of the rotational
constants obtained when (i) ignoring the splitting and fitting
only the AA transitions (SPFIT), and (ii) fitting the internal
rotation states when they are observed/resolved (XIAM). The
barrier was determined to be 480.0(12) cm ™", which is higher
than that of the monomer reported value, 439.1461(83) cm ™.
For this barrier, it is expected that some transitions will not
have fully resolved internal rotation splitting. As there are two
tops in DMF, this partial resolution can lead to different
amounts of transitions being resolved for different transitions.

Unlike the furan and dimethylfuran complexes with 1NpOH,
the 1NpOH-thiophene complex does not have a plane of
symmetry in the ground state as observed by experiment. This
can be directly deduced from our experimental parameters via
the large difference between the planar moment of the mono-
mer of thiophene that is in the Cs plane, P,, = 62.8768 amu Az,
and the complex P, = 88.9197(61) amu A% Different axis labels
for the planar moments are used in the comparison because
they both represent the axis that would be in the Cs plane of
symmetry. This comparison is valid as long as the correct
planes are chosen to match the symmetry elements being
compared with the molecules and complexes.

The lowest-energy isomers correspond to two edge struc-
tures with an energy difference of about 2.8 k] mol " (Fig. 3). As
mentioned, one 1NpOH-thiophene complex was observed
under the cold conditions of our molecular jet, and it showed
a weak spectrum with only a-type rotational transitions (see
Table 3). The good agreement between the experimentally
determined and calculated B — C difference supports that
isomer II is the one present in our experiment. Additionally,
the fact of observing only a-type rotational transitions further
supports this assignment of the experimental complex as
isomer II. For isomer I, we would have expected to also record
b-type transitions because of a predicted yy, value of 1.0 D for
isomer I compared to 0.4 D for isomer II. After removing the
transitions of the known species, some lines remained in the
1NpOH-thiophene spectrum. We tried to identify isomer I, but
we did not observe a rotational pattern that could belong to it.
Isomer I could have been present in the jet, but only at
concentrations smaller than 4-5% of that of isomer II. Addi-
tional transitions were observed, some belonging to other
known systems. We observed the 1NpOH-1 water and
1NpOH-neon complexes,>”>* however this does not account
for all the unassigned transitions, which we attribute to other
complexes containing water, neon, and thiophene.>*

B. Structure determination

Structural information based on isotopic information is not
available for these structures as only the parent isotopologues
were observed in the microwave spectra, and the signal to noise
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Table 1 Experimental and predicted rotational parameters calculated at the B97-D3/def2-TZVPP, B3LYP-D3/def2-TZVPP, and wB97X-D/6-
311++G(d,p) levels of theory for the lowest-energy INpOH—furan isomers

Theor. isomer I Theor. isomer II

Rotational parameters  Exp. INpOH-furan(i)  Exp. INpOH-furan(u) B97-D3  B3LYP-D3 wB97X-D B97-D3  B3LYP-D3  wB97X-D
A“ (MHz) 1380.68437(21)° 1283.024(27) 1370.6  1396.1 1394.2 1276.7  1282.0 1287.9
B (MHz) 251.312253(73) 259.67161(16) 254.2 252.7 255.5 261.4 263.3 266.8
C (MHz) 222.926429(57) 226.55088(16) 224.7 224.1 226.2 228.3 230.0 233.2
Dy (kHz) 0.02797(12) 0.01801(31) — —

Dy (kHz) 0.3916(12) 0.238(12) — —

Dy (KkHz) [o]" [0] — -

d, (kHz) ~0.003065(84) (0] — —

d, (kHz) 0.001056(55) 0.00220(26) — —

P,,” (amu A?) 1955.97341(38) 1891.5397(43) 1934.3  1946.5 1924.9 1875.6  1861.2 1834.5
P, (amu A% 54.98706(38) 54.6838(43) 53.9 53.4 53.1 57.8 58.2 59.7
Pyuq, furan (amu A?) 54.6785(15)

alttp/tte (D) ylym y/n/n 2.8/1.1/0.0" 2.2/-0.1/0.3
AEzpef (k] mol™) — — 0.0 0.7

N 191 62 — —

o (kHz) 4.3 5.7 — —

“ A, Band C are the rotational constants. D, Dy, Dx, d, and d, are the quartic centrifugal distortion constants. x, (o= a, b or c) are the electric dipole
moment components (n: oz—tglpe transition is not observed, y: a-type transition is observed). N is the number of fitted transitions. ¢ is the root-mean
square deviation of the fit. ” Planar moments are calculated via the moments of inertia, P, = (I + I. — I)/2. ¢ AEzpg is the energy relative to the
most stable isomer with the zero point energy correction calculated at the PBE0-D3/def2-TZVPP level of theory. ¢ Numbers in parentheses give
standard errors (1o, 67% confidence level) in units of the least significant figure. ¢ Values in square-brackets fixed during fitting. / Predicted dipole

moment components calculated at the B3LYP-D3/def2-TZVPP level of theory.

ratios of the spectra of these weakly bound complexes were not
sufficient to record singly-substituted isotopologues. For
benchmarking theory with experiment, it was recently shown
that comparisons of the intermolecular planar moments can be
used to evaluate the predicted structures of different methods
when isotopic data is limited,”® and we have chosen to follow
this approach. Planar moments are represented by P, where g
is the respective principal axis a, b, or ¢ and describes the mass
coordinate of that respective axis. It is defined in two equivalent
ways, shown here for the ag-axis term, P, =), miat =
i

(I, + I. — I,) where i is an index for each atom, a; is the atom’s
distance from the bc-plane, and I, are the moments of inertia
determined from the rotational constants. From experimental
data, determination from the moments of inertia is the only
possible method of planar moment determination without
extensive isotopic studies.

Planar moments can be used to confirm certain symmetries
in molecules when compared to other molecules, as was
reviewed by Bohn et al.>> We extend this methodology here to
include complexes. In this study, edge complexes that are Cj
symmetric will have mass out of the ab-plane from only the
smaller ring-binding partner. Assuming no large structural
changes upon complexation, this will have a similar P,, to the
equivalent planar moment of the monomer. The out-of-plane
planar moments, P, for each complex are given in their
respective Tables 1-3, along with the equivalent planar moment
of the monomer.

In furan, P,, is used to compare the mass out of the plane of
symmetry perpendicular to the furan ring. It was determined
from experimental values®® to be Py, p, = 54.6785(45) amu A”.
Comparing this for both isomer exp(1), 54.9872(42) amu A and
isomer exp(II), 54.6838(43) amu A2, to the monomer Puoru it is

1602 | Phys. Chem. Chem. Phys., 2022, 24, 1598-1609

clear that these complexes have Cy symmetry with furan in an
edge configuration perpendicular to 1-naphthol. Like the
1NpOH-furan complex, the 1INpOH-DMF complex has Cg sym-
metry in the ground vibrational state confirmed by similar
planar moments between the out-of-plane P, of the complex,
235.896(12) amu A?, with the P,q pyvr = 234.039001(75) amu A%,

As the planar moments confirm the Cg symmetry of the
dimethyl furan complex, they also confirm the C; symmetry of
the thiophene complex: The respective planar moment of the
complex, P, = 88.9197(61) amu A2, is much larger than in the
monomer thiophene value, Py, ¢hio = 62.8768 amu AZ. This large
increase suggests that the sulfur is no longer in any symmetry
plane and that the complex cannot contain any planes of
symmetry, which agrees with the relative orientation of the 1-
naphthol and thiophene subunits predicted by DFT methods.

In addition to the overall symmetry of each complex, we can
also gauge the balance of intermolecular forces as predicted by
ab initio methods. We compare the predicted planar moments
of each complex to the experiment, focusing on P,,. In these
complexes, the inertial a-axis is nearly collinear with the line
connecting the center-of-mass for the two binding partners. It
becomes sensitive to changes in the intermolecular distance,
thus providing a good benchmark value for ab initio methods
that focus mainly on the accuracy of the intermolecular forces.
While the value of P,, will not reveal which specific forces are
better predicted, it will gauge the overall accuracy of the
quantum-chemical method. This method is similar to the
pseudo-diatomic model first used by Novick and Millen,>”®
except that information on the force constant between the two
molecules is not predicted, so no binding energy approxi-
mation can be made.

Even as some of the complexes do not share the same overall
symmetry, this approximation has been valid in the past.”®

This journal is © the Owner Societies 2022
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Table 2 Experimental and predicted rotational parameters calculated at the B97-D3/def2-TZVPP, B3LYP-D3/def2-TZVPP and wB97X-D/6-311++G(d,p)
levels of theory for the lowest-energy INpOH-DMF isomers

Theor. Isomer I Theor. Isomer II

Rotational parameters Exp. INpOH-DMF (SPFIT) Exp. 1INpOH-DMF (XIAM) B97-D3 B3LYP-D3  wB97X-D B97-D3 B3LYP-D3 wB97X-D
A* (MHz) 887.366(19)¢ 887.219(37) 878.1 891.3 905.0 876.6 914.8 909.4
B (MHz) 209.95454(11) 209.95482(18) 211.5 211.0 216.6 220.2 219.6 241.1
C (MHz) 201.75474(11) 201.75412(18) 202.8 202.7 207.4 192.1 195.0 215.9
Dy (kHz) 0.01132(24) 0.012868(38) — —

Dy (kHz) 1.5683(14) 1.5613(21) — —

Dy (kHz) 276.(18) 119(36) — —

d, (kHz) [0 —0.00040(20) — —

d, (kHz) [0] 0.00157(26) — —

Vs (em™") — 480.0(12) — —

V5 (k] mol ™) — 5.742(14) — —

¢ (rad) — [1.97]§

B (rad) — [1.30)

Pg” (amu AZ) 2171.2391(62) 2171.192(12) 2153.0 2160.7 2105.8  2174.7 2170.3 1940.6
P, (amu A% 235.8486(62) 235.896(12) 236.5 234.5 227.5 120.4 131.1 155.5
Paq, DMF (amu A?) 233.994101(10) 234.037309(64)

Hal /i (D) ylym yly/n 2.5/-0.7/0.0° 2.4/0.2/0.18
AEzpg e (k] mol™)  — — 0.0 1.2
N 230 276 — —
o (kHz) 9.5 8.6 — —

“ A, Band C are the rotational constants. Dj, Dy, D, d, and d, are the quartic centrifugal distortion constants. u, (& = a, b or c) are the electric dipole
moment components (n: o- tg/pe transition is not observed, y: a-type transition is observed). N is the number of fitted transitions. ¢ is the root-mean
square deviation of the fit. ” Planar moments are calculated via the moments of inertia, Py, = (I, + I. — I,)/2. © AEZPE is the energy relative to the
most stable isomer with the zero point energy correction calculated at the PBEO- D3/def2 TZVPP level of theory. ¥ Numbers in parentheses give
standard errors (1g, 67% confidence level) in units of the least significant figure. ¢ Values in square-brackets fixed during fitting. / Using initial
internal-rotation parameters from B3LYP-D3/def2-TZVPP levels of theory (see text). ¢ Predicted dipole moment components calculated at the
B3LYP-D3/def2-TZVPP level of theory.

Table 3 Experimental and predicted rotational parameters calculated at the B97-D3/def2-TZVPP, B3LYP-D3/def2-TZVPP and wB97X-D/6-311++G(d,p)
levels of theory for the lowest-energy INpOH—-thiophene isomers

Theor. isomer I Theor. isomer IT

Rotational parameters Exp. 1INpOH-thiophene B97-D3 B3LYP-D3 B97-D3 B3LYP-D3 wB97X-D
A“ (MHz) 1166.603(32)" 1155.0 1184.6 1158.4 1166.7 1177.1
B (MHz) 220.65946(19) 230.7 223.8 223.7 223.6 223.1
C (MHz) 198.52431(18) 204.4 197.5 201.6 201.5 201.5
Dy (kHz) 0.01332(21) — —
Dy (kHz) 0.2440(47) — —
Dy (kHz) 46.7(49) — —
d, (kHz) —0.00060(18) — —
a’2 E, Hz) [0]° — —

(amu A 2201.3923(61) 2112.8 2195.2 2164.9 2167.6 2172.0
P“ (amu AZ) 88.9197(61) 77.8 63.0 94.3 92.6 93.2
Py, ihio (amu -A?) 62.876
Ua/ tip/ e (D) y/m/n —2.6/1.0/0.0° 2.4/—0.4/0.4%
AEzpg e’ (K] mol™) — 2.8 0.0
N 102 — —
o (kHz) 5.4 — —

“ A, Band C are the rotational constants. Dy, Dy, Dx, d, and d, are the quartic centrifugal distortion constants. x, (o= a, b or ¢) are the electric dipole
moment components (n: o- tglpe transition is not observed, y: a-type transition is observed). N is the number of fitted transitions. ¢ is the root-mean
square deviation of the fit. ” Planar moments are calculated via the moments of inertia, P, = (Ip + I — I.)/2. © AEsz is the energy relative to the
most stable isomer with the zero point energy correction calculated at the PBEO-D3/def2-TZVPP level of theory. ¢ Numbers in parentheses give
standard errors (10, 67% confidence level) in units of the least significant figure. ¢ Values in square-brackets fixed during fitting. / From ref. 63 and
64, no errors reported. ¢ Predicted dipole moment components calculated at the B3LYP-D3/def2-TZVPP level of theory.

Table 4 summarizes this comparison. For each of the predicted
complexes, using the three previously published structures, it is
found that the errors are all positive. As they are all related in
sign to obs-pred (Table 4), a positive error indicates that the two
molecules are closer together in the predicted structure than in
the experimentally observed one. A negative error would

This journal is © the Owner Societies 2022

indicate a predicted structure where the two binding partners
are further apart than in the experimental case. As the pre-
dicted geometries are from optimizations to equilibrium struc-
tures, and as we are approximating a pseudo diatomic system
in the complex, methods that produce a slightly positive error
are better than those that produce a negative error.
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While all three methods have positive errors, it is clear that
the calculations done at the wB97x-D level of theory have large
errors along with a large range of errors for the individual
complexes. Predictions using B3LYP-D3 have only a slightly
better error than B97-D3, over all observed complexes. As both
do better than the wB97x-D, these results highlight the better
performance of DFT methods using Grimme’s D3 correction.*®

C. Intermolecular interactions

In the following, we summarize the rotational analyses and
provide a structural comparison of the different complexes and
their intermolecular interactions. Adding the structural infor-
mation in this work allows for a deeper analysis of the dis-
sociation energy (D,) results of the SEP-R2PI study. Our focus in
this comparison is the consistency and agreement of the three
DFT-D predictions with two different sets of high-resolution,
gas-phase experimental results. We further compliment the
comparison study by including Non-Covalent Interaction (NCI)
analysis.”® The NCI analysis provides a characterization and
visualization of the different interactions present as hydrogen
bonds (strong attraction, blue color), van der Waals (weak
attraction, green color), and steric (strong repulsion, red color)
interactions (Fig. 2). Also included are Symmetry-Adapted Per-
turbation Theory (SAPT) calculations, which provide more
quantitative information of the non-covalent interactions. Spe-
cifically the SAPT2+3/aug-cc-pVDZ-RI method was employed,
following the results of a recent benchmark study on SAPT
methods.>® The results are given in Table 4. To keep the
comparison consistent, only the geometries identified experi-
mentally in our work and the SEP-R2PI study were used in the
NCI and SAPT analysis.

a. 1-Naphthol-furan. Both this microwave and the previous
SEP-R2PI experiments observed two different isomers of the
furan moiety. In the SEP-R2PI study, there was significant

1NpOH-furan (I)

1NpOH-furan (Il)

Strong
repulsion

Weak
attraction

Strong
attraction

Fig. 2 NCI plots overlayed on the predicted geometries for the experi-
mentally observed INpOH-furan(i), INpOH-furan(i), INpOH-DMF, and
INpOH-thiophene complexes. Blue color represents strong attractive
interactions, green indicates weak attractive interactions, and red shows
repulsive interactions.
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overlap between the observed signals in the hole-burning
experiment, meaning the different dissociation energies
between the two isomers could not be determined. The
assumption of that study was that the observation came from
structures similar to the equilibrium geometry predictions
where 1INpOH-furan(i) has C; and 1NpOH-furan(u) has C;
symmetry. The structural difference between the two experi-
mentally identified 1NpOH-furan complexes results from
the arrangement of the furan moiety within the complex
(Fig. 2 and 3).

The spectrum of 1NpOH-furan(i) showed more intense a-
type transitions than 1NpOH-furan(u), pointing to a higher
population in the experiment. Determining the abundances of
the different species present, based on the intensities of rota-
tional transitions, can be a challenging task (see ref. 60 for a
complete discussion). We focused our analysis on a rather
narrow frequency range (5-6 GHz) where the frequency depen-
dence of the various components of the broadband spectro-
meter should be negligible. We did a relative intensity
comparison of selected transitions that provided the estimated
abundances of the different 1NpOH-furan isomers to be
1NpOH-furan(i) > 1NpOH-furan(u) (see Tables S2 and S3,
ESIT). This abundance estimation was done following the steps
reported in ref. 60, and it is based on the proportionality of the
relative intensities of the a-type transitions with respect to the
square of the corresponding dipole-moment component in the
CP-FTMW experiment. In the absence of experimental dipole
moments theoretical values are used. Theoretical calculations
also predict the 1NpOH-furan(i) isomer to be the most abun-
dant (PBE0-D3).

As we have discussed the differences between the symme-
tries of the 1INpOH-furan(i) and 1NpOH-furan(i1) when com-
paring the experiment and theoretical structures, we can also
examine possible origins of the differences in structure. As can
be seen, and as confirmed by the NCI analysis displayed in
Fig. 2, INpOH-furan(1) is stabilized through an O-H- - -O hydro-
gen bond and a weak attractive C-H- - -1 interaction. However,
the attractive intermolecular interactions present in 1INpOH-
furan(u) are O-H---t and C-H---O. Only the O-H:--n inter-
action of 1NpOH-furan(u) is predicted to be bifurcated, even
though a similar bifurcation is possible in the C-H-: - -n inter-
action of 1INpOH-furan().

Comparing the intermolecular planar moment, P,,, all the
predictions do relatively well by predicting the complexes to
have a smaller r.,, than in the experiment. This is expected of
accurate calculations, as in a pseudo-diatomic model of a
potential energy well, the distance between two atoms (mole-
cules) should increase going from the equilibrium structure to
the ground state. The wB97X prediction seems to do the worst
at predicting the intermolecular distances for both 1NpOH-
furan(i) and 1NpOH-furan(u). This difference between predic-
tion and experiment is larger for 1INpOH-furan(u) than for
1NpOH-furan(i), with 1NpOH-furan(u) also being the isomer
that was incorrectly predicted with C; symmetry.

b. 1-Naphthol DMF. The structure and intermolecular
interactions of the identified 1INpOH-DMF complex are like

This journal is © the Owner Societies 2022
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Fig. 3 Predicted molecular structures of the lowest-energy INpOH—-furan, INpOH-DMF, and INpOH-thiophene complexes optimized at the B97-D3/def2-
TZVPP level of theory, except for thiophene isomer |, which was optimized at the B3LYP-D3/def2-TZVPP level. The theoretical distances are given in A. Relative
energies are given in kJ mol™* at the PBEO-D3/def2-TZVPP level in parentheses. See ESIT for the numbering of the isomers compared to ref. 22.

Table 4 The predicted vs. experimental planar moments that contain the intermolecular mass distribution information for each observed complex

B97-D3/def2-TXVPP

B3LYP-D3/def2-TZVPP

wB97X-D/6-311++G(d,p)

Species Exp. P,, Pred. P, % err Pred. P,, % err Pred. P,, % err
1NpOH-furan(i) 1955.9732(42) 1934.3 1.1 1946.5 0.5 1924.9 1.6
1NpOH-furan () 1891.5397(43) 1875.6 0.8 1861.2 1.6 1834.5 3.0
1NpOH-DMF 2171.192(12) 2153 0.8 2160.7 0.5 2105.8 3.0
1NpOH-thiophene 2201.3923(61) 2164.9 1.7 2167.6 1.5 2172 1.3

Average error

1.1%

those of 1NpOH-furan(i), with additional weak attractive C—
H- - -O interactions between the methyl groups of DMF and the
1NpOH oxygen. The O-H- - -O distance (1.92 A) in this complex

This journal is © the Owner Societies 2022

1.0%

2.2%

is shorter than in 1NpOH-furan(i), whereas C-H- - -t shows a
similar value (2.42 A). This shortening of the hydrogen bond
might arise from the additional C-Hpeny1- - *O1npon attractions,
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Table5 The SAPT2+3/aug-cc-pVDZ-RI equilibrium energies (kJ mol™?) for the experimentally identified INpOH complexes. The percentages relative to
the overall attractive interactions are given for the electronic, induction, and dispersion components. The experimental dissociation energies determined

in ref. 22 are given for comparison

Complex EXp. DO AEtot,eq AEelect (%) AElnd (0 ) AEdisp (%) AEexch
1NpOH—furan(1) 21.82 £ 0.29 —24.5 —26.8 (43.2) —-10.9 (17 5) —24.3 (39.3) 37.5
1NpOH—furan(H) —21.1 —20.3 (38.2) —9.6 (18 1) —23.3 (43.8) 32.1
1NpOH-DMF 36.5 + 2.3 —-33.7 —38.8 (43.1) —16.3 (18 1) —34.8 (38.8) 56.2
1NpOH-thiophene 26.56 = 0.57 —21.8 —22.5 (37.5) —11.4 (19 0) —26.1 (43.5) 38.2
45
—~ 40
&
4
35 u Electrostatic
m Dispersion
30
Q N & @
& é\\ 9@ ¢
N N X ®
s s X o\
QO QO IN 0‘2‘
Ny N &Q

which could contribute to the approach of Ogyrapn to the hydro-
gen of O-H;npon- This attractive contribution is seen in the NCI
plots for INpOH-DMF in Fig. 2. It is likely that this interaction
is what raises the methyl internal rotation barrier in the
1NpOH-DMF complex with respect to the monomer of DMF.
In addition, the DMF is slightly more basic than furan because
of the two additional methyl groups, which are electron donat-
ing to the ring. Another similar situation was observed in a
recent rotational spectroscopy study of diadamantyl ether
(DAE) and alcohol aggregates.®’ The O-H---O distance was
longer for the DAE-tertbutanol ((BuOH) complex than for the
ethanol or water analogues. This was attributed to the existence
of weak attractive C-H- - -H-C interactions between the methyl
groups of tBuOH and the methylenes of DAE. The P,, values of
the 1INpOH-DMF are again better for the B3LYP-D3 and B97-D3
predictions, and worse for the wB97X-D prediction.

c. 1-Naphthol-thiophene. The structure of the experimen-
tally observed 1NpOH-thiophene complex represents an inter-
mediate position between 1NpOH-furan() and 1NpOH-
furan(u). It has weak attractive O-H---m (2.3 A) and C-H: -
(2.7 A) interactions with lengths similar to those of 1NpOH-
furan(u). However, thiophene is tilted in isomer I, with longer
O-H---S (2.57 A) and C-H- - -1 (2.89 A) distances.

It is notable how the presence of a different heteroatom and
the addition of two methyl groups can change the structural
preferences in these 1INpOH complexes. 1INpOH-furan(i) and
1NpOH-DMF present an O-H---O hydrogen bond, whereas in
the experimentally identified 1NpOH-furan(u) and 1NpOH-
thiophene complexes the O-H---m interactions prevail. No
thiophene complex with an O-H- - -S hydrogen bond, i.e., isomer
I, is observed experimentally. The O-H---m isomer for the
1NpOH-DMF (isomer II) is likewise not present in our experi-
ment. All the 1INpOH complexes are further stabilized by C-
H- - -m interactions. These experimental findings are supported
by the computational results, which predict higher energies for

1606 | Phys. Chem. Chem. Phys., 2022, 24,1598-1609

the non-experimentally observed complexes. In looking at the
wB97X-D prediction of P,,, the prediction of 1INpOH-thiophene
is the only instance of being better than the B3LYP-D3 and B97-
D3 methods.

d. SAPT analysis. In the hydrogen bonded O-H---O com-
plexes (INpOH-furan(1) and 1INpOH-DMF), electrostatic inter-
actions are slightly larger than dispersion, amounting to 43% of
the overall attractive interaction, compared to 39% of disper-
sion (Table 5). An inverted situation is observed in the O-H- - -1
complexes (INpOH-furan(u) and 1NpOH-thiophene), where
dispersion increases (43%) and the electrostatic contribution
decreases (38%) in comparison with the hydrogen bonded O-
H---O complexes. These results confirm the importance of
dispersion interactions for the stabilization of these complexes.
Dispersion drives at about 40% of the overall attractive energy
and presents a similar SAPT energy contribution to the electro-
static contribution. This is true even for the O-H:--O com-
plexes, where it would be expected to find an electrostatic
interaction to dominate dispersion.

It is important to remark that 1INpOH-DMF shows the
highest value for the total interaction SAPT energy, followed
by 1NpOH-furan(i), 1INpOH-thiophene, and 1NpOH-furan(u).
This result is in agreement with the experimentally determined
dissociation energies (D,) and with the calculated binding
energies (D.) obtained in ref. 22, which were larger for the
classically H-bonded complexes than for the non-classically H-
bonded ones.

IV. Conclusions

We report a high-resolution rotational spectroscopic study of
dimers between 1INpOH and a series of aromatic rings with
different heteroatoms and the addition of alkyl groups, that is,
furan, DMF, and thiophene. In the complexes where the

This journal is © the Owner Societies 2022
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aromatic ring has been derivatized with an oxygen (furan(i) and
DMF), an O-H- - -O hydrogen bond is formed. However, when a
sulfur atom replaces the oxygen (thiophene) the O-H-: - -x inter-
action prevails. No O-H- - -S thiophene isomer is observed in our
experiment. The O-H---m arrangement is also observed in the
furan(u) complex, but it is less populated than furan(i) (O-H- - -O).
Weak attractive C-H---m interactions further stabilize the struc-
tures. Dispersion and electrostatic forces contribute almost equally
to the overall attractive energy in all of them.

This work illustrates how the derivatization of an aromatic
ring within a complex can drastically change its preferred
arrangement and the main interactions that control it, ie.,
O-H---O or O-H-- & interactions. The results presented here
contribute to better understand the subtle interplay between
dispersion and hydrogen bonding in derivatized aromatic
species and to predict molecular recognition events between
chemical entities that contain functional groups similar to
those treated herein.

Results from the planar moments identify that all quantum-
chemical methods fail to predict the correct symmetry of
1INpOH-furan(u). In comparing the overall results of all three
methods, wB97X-D is overall the worst method at predicting the
intermolecular distance as compared to P, although it was the
better method in the case of the thiophene complex. This
method of analysis has proven a quick and useful method for
comparing to computationally predicted geometries when
there is limited isotopic information.

Having two sets of observables (structures and binding
energies) presents a useful tool for further benchmarking
studies. The subtle difference in the observed structures
demonstrates the usefulness of these three complexes in
benchmarking. It is clear that they require a more careful
exploration of DFT and ab initio methods in order to find a
more accurate method overall. However, this search can prove
computationally expensive as these systems are on the edge of
what is tractable for larger calculations.

Additional comparisons could also be made to the OH
stretch region of naphthol, which has been shown to be a good
detector of van der Waals interactions in naphthol-water
clusters.®” Line shifts in the presented naphthol complexes
would provide a third set of experimental data to benchmark
against ab initio and DFT methods.
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