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Dispersion-controlled docking preference: multi-spectroscopic
study on complexes of dibenzofuran with alcohols and water

D. Bernhard®, M. Fatima®, A. Poblotzki’, A. L. Steber®, C. Pérez®, M. A. Suhm*<, M. Schnell**, and
M. Gerhards*®

The structural preferences within a series of dibenzofuran—solvent complexes have been investigated by electronic,
vibrational, and rotational spectroscopic methods probing supersonic jet expansions. The experimental study is
accompanied with a detailed theoretical analysis including dispersion-corrected density functional theory, symmetry
adapted perturbation theory, as well as coupled cluster approaches. The complementary, multi-spectroscopic results
reveal a preferred OH-:-O structure for the smallest complex of dibenzofuran—water, whereas for the methanol complex
an OH---1t isomer is simultaneously observed. For the largest complex, dibenzofuran—tert-butyl alcohol, only a m-bound
structure is found. These comprehensive investigations show that a completely inverse trend regarding the docking
preference is observed by comparing the present results with the ones for analogous diphenylether complexes. This can
be rationalized on the basis of the planarity/non-planarity and rigidity/flexibility of the different systems, providing
valuable insight into the interplay between different non-covalent interactions. This analysis is a further step towards a
quantitative description of very delicate energetic balances with the overall goal of yielding reliable structural predictions

for non-covalently bound systems.

1 Introduction

Non-covalent attraction plays a key role in molecular
recognition and aggregation as fundamental processes govern-
ing (bio)chemical processesl_4. Therefore, already small
changes within the interplay of intermolecular forces can af-
fect these processes significantly. London dispersion forces are
one of the major contributors, along with Keesom and Debye
forces, together which are known as van der Waals forces.
These forces contribute with different proportions to various
types of hydrogen bond interactions, and they often compete
with each other due to their respective directionality. Howev-
er, they might also reinforce each other instead of rivaling.
Analyzing this interplay between non-covalent interactions on
a molecular level provides detailed insight into these funda-
mental driving forces for molecular recognition and aggrega-
tion. London dispersion forces are ideally suited to control the
formation of a certain molecular structure, as their magnitude
sums with increasing interaction surface. This enables the
competition with stronger interactions of electrostatic nature
and might even lead to the predominance of dispersive attrac-
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tion over Pauli repulsions'e.

The structures of neutral, non-covalently bound molecular
complexes involving aromatic moieties and water or alcohol
molecules have been extensively studied in the gas phase (cf.
e.g. Refs. ’ and references therein). Among these studies,
several complexes involving heteroaromatic moieties are
found including works on indole—waterlo, 7-azaindo|e—water11,
13,14 Moreover,
several studies on furan derivatives were carried out, including
a comparative FTIR jet and theoretical study on 2,5-
dimethylfuran— as well as the 2,3-benzofuran—methanol com-
plexesls. The latter have additionally been studied by laser
induced fluorescence and IR fluorescence dip spectroscopy,

12
pyrrole—" and carbazole—solvent complexes

including the respective water complexesle. For the 2,5-
dimethylfuran—methanol complex, the OH:--:O binding motif
was identified as the preferred structure, which exhibits addi-
tional CH---mt stabilization by the interaction of the methyl
group with the m-cloud. The OH:--m-bound isomer was also
observed as a slightly less stable structure, although it turned
out to cause a stronger OH stretching red-shift than the
OH---O-bound structure, i.e. the m-cloud causes a stronger
distortion of the OH bond than the lone pairs of the ether
oxygen. In the case of 2,3-benzofuran—water16, a balanced
situation was found with coexisting, nearly isoenergetic OH---O
and OH---1t isomers. Within that study, no preferred site could
be identified, which agrees with the theoretical predictions of
less than 0.5 kJ/mol energy difference for the applied meth-
ods™®. However, the methanol complex of 2,3-benzofuran was
found to prefer the m-docking site over the oxygen, which was
clearly identified by linear FTIR jet spectroscopyls. In this case,
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the m-bound structure exhibits a larger OH stretching red-shift
than the OH:--O structure, whereas theoretical predictions
were ambiguous. The competing binding motifs in 2-
methylfuran— and furan—methanol complexes have currently
been examined in a computational benchmarking study (first
“blind challenge” cf. Y second “analysis” part in preparation).

Several spectroscopic studies on dibenzofuran (DBF) have
been performed in the condensed phaselg_23 and in the gas
phase23_30, including works on the DBF dimer?”?®3! and mixed
dimers of DBF with fluorene and benzofuran®®***, Auty et
al.?* recorded fluorescence excitation spectra of DBF and the
DBF—water complex. They assumed that the complex is hydro-
gen-bonded to the oxygen atom of DBF based on the spectral
shift of the fluorescence excitation bands. However, there is a
lack of ab initio calculations supporting this assumption as well
as further, structurally more sensitive spectroscopic experi-
ments.

In previous studies, we established a multi-spectroscopic
approach in order to elucidate the preferred binding sites in
different aromatic ether—alcohol and —water (:omplexes.34—38
Within the series of diphenyl ether (DPE) complexes, we have
shown that water and small alcohol molecules prefer the n-
docking site, whereas larger alcohols preferably bind to the
ether oxygen atom. This observation contradicts the intuitive
expectation of a preferred m docking, when the size of the
alcohol increases. In that study, the respective contribution of
London dispersion to the interaction energy for the different
complexes was analyzed in order to explain the observed
trend. In addition to that, the distortion of the DPE structure,
caused by a twist of the phenyl rings upon aggregation of an
alcohol or water molecule, was identified as another major
aspect influencing the trend.

In order to gain a deeper understanding on the influence of
structural deformation upon complex formation, a systematic
change in the structure of the ether is valuable. One possible
change is the direct connection of the two phenyl rings of DPE,
which leads to dibenzofuran (DBF). By doing so, the initial
flexibility of DPE is entirely disabled since DBF is planar and
rigid. Considering the fact that the 1t system is delocalized over
both phenyl rings via the furan ring, the molecule is expected
to remain planar upon solvent aggregation in order to maxim-
ize aromaticity. Therefore, there is no deformation of the
ether geometry within the solvent complexes that might influ-
ence the binding preference, contrary to the case of DPE com-
plexes in which deformation plays a substantial role®’. Moreo-
ver, the twisted structure of DPE was shown to enable CH---O
contacts between ortho CH moieties and the oxygen atom of
the alcohol or water molecule. This had a significant influence
on the structural preference as well. Since for DBF only in-
plane CH groups are available for CH---O contacts, structures
mainly interacting via the m-cloud should not be affected by
CH---O contacts. Whatever the relative importance of such
qualitative concepts may be, they add up to a computable and
experimentally verifiable energy difference between compet-
ing solvent docking sites.

Experimental verification of predicted structural prefer-
ences of such molecular complexes requires studies on a mo-
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lecular level, where the isolated molecular aggregates can be
investigated without the influence of any environment. These
conditions can be fulfilled by molecular beam investigations,
allowing the formation of molecular complexes and clusters in
a supersonic expansion. A variety of spectroscopic methods
can be combined with molecular beam experiments, including
FTIR spectroscopy15‘34’35’38, mass- and isomer-selective IR/UV
laser spectroscopy (IR/R2P1****) and chirped-pulse Fourier
transform microwave (CP-FTMW* ™) spectroscopy. The com-
bination of these different spectroscopic techniques yields
complementary results, providing valuable experimental data
ideally suited for benchmarking theoretical approaches.

In the present paper, we investigate a series of DBF com-
plexes with water, methanol and tert-butyl alcohol (ROH with
R=H, Me, t-Bu) by a multi-spectroscopic strategy, including
FTIR, IR/UV and CP-FTMW spectroscopy. The experimental
study is accompanied with a detailed theoretical analysis in-
cluding dispersion-corrected density functional theory as well
as wave function-based methods.

2 Experimental methods

2.1 FTIR spectroscopy

Linear FTIR spectra were recorded using the 'popcorn' jet set-
up. DBF (alfa aesar, 299%) was deposited on molecular sieve
and exposed to carrier gas pulses in a heatable sample com-
partment enclosed by two poppet valves (opening at 70 mbar
differential pressure upstream and either 690 or 350 mbar
downstream). Helium was used as the carrier gas at 1.5 bar. A
gas pulse from a 0.069 m? reservoir picked up the sample and
was supersonically expanded into a 3.6 m® buffer volume. A
sufficiently low background pressure is ensured by a pumping
system operating at 500 m3/h. Two nozzle variants were ap-
plied: a 2x10x0.5 mm double-slit nozzle and a newly designed
60x0.2 mm heatable 'V-nozzle', which is angled (162°) to ap-
proximately fit the focused IR beam shape. The alcohols
(MeOH (Sigma Aldrich, 299.8%), MeOD (eurisotop, 99% D), t-
BuOH (Roth, 299%)) were introduced upstream of the gas
reservoir by a coolable saturator or by using premixed gas
bottles. Each gas pulse was probed by a single synchronized
scan of a Bruker IFS 66v/S FTIR spectrometer. 100—400 scans
were averaged to obtain the final spectrum. More details can
be found in Refs. 34,46.

2.2 IR/UV spectroscopy

The experimental set-up for the combined IR/UV experiments
is described in detail elsewhere®”* , thus only a brief descrip-
tion is given here. The experiments were carried out in a mo-
lecular beam apparatus consisting of a differentially pumped
linear time-of-flight (TOF) mass spectrometer with a pulsed
valve (Series 9 with pulse driver lota One, General Valve,
500 um orifice) for skimmed jet expansion. DBF was purchased
from Merck (297.0%). MeOH (Sigma-Aldrich, 299.7%) and t-
BuOH (Sigma-Aldrich, 299.7%) were each supplied via cooled
reservoirs and co-expanded with DBF (held at room tempera-
ture) using the carrier gas neon (2.5-3.0 bar).

This journal is © The Royal Society of Chemistry 20xx
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For the R2PI and IR/R2PI experiments, two tunable nano-
second laser systems were necessary, including one independ-
ent UV laser system and one IR laser system. The UV laser
radiation is obtained via second harmonic generation in a BBO
crystal using the output of a dye laser (Cobra-Stretch, Sirah).
The latter is pumped by the second harmonic (532 nm) of a
Nd:YAG laser (SpitLight 600, Innolas). The IR laser radiation in
the range of 3520-3750 cm ™ is generated by difference fre-
quency mixing (DFM) in a LiNbO; crystal using the fundamental
(1064 nm) of a Nd:YAG laser (Quanta-Ray Pro-230, Spectra-
Physics) and the output of a second dye laser (PrecisionScan,
Sirah), which is pumped by the second harmonic (532 nm) of
the same Nd:YAG laser. The resulting IR radiation is amplified
in an optical parametric amplification (OPA) process in a fur-
ther LiNbOj3 crystal using the output of the DFM process and
the fundamental (1064 nm) of the Nd:YAG laser. For the
IR/R2PI spectra, the IR laser was irradiated 50 ns prior to the
UV laser.

2.3 CP-FTMW spectroscopy

The rotational spectra of the DBF-ROH complexes were re-
corded with the Hamburg CP-FTMW spectrometer COMPACT,
which is operated between 2-8 GHz. Experimental details are
given elsewhere®*. DBF (stated purity 2 98%) was purchased
from Sigma-Aldrich and used without further purification. The
molecules were seeded into a supersonic expansion using a
modified pulse nozzle (Parker General Valve, Series 9, 1.1 mm
orifice diameter) equipped with a heatable reservoir. DBF was
placed into the reservoir close to the valve orifice and heated
to 100°C. The solvent (ROH) was placed in an external reser-
voir upstream of the valve at a second set of tubing to regulate
the amount of carrier gas that was flown over it and thus to
regulate the amount of solvent. For all of the experiments,
neon (3 bar backing pressure) was used as a carrier gas to form
a supersonic expansion into the vacuum chamber. Additional
experiments with helium as a carrier gas (3 bar backing pres-
sure) were performed for DBF—MeOH.

For each gas pulse, the ensemble of molecules was polar-
ized with a series of eight microwave chirps of 4 us duration
spanning 2—8 GHz, following the fast-frame approachso. The
chirps were generated with an arbitrary waveform generator,
amplified by a 300 W travelling wave tube amplifier, and
transmitted into the vacuum chamber with a horn antenna.
Following each excitation chirp, 40 us of the free induction
decay (FID) of the macroscopic ensemble of polarized mole-
cules was recorded, yielding a frequency resolution of 25 kHz.
For the experiments, a total of 5 million averages (for DBF—
H,0) and 2 million averages (for DBF—MeOH and DBF-t-BuOH,
respectively) were co-added and Fourier transformed with a
Kaiser—Bessel window function to give the broadband rota-
tional spectrum in the frequency domain.

All spectra were first fit to an asymmetric rotor Hamiltoni-
an using the JB95 program51. The transition frequencies were
then refined using the AABS program suite, and the final
asymmetric rotor Hamiltonian fits were completed with
SPFIT®2. Line lists for all three dimers are provided in the ESI.
An analysis of the observed tunneling splitting arising from

This journal is © The Royal Society of Chemistry 20xx

PhysicalChemistry Chemical Physics

internal rotation of the methanol methyl group in the dibenzo-
furan—methanol complex was performed using the XIAM pro-
gram53. XIAM is a least squares fitting program specifically
designed for analyzing spectra of molecules exhibiting internal
rotors by employing the combined axis method of Woods to
account for internal rotation through a potential barrier.

3 Computational Methods

Input structures were manually constructed with Avogadro54
using the MMFF94s force field®” for pre-optimization, whereas
additional geometries were generated by the simulated an-
nealing conformational search implemented in the GFN-xTB*®
program (option -siman). Geometry optimizations and har-
monic vibrational frequency calculations were performed at
the DFT as well as the SCS-CC2* level.

For the DFT calculations, the B3LYP functional
ing the D3 dispersion correction®” with Becke-Johnson (BJ)
damping62 was used with the basis sets def2-TZVP%, def2-
QzvpP® and aug-cc-pVTZ64 (identical auxiliary basis sets for the
Rl approximation), while using the Berny optimization algo-
rithm from Gaussian 09%® combined with energies and gradi-
ents calculated with Turbomole 7.3%%%7. Similarly, calculations
were performed with the M06-2X functional® including the D3
correction and the def2-TZVP basis set.

The SCS-CC2 calculations were carried out with the aug-cc-
pVDZ64 and def2-TZVP basis sets using Turbomole 7.3, while
correspondingly aug-cc-pVDZ-cbas69 and def2-TZVP-cbas®
were chosen as the auxiliary Coulomb fitting basis sets (cbas)
required by the ricc2 module for the Rl approximation. Har-
monic vibrational frequencies at the SCS-CC2 level were calcu-
lated with the NumForce script of Turbomole 7.3.

All geometries were confirmed to be minima with only real
harmonic vibrational frequencies. All DFT and SCS-CC2 ener-
gies were corrected for the basis set superposition error (BSSE)
by applying the counterpoise correction method’®.

DLPNO-CCSD(T) single-point calculations for the B3LYP-
D3(BJ)/aug-cc-pVTZ geometries were carried out with ORCA
4.01" using the cc-pVTZ and cc-pVQZ basis sets®® with corre-
sponding cc-pVTZ/C and cc-pVQZ auxiliary basis sets®® for the
Rl approximation. Additionally, the ”TightPNO”72 and
“TightSCF” options were applied. For comparison of zero-
point-vibrational-energy-(ZPE-)corrected energies, harmonic
ZPE corrections obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ
level were added to the DLPNO-CCSD(T)/cc-pVTZ and DLPNO-
CCSD(T)/cc-pVQZ energies. Furthermore, a local energy de-
composition (LED) scheme”™”* was applied within the DLPNO-
CCSD(T)/cc-pVQZ calculations. This was mainly used for ex-
tracting physically meaningful dispersion contributions to the
total interaction energies. For comparison, second order
SAPT(0) calculations’ were carried out with the truncated jun-
cc-pVDZ basis set®7%77, using the PSI4 program78.

Transition state calculations were performed with the
QsT3”® module of Gaussian 09 with initial transition state and
barrier guesses from the woelfling80 module of Turbomole 7.3
as well as the reaction path finder of the GFN-xTB program
(option -path).

58-60 .
includ-
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4 Results and discussion

4.1 Theoretical results

Fig. 1 shows the optimized minimum structures for DBF com-
plexes with H,O, MeOH and t-BuOH at the B3LYP-D3(BJ)/def2-
TZVP level. The oxygen-bound structure, denoted as OH---Op
(in the DBF plane), of the DBF—H,0 complex is further stabi-
lized by a CH-:-O interaction, which is reflected in a slight tilt of
the water with its oxygen atom towards the C-H group that is
in close proximity. Within the structure of the OH:---nt5 isomer,
the water molecule is positioned above the furan C-C bond
connecting the two phenyl rings, whereas in the OH---1t6 iso-
mer, the water molecule is positioned above the center of one
of the six-membered phenyl rings. In comparing all three iso-
mers it can be seen that there are two intermolecular contacts
within each arrangement: one OH---:O hydrogen bond along
with a CH--:O contact in OH---Op, and two OH---1t contacts
respectively in both OH---t isomers. Considering the calculated
relative energies obtained at different levels of theory (cf.
Table 1), the OH---Op isomer is mostly preferred. This suggests
that the OH---O hydrogen bond combined with the CH:--O
contact outweighs the sum of two OH---1t contacts in terms of
the strength of the intermolecular interaction.

In order to analyze the respective contributions to the in-
teraction energy of the investigated complexes, SAPT(0)/jun-
cc-pVDZ calculations were performed (cf. Table S1) as well as
more sophisticated DLPNO-CCSD(T)/cc-pVQZ calculations for
which a local energy decomposition (LED) scheme was applied
(cf. Table S2). As expected, both approaches yield a larger
dispersion contribution in the OH---t motifs and significantly
more electrostatic contribution for the OH---Op structure. This
supports the finding that the OH---O hydrogen bond, dominat-
ed by electrostatics (cf. Table S1), combined with the CH---O

ical Phys

Journal Name

contact leads to a stronger stabilization than the two OH--;t
contacts within the other isomers.

For the DBF—MeOH complex, the calculated minimum
structures at the B3LYP-D3(BJ)/def2-TZVP level are depicted in
the second row of Fig. 1. In this case, two oxygen-bound iso-
mers are found: within the C,-symmetric OH---Ot isomer (on
top), the methyl group of the methanol molecule is positioned
above the furan ring, enabling CH---1t interactions. The second
oxygen-bound structure is denoted as OH---:Op and exhibits an
OH---O hydrogen bond in the DBF plane with the methyl group
pointing away from the DBF plane. Therefore, the OH:--:Op
isomer is lacking CH---1t interactions in contrast to the OH---Ot
arrangement. However, the in-plane hydrogen bond allows for
a stabilizing CH---O contact between the MeOH oxygen atom
and a CH group of DBF (cf. Fig. 1), similar to the OH---Op isomer
of DBF—H,0. The OH:--t6 isomer is bound via an OH:--t con-
tact, and it is stabilized by CH---mt interactions of the methyl
group with the m-cloud. In contrast to the related systems 2,5-
dimethylfuran—-MeOH and 2,3-benzofuran—MeOHls’ls, no
minimum structure is found with an OH---1t interaction involv-
ing the five-membered furan ring. This might allow for the
conclusion that within the extended m system of DBF, the six-
membered benzene rings are better hydrogen bond acceptors
than the furan moiety. As discussed in previous works on 2-
methylfuran, 2,5-dimethylfuran, and 2,3-benzofuran16’15’17,
the furan oxygen acceptor site loses attractiveness upon the
introduction of methyl groups or one phenyl moiety.

Analyzing the different energy contributions shows that
the largest dispersion contribution is in the OH:--m6 isomer,
followed by the symmetric OH---Ot structure (cf. Tables S1 and
S2). Both arrangements contain CH---1t stabilization. According-
ly, the dispersion contribution is significantly lower in OH---Op,
and the structure is clearly dominated by the electrostatic

OH:--n5

(2.34)

OH:--16

DBF-MeOH OH--0p  (0)

r$o

OH---6 (0.51)

DBF-{-BuOH OH--Op  (0)

OH:---Ot

(1.46) OH---16 (0.49)

Fig. 1 Optimized minimum structures at the B3LYP-D3(BJ)/def2-TZVP level for DBF-ROH complexes (R=H, Me, t-Bu). Values in parentheses represent relative, ZPE-corrected
energies in kJ/mol obtained at the DLPNO-CCSD(T)/cc-pVQZ level with ZPE from B3LYP-D3(BJ)/aug-cc-pVTZ calculations (cf. Table 1).
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contribution. The large difference in E. between the two
OH---O structures might be explained by the almost coplanar
arrangement of the hydrogen bond and the DBF plane in
OH---Op in contrast to the clearly bent arrangement in OH---Ot.
In the latter case, this arrangement obviously reduces the
electrostatic stabilization, while it simultaneously increases
dispersion stabilization from CH---1t interactions. Note that the
OH---0 hydrogen bonding angle itself is nearly identical in both
structures (155°, c¢f. Table S3, ESI), indicating a clearly weak-
ened hydrogen bond as it largely deviates from an ideal linear
hydrogen bond. This significantly affects the OH stretching
frequencies, which will be discussed in the Experimental Re-
sults section.

The optimized minimum structures for the t-BuOH complex
are shown in the last row of Fig. 1. Similar to the methanol
complex, two OH---O structures and one OH---t arrangement
are found as minimum geometries. The OH---Ot isomer is C,-
symmetric, identical to the OH::-Ot isomer of the correspond-
ing MeOH complex. The t-Bu moiety is positioned on top of the
furan ring leading to CH---1t interactions with the m-cloud. In
contrast to the analogous MeOH complex, the hydrogen bond
is less bent (177° for t-BuOH vs. 155° for MeOH, B3LYP-
D3(BJ)/def2-TZVP level, cf. Table S3, ESI).

In the OH---Op isomer, the t-BuOH moiety is tilted to one
side, which indicates a slight CH:-:O interaction between the
alcohol oxygen atom and a neighboring CH group, resembling
a somehow distorted version of the OH--:Op isomer of DBF—
MeOH with the alcohol being located rather above the it plane
due to stronger CH--m interactions. Comparing all non-C
symmetric OH---Op structures, the solvent molecule increas-
ingly approaches the n-cloud above the DBF plane going from
water to t-BuOH. In the respective OH---m6-bound isomer, the
t-Bu moiety is in closer proximity to the DBF n-cloud, resulting
in a larger interaction surface for CH---1t interactions compared
to the OH---:Op isomer. However, CH:--1t interactions should be
of similar magnitude in the OH:-m and the C, symmetric
OH---Ot isomer. This is in line with dispersion contributions
obtained at the SAPT(0)/jun-cc-pVDZ and the DLPNO-
CCSD(T)/cc-pVQZ levels, which are similar for the two isomers,

PhysicalChemistry Chemical Physics

but clearly smaller for the OH-:-:Op isomer. As hydrogen bond
interaction is indicated by the OH stretching red-shift, calcu-
lated OH stretching frequencies can be compared for the com-
peting structures. Calculations at the B3LYP-D3 level suggest a
stronger OH---O hydrogen bond compared to OH:--t. However,
the contrary is predicted at the M06-2X/def2TZVP and SCS-CC2
levels, indicating a stronger OH:--mt acceptor compared to
OH---Ot. This aspect will be discussed later in the Experimental
Results section.

The calculated relative energies for all DBF-ROH complexes
at different levels of theory are found in Table 1. The values for
the B3LYP-D3(BJ) and SCS-CC2 levels result from geometry
optimizations and harmonic frequency calculations, whereas
single point calculations were performed at the DLPNO-
CCSD(T)/cc-pVQZ level using the geometries obtained at the
B3LYP-D3(BJ)/aug-cc-pVTZ level. No anharmonic treatments of
the ZPE were used, as anharmonic corrections are expected to
be small (assumed to be in the order of <0.5 kJ/mol), and they
have furthermore proven to perform non-systematically in
relative energy predictions for similar systems”. As shown in
previous studiesls, the structures with a rather localized
OH---:O hydrogen bond contain more ZPE than OH---mt-bound
structures. This is reflected in a consistent OH---Op destabiliza-
tion on the order of 0.7-2.3 kJ/mol with respect to OH:-1t
isomers when electronic (AE) and ZPE-corrected energies (AEy)
are compared.

For the water complex, the prediction of the energetic or-
der is almost uniform: the OH---Op structure is preferred by 0.6
up to 3.9 kJ/mol, depending on the theoretical level and basis
set. The highest applied level suggests the oxygen site to be
preferred by about 2 kJ/mol, which might raise questions
about the population of a m-bound structure in molecular
beam experiments unless major isomerization barriers prevent
relaxation. The SCS-CC2 and MO06-2X/def2-TZVP calculations
(cf. Table S4, ESI) prefer the OH---it5 structure. Regarding the
DBF—MeOH complex, a rather undecided situation is found
with an oscillation of the energetic order between an OH---1t6,
OH---Op and even OH:-:-Ot preference. The ZPE destabilization
of the oxygen-bound structures compared to the OH--m6

Table 1 Relative energies for DBF-ROH complexes with (AEy) and without ZPE correction (AE) obtained at different levels of theory. All values are given in kJ/mol and include BSSE

correction.

B3LYP-D3(BJ)/

DLPNO-CCSD(T)/

isomer def2-TZVP B3LYP-D3(BJ)/aug-cc-pVTZ SCS-CC2/def2-TZVP ccpvaz’

AE AE, AE AE, AE AE, AE AE*

OH---Op 0 0 0 0 0 1.58 0 0
H,0 OH---m5 2.42 1.18 2.92 1.88 0.58 0 3.38 2.34
OH---16 3.79 1.47 3.87 2.02 - - 3.80 1.95

OH---Op 0 0.57 0.39 1.06 1.62 3.63 0 0
MeOH OH---Ot 1.33 0.96 0 0.05 0.88 1.88 0.85 0.21
OH---1t6 1.22 0 0.03 0 0 0 1.21 0.51

OH---Op 1.66 1.57 0 0.21 0.60 1.38 0 0
t-BuOH OH---Ot 0 0 0.16 0.84 0.64 0.85 0.98 1.46
OH---16 2.35 1.29 0.78 0 0 0 1.48 0.49

# geometries were used from B3LYP-D3(BJ)/aug-cc-pVTZ calculations

*: harmonic ZPE correction obtained from B3LYP-D3(BJ)/aug-cc-pVTZ calculations

This journal is © The Royal Society of Chemistry 20xx
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structure is even more relevant than in the case of water, since
it switches the energetic order from a preferred OH-:-O isomer
for pure electronic energies towards OH---t6 upon ZPE correc-
tion for B3LYP-D3(BJ)/def2-TZVP calculations. The most sophis-
ticated theoretical approach at the DLPNO-CCSD(T)/cc-pVQZ
level suggests an advantage for OH---Op of about 0.5 kJ/mol
over OH---1t6 and 0.2 kJ/mol over OH---Ot, whereas the B3LYP-
D3(BJ)/aug-cc-pVTZ calculations even predict the OH---Ot and
OH---mt6 isomer to be isoenergetic (within 0.05 kJ/mol) upon
ZPE correction (cf. Table 1). Considering the energetic range of
0.5 kJ/mol for all three binding motifs obtained at the DLPNO-
CCSD(T)/cc-pVQZ level — being certainly within the error bar of
the method — would not exclude the presence of more than
one isomer in molecular beam experiments. In the case of
DBF—-t-BuOH, the predicted binding preference is undecided as
well among the different applied computational approaches:
the symmetric OH---Ot isomer is preferred at the B3LYP-
D3(BJ)/def2-TZVP level, whereas the larger aug-cc-pVTZ basis
leads to an OH---m6 preference, together with the SCS-CC2
approach. Finally, the DLPNO-CCSD(T) approach favors the
OH---Op structure by 0.5 kJ/mol over OH---m6. Overall, the
relative ZPE-corrected energies of all three binding motifs are
predicted to be within a range of 1.6 kJ/mol. Thus, the simul-
taneous presence of more than one isomer cannot be exclud-
ed within supersonic jet experiments.

In order to elucidate the aspect of possibly co-existing iso-
mers, being relevant for all investigated DBF—-ROH complexes,
the analysis of interconversion barriers can be helpful, aside
from considering only the relative energies of the isomers.
Therefore, transition state calculations were performed with
the QST3 method as well as the woelfling module based on
transition state guesses from the GFN-xTB method. The ob-
tained interconversion barriers and transition state structures
are shown in Fig. S1 (ESI). In the case of the water complex,
the calculated barrier of less than 1 kJ/mol between the two -
bound isomers OH:--1t5 and OH---1t6 suggests that interconver-
sion occurs under the supersonic expansion conditions. How-
ever, barriers of about 5 kJ/mol between the m-bound struc-
tures and the OH---Op isomer might allow a kinetic trapping of
oxygen- and m-bound isomers, respectively, in the case that
they are both initially populated.

For the MeOH complex, a low barrier of about 1 kJ/mol is
predicted between the two oxygen-bound isomers OH---Ot and
OH---Op, suggesting that interconversion occurs under the
experimental conditions. Similar to the water complex, the
isomerization barriers between OH:--:O and OH--mt binding
motifs are larger than the ones between the same binding
motifs, yet they are slightly lower than for DBF—H,0 at about
3 kJ/mol. Nevertheless, kinetic trapping of the respective low-
er energy isomer can be expected, in case that more than one
isomer is initially populated. Furthermore, the TS calculations
suggest that the interconversion of the OH---Op structure into
the OH:--t6 isomer involves the C,-symmetric OH---Ot structure
as an intermediate state.

Regarding the tert-butyl alcohol complex, the barrier be-
tween the oxygen-bound isomers OH:--:Ot and OH---Op is calcu-
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lated to be <1 kJ/mol, suggesting interconversion. Similar to
the case of DBF—-MeOH, the TS calculations suggest that con-
version of the OH-:-Op structure into the OH---1t6 isomer occurs
via the intermediate OH-:--Ot arrangement. The predicted
isomerization barrier from the OH---Ot to the OH---1t6 isomer is
approximately 2 klJ/mol. Hence, interconversion between the
binding motifs should not be excluded as well. A discussion of
these aspects with respect to the experimental findings will be
continued in the Experimental Results section.

For a comparison of theory and experiment, the structural-
ly sensitive OH stretching vibration can serve as a spectroscop-
ic probe to be compared to calculated harmonic OH stretching
wavenumbers. In some cases, particularly if two competing
structures with the same binding motif are present, the OH
stretching vibrations might be indistinguishable. Therefore, a
comparison of the experimental rotational constants obtained
from rotational spectroscopy combined with calculated dipole
moment components can lead to an unambiguous structural
assignment. All calculated values relevant for comparison to
the experiments are found in Tables S5, S6 and S9-11 (ESI) and
are discussed in the Experimental Results section. In the end,
comparison to the experiments will reveal the individual per-
formance of each theoretical approach.

4.2 Experimental Results
4.2.1 DBF-H,0

IR/UV Results

For all investigated systems, R2P| spectra were recorded, re-
vealing isomer-specific electronic excitation energies of the
respective complexes (cf. Fig. S2, ESI). Based on these findings,
IR/R2PI spectra were measured in the OH-stretching region
(3520-3750 cm ™) for different excitation energies of the re-
spective complexes.

The R2PI spectrum of the DBF-H,0 complex reveals a
S,1€S, transition that is blue-shifted by +171 cm™? compared to
the DBF monomer transition (cf. Fig. S2, ESI). This is in agree-
ment with the findings of fluorescence excitation spectra24. No
additional, red-shifted transitions with respect to the mono-
mer were detected. The experimentally observed shift of
+171cmtisin qualitative agreement with the predicted blue-
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Fig. 2 (a) IR/R2PI spectrum of DBF-H,0 obtained via UV excitation at +171 cm™ com-
pared to calculated OH stretching frequencies (b) at the B3LYP-D3(BJ)/def2-TZVP level;
scaling factor: 0.9677.
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shift of +174 cm™ for the OH---Op isomer at the SCS-CC2/def2-
TZVP level with respect to the DBF monomer transition (cf.
Table S5, ESI). In contrast, the OH---1t6 isomer is expected to
have a red-shifted S;<S, transition compared to the DBF
monomer (-138 cm_l; cf. Table S5, ESI). Based on these find-
ings, the assumption of an OH---O binding motif for the DBF—
H,0 complex based on the early non-mass-selective study by
Auty et al.?® is confirmed by our mass-selective R2PI experi-
ments combined with predicted S;<-S, excitation energies at
the SCS-CC2/def2-TZVP level. These calculations have proven
to yield robust prediction557.

In order to obtain additional structural information, the OH
stretching vibration is used as spectroscopic probe for identify-
ing the docking motif of the complex. Therefore, an IR/R2PI
spectrum was recorded via the electronic resonance at
+171 cm_l, which is shown in Fig. 2 for the mass trace of the
DBF—H,0 complex compared to calculated harmonic OH
stretching frequencies at the B3LYP-D3(BJ)/def2-TZVP level
(further computational results are found in Table S6, ESI). The
IR/R2PI spectrum obtained for the DBF—H,0 complex (Fig. 2a)
exhibits two OH stretching vibrations at 3623 and 3734 cem™?
(confirming preliminary observations in Ref. 81). Calculations
uniformly predict a red-shifted symmetric ¥gy of the oxygen-
bound structure compared to the m-bound structures. Mainly
the symmetric ¥y is sensitive to the docking site, whereas the
asymmetric Vgy is less affected. It is noticeable that the rela-
tive shifts of the symmetric ¥y between OH---O and OH--t
structures are quite large for the B3LYP-D3(BJ) calculations in
contrast to the ones for the M06-2X functional as well as the
SCS-CC2 predictions. Upon comparison of symmetric ¥y fre-
quencies to the experiment, the OH-:-O isomer matches better
than the OH---t isomers for all applied theoretical approaches.
In order to find a robust assignment, an additional aspect to be
considered is the splitting between symmetric and asymmetric
Vou, Which is significantly different for the OH---:O and OH---1t
motifs (cf. Table S6, ESI). The experimental splitting is found to
be 111 cm™, while the calculated splittings range from 105—
131 cm™* for the OH---Op isomer and only from 83 to 87 cm™*
for OH---1t structures. Moreover, the changes of the splitting
with respect to the splitting of free water clearly suggest the

Table 2 Molecular rotational parameters of DBF—H,0: the experimental parameters are
based on a fit to an asymmetric rotor Hamiltonian using the JB95 program in compari-
son to calculated results.

B3LYP-D3(BJ)/  B3LYP-D3(BJ)/

Parameters experiment def2-TZVP def2-TZVP
OH--Op OH--Op OH--75
A (MHz) 974.08 973 1339
B (MHz) 575.23 581 479
C (MHz) 362.00 365 447
4, (kHz) 0.0334
o (kHz) 40
Nines” (a/b/c) 65(44/21/0)
Ua/Un/ U (D) 1.3/2.2/1.3 1.1/0.2/2.3

9 A, B, and C are the experimental rotational constants, A, is the centrifugal
distortion constant, and o is the standard deviation of the fit.

b Total number of fitted lines and as distributed over a-, b-, and c-type transitions.

This journal is © The Royal Society of Chemistry 20xx
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OH---Op isomer to be the observed structure. Note that the
splittings obtained from the SCS-CC2 calculations are not con-
sidered here, as they are found to be unable to reproduce the
frequency splitting of the free water molecule correctly.

CP-FTMW results

Rotationally resolved spectroscopy can provide unambiguous
proof of the observed clusters a) via comparison of the exper-
imental rotational constants with the results of quantum
chemical calculations and b) via structure determination using
isotopic substitution, either in natural abundance or using
enriched samples. The experimental rotational constants for
DBF-H,0 obtained from broadband CP-FTMW spectroscopy
are summarized in Table 2 together with the results from
quantum-chemical calculations. The comparison clearly identi-
fies the observed complex as the OH---Op structure, in agree-
ment with the (IR/)R2PI studies, with the rotational constants
of the OH---1t5 isomer being clearly different. Other complexes
were not observed under the experimental conditions using
neon as a carrier gas. Note that we report an average fit, i.e.,
fitting the center frequencies of a doublet splitting arising from
the internal motion of the water molecule with respect to the
DBF moiety. A more detailed analysis of this internal motion is
beyond the scope of the present study and will be reported
elsewhere. The spectrum is dominated by a- and b-type transi-
tions, while no c-type transitions were observed, which points
to averaging due to the internal motion.

4.2.2 DBF—-MeOH

In contrast to the clear-cut case of DBF—H,0, where the differ-
ent experimental and most theoretical methods match nicely
in finding a single dominant isomer, a more difficult case is
found for DBF—MeOH, where the theoretical methods are
rather undecided between up to three different structures.

FTIR results

FTIR spectra of the co-expanded DBF—MeOH mixture using the
double-slit nozzle are shown in Fig. 3 (b). The methanol con-
centration of 0.15% is chosen such that almost no monomer
(3686 cm™) or homodimer (3575 cm™) are visible. A distinct
band at 3594 cm™ is observed, but the red-shift upon com-
plexation seems too large to be associated with a heterodimer.
Indeed, when comparing to the previously measured spectrum
of 2,3-benzofuran—MeOH™ (Fig. 3(a)) this band lies within the
region of larger clusters. Taking the strong cohesion and excess
of DBF into account, a trimer including one methanol and two
DBF molecules is the most probable assignment. Further dis-
cussion on this trimer can be found in the ESI. Searching for
spectral features in proximity to the dimer bands of 2,3-
benzofuran—-MeOH, two peaks might be located at 3639 and
3646 cm™}, hardly distinguishable from noise level. In an at-
tempt to alter the expansion conditions to form more mixed
dimers, spectrum (c) was recorded. The methanol concentra-
tion was increased about two-fold, while the DBF concentra-
tion was slightly decreased. However, the major change was
the use of the newly developed V-nozzle, which nominally
enhances the absorption path by a factor of about 6, and a
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Fig. 3 FTIR spectra of DBF-MeOH (b,c,d) in comparison to 2,3-benzofuran—-MeOH (a) taken from Ref. 15. Spectrum (b) was measured using the double-slit nozzle (0.15% MeOH,
T(DBF)= 120°C), spectra (c) and (d) using the V-nozzle introducing MeOH via the saturator at temperatures of T(MeOH)= -25°C (=0.3%) and T(MeOH)= -10°C (=1%), respectively.

The DBF concentration is slightly decreased in these spectra (T(DBF)= 110°C).

simultaneous lowering of the differential opening pressure of
the second check valve to 350 mbar. A small and broad spec-
tral feature was observed between 3636 and 3650 cm'l, which
supports a dimer origin of the weak bands at 3639 and
3646 cm™". A further increase of the methanol concentration
(spectrum (d) in Fig. 3) did not seem to enhance the dimer
abundance any further. Given the weakness and broadness of
these bands, only a vague assignment to a specific isomer
could be made, but in comparing the dimer band positions of
2,3-benzofuran—MeOH, it is pausible that two dimers are ob-
served due to an OH--m isomer further red-shifted than an
OH---O isomer. The peak intensity of the further red-shifted
isomer is at best two-fold higher, but given the lower predict-
ed IR intensity of OH---mt isomers, the actual excess in abun-
dance may be larger, even in the weakly relaxing helium ex-
pansion employed. This tentative assignment called for con-
firmation by complementary spectroscopic methods.

IR/UV results

IR/UV spectroscopy provides additional mass- and isomer-
selective insight in addition to the results obtained from the
FTIR investigations. The IR/UV experiments on the DBF—MeOH
complex revealed the presence of two different isomers with
distinct electronic resonances at +135 cm ™ and —24 cm™* with
respect to the DBF monomer transition observed in the R2PI
spectrum (cf. Fig. S2, ESI; further transitions yield the same
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IR/R2PI spectra, thus no third isomer is found). The electronic
excitation spectrum itself contains valuable information: a
comparison to calculated S;<Syexcitation energies at the SCS-
CC2/def2-TZVP level suggests that the blue-shifted transition
arises from the OH---Ot isomer with a qualitatively matching
predicted shift of +126 cm ™. The slightly red-shifted transition
observed at -24 cmtis in qualitative agreement with the pre-
dicted shift for the OH---1t6 isomer (-245 cm™). The recorded
IR/R2PI spectra via the electronic resonances at +135 cm tand
-24 cm™ are depicted in Fig. 4. The spectrum shown in the
upper trace (a) exhibits one OH stretching vibration at
3642 cm™'. The spectrum for the second isomer in trace (b)
reveals a slightly red-shifted transition at 3637 cm™.

The two additional features marked with an asterisk (*)
originate from ionization-induced fragmentation of a mixed
DBF—MeOH-H,0 cluster (cf. Fig. S3, ESI). Given the overlap
situation in the FTIR experiment and its relatively high nozzle
temperature, as well as the different carrier gas, the wave-
number agreement between the two IR experiments is satis-
factory. The observed isomer splitting of 5cm s probably
more reliable than the 7 cm™" deduced from the FTIR spec-
trum.

The relative order of calculated OH stretching wave-
numbers for the different OH---:O and OH---1t structures turns
out to be ambiguous: DFT calculations using the B3LYP-D3(BJ)
functional predict a red-shifted OH stretch for both OH:--O-
bound structures compared to the OH---t6 isomer. Interesting-
ly, calculations at the SCS-CC2 level suggest a switch of the
order: the OH---6 structure is predicted to have a lower OH
stretching frequency than the OH---:O equivalent, which sug-
gests the m-cloud to be the stronger acceptor site. The same is
observed for calculations with the functional M06-2X (cf. Table
S6, ESI). Note, however, that these two methods failed in pre-
dicting the correct complex with water.

Given the very small OH stretching frequency differences
between the observed species, the prediction of the frequency
order for a distinct theoretical method is ambiguous. Finally,
based on the clear isomer assignment via the electronic reso-
nances, the OH---Ot isomer is found to exhibit the less red-
shifted OH stretching vibration compared to the OH:--mt6 iso-
mer. This has been observed for similar systems as well (cf.
discussion in the ESI and Refs. 15,16).

Drawing conclusions on relative populations from the elec-
tronic resonances in the R2PI spectrum is difficult in this spe-
cific case, as the R2PI spectrum of the DBF—MeOH mass trace
is influenced by very strong resonances of the DBF monomer
(for further explanation cf. Fig. S2, ESI). Additional structural
and abundance insight will be gained by rotational spectrosco-
py.

CP-FTMW results

In the rotational spectrum of the DBF—MeOH mixture, we
observed two DBF—MeOH complexes (cf. Fig. 5). The experi-
mentally obtained rotational parameters are summarized in
Table 3. The rotational constants for the two complexes are
clearly different, and the spectra also differ in the type of rota-
tional transitions observed (i.e., only a- and b-type transitions

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Parts of the CP-FTMW broadband rotational spectrum, indicating the coexistence
of the OH:--1t6 and the OH--Ot isomer.

but no c-type transitions for one complex and only b- and c-
type transitions but no a-type transitions for the other com-
plex). Such observations provide additional input for assigning
the structures. Based on a comparison of the rotational con-
stants and the observed type of transitions vs. calculated di-
pole-moment components (cf. Table 4), the two structures can
be unambiguously assigned to the OH---m6 and the OH---Ot
complexes. Thus, the results also allow us to differentiate
between the two OH::-O bound isomers, OH---Ot and OH---Op.

Table 3 Molecular parameters of DBF-MeOH: experimental values are based on a fit to
an asymmetric rotor Hamiltonian using the AABS software and the XIAM program,
respectively. For OH-m6, two sets of rotational constants are presented, with and
without including the internal rotation of the methyl group (see text).

Parameters’ OH:--mt6 OH---Ot
Fit1 Fit 2 Fitl
A-states XIAM A-states
A (MHz) 987.3953(36)  987.3736(27)  808.91099(33)

B (MHz) 439.33213(28) 439.32995(25)  524.58247(15)
C (MHz) 417.58829(26) 417.58775(21) 375.30332(18)
4, (kHz) 0.0529(17) 0.0554(13) 0. 1434(15)
Ay (kHz) 0.738(10) 0.7388(82) 1.934(71)
Ax (kHz) 56.91(80) 56.85(75) -0. 848(60)
&, (kHz) - - 1.2416(45)
Fo(cm™) - 159.0 -
Vs(cm™) - 338.99(89) -
Vs (kJ/mol) - 4.055(11) -
Dpizs (kHz) - 34.7(2.9) -
A (rad) - 3.883(13) -
€ (rad) - 0.579(23) -
# A state transitions” 65 (49/16/0) 65 (49/16/0) 122 (0/94/28)
# E state transitions - 41 (29/12/0) -
o (kHz) 6.9 7.1 7.0

2A, B, and C are the rotational constants, A, Ay, Ak, 8, and 8 are the centrifugal
distortion constants, and o is the standard deviation of the fit.

b V3 is the barrier to internal rotation of the methanol methyl top, Fq is the corre-
sponding rotational constant of the methyl top, and Dy accounts for the internal
motion-overall rotation centrifugal distortion, obtained from a global fit of both
internal rotational components A and E with the program XIAM.

¢ Total number of fitted lines and as distributed over a-, b-, and c-type transitions.
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Table 4 Theoretical rotational constants for DBF—MeOH obtained at the B3LYP-
D3(BJ)/def2-TZVP level of theory.

OH---Op OH---Ot OH--Ti6
A (MHz) 737.4 831.9 1000.3
B (MHz) 515.2 523.1 4375
C (MHz) 316.9 3815 4186
Vs (kl/mol) 3.8 3.1 5.1
Lo/ /e (D) 1.9/1.6/1.3 0.01/3.1/0.5 1.1/1.2/0.2

Both complexes show internal rotation splitting due to the
internal rotation of the methyl group of the methanol moiety,
which results in characteristic doublets for each rotational line.
The fact that this internal rotation leads to sizeable splittings
and is not locked points to only a loose interaction of the me-
thyl group with DBF. For OH---t6, two sets of rotational con-
stants are presented. Fit 1 corresponds to a fit to an asymmet-
ric rotor Hamiltonian including only the A states due to methyl
group internal rotation, thus presenting effective rotational
constants. Using the program XIAM, these line splittings can be
analyzed, resulting in Fit 2. It includes the analysis of the me-
thyl group internal rotation and thus also provides information
about the torsional barrier V5. The V; barrier determined from
the experimental line splitting into A and E states is
V3(exp)=4.055(11) kJ/mol (Table 3), which is in decent agree-
ment with the calculated barrier of about 5 kJ/mol (level of
theory).

The wealth of experimental information is thus well suited
to identify and further characterize the respective molecules
under study and can also be used to benchmark the theoreti-
cal models employed. For OH---Ot, only an A-states fit is pre-
sented. A global fit including internal rotation resulted in large
standard deviations, potentially pointing to a second internal
motion. The obtained rotational parameters, however, allow a
clear identification of the respective isomers. Based on our
experimental line intensities, the OH---mt6 complex is found to
be about 10 times stronger than the one for the OH-:-:Ot com-
plex. Considering the stronger dipole moment for the OH---Ot
complex, this points to a clear energetic preference for the
OH---m6 complex, which is also the global minimum at the
B3LYP-D3(BJ)/def2-TZVP level and the B3LYP-D3(BJ)/aug-cc-
pVTZ level, in the latter case it is isoenergetic with the OH---Ot
isomer, and the SCS-CC2/def2-TZVP level. This finding agrees
qualitatively with the FTIR evidence of a higher abundance of
the more red-shifted species and the corresponding results for
2,3-benzofuran15. It also agrees with the IR/UV experiment,
considering the mentioned intensity uncertainty within the
R2PI spectra. Interestingly, the third complex, OH---Op, was
not observed in our microwave study despite intense analysis,
even though it is predicted to be the global minimum by the
DLPNO-CCSD(T) approach (cf. Table 1). Thus, a low intercon-
version barrier from the OH---:Op complex to one or both of the
other complexes, OH-:-:Ot and OH---t6, can be assumed.
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4.2.3 DBF-t-BuOH

FTIR results

The FTIR spectrum of DBF—t-BuOH (cf. Fig. 6), measured in
helium carrier gas with the V-nozzle, shows similar features as
DBF—MeOH. The monomer and homodimer bands of tert-butyl
alcohol are observed at 3643 cm * and 3499 cm ™, respectively.
These values are slightly blue-shifted to those reported previ-
ouslysz, which hints at warmer expansion conditions, probably
due to the heated nozzle. Fortunately, the proposedly mixed
dimer signals are more pronounced than for methanol, reveal-
ing one band at 3607 cm ™" with a weak shoulder at 3613 cm ™.
Given the similarity of the experimental data, an analogous
assignment to the DBF—MeOH clusters is suggestive. There-
fore, the band at 3607 cm™! and the shoulder are tentatively
assigned to an OH--m and an OH:--:O isomer, respectively.
However, without complementary experimental evidence,
only a single dominant complex absorbing at 3607 cm™ can be
safely concluded.

IR/UV results

The IR/UV analysis of the DBF—t-BuOH complex yielded the
presence of one single isomer in a conformationally colder
neon expansion. Regarding the recorded R2PI spectrum (cf.
Fig. S2, ESI), containing pronounced vibrational progressions,
the observed 0<-0 transition for DBF—t-BuOH is red-shifted by
-39cm™ compared to the DBF monomer. Considering the
predicted S,<Sgtransitions, only the OH---m6 isomer is found
to exhibit a lower S;<Sq transition than the DBF monomer
(-263 cm™), whereas for the OH---O-bound structures blue-
shifted excitation energies are predicted (cf. Table S5, ESI).
Therefore, an assignment of the OH---t6 isomer can already be
made based on the shift of the electronic origin. Fig. 7 shows
the IR/R2PI spectrum obtained via the electronic transition at
-39 cm with respect to the DBF monomer transition. It exhib-
its a single OH stretching vibration at 3605 cm™. The spectra
obtained via all further transitions observed in the R2PI spec-
trum (cf. Fig. S2, ESI) exhibit the same vibrational transition.
Therefore, the presence of a second isomer is unlikely (cf. also
IRfixea/R2PI spectrum in Fig. S6, ESI). Based on the aforemen-
tioned comparison to calculated electronic excitation energies,
the presence of OH::-:O-bound structures would therefore be
ruled out. Comparing the recorded IR/R2PI spectrum to the
calculated OH stretching frequencies for the different opti-
mized structures does not allow for an unambiguous assign-
ment to one of the isomers. Calculations with the B3LYP-
D3(BJ) functional yield a larger OH stretching red-shift for the

T 1
3700 3800

T
3600

1
wavenumber / cm

Fig. 6 FTIR spectrum of DBF—t-BuOH. The V-nozzle was used and the temperatures set
to T(DBF)=110°C and T(t-BuOH)= 10°C.
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oxygen-bound structures compared to the OH---1t isomer (cf.
Fig. 7b and Table S6, ESI). In contrast, M06-2X/def2-TZVP and
SCS-CC2 calculations suggest a stronger red-shift for the
OH:--m6 structure compared to OH---Ot and therefore an in-
verse frequency order than B3LYP-D3(BJ) predictions — analo-
gous to the case of DBF—MeOH. According to the B3LYP-D3(B)J)
calculations, the OH:-:Op isomer vyields the best agreement
with the experimentally observed transition. On the other
hand, M06-2X/def2-TZVP and SCS-CC2 predictions yield the
best match for the OH---t6 isomer. Based on the similar find-
ings for DBF—MeOH, an assignment of the OH---m6 isomer
seems more reasonable, which is however very tentative, since
no second isomer is present for comparison of OH stretching
vibrations. Additional insight regarding the structural assign-
ment is provided by rotational spectroscopy.

As pointed out in the theoretical results section, the isom-
erization barrier between the OH---:Op and the OH---1t structure
of the DBF-t-BuOH complex is calculated to be about 2 kJ/mol,
whereas the barrier between OH::-:Ot and OH---:Op is smaller
than 1 kJ/mol. Since only one isomer is found in the experi-
ment with neon as carrier gas, it might be concluded that the
isomerization barriers are too low for both binding motifs to
be stabilized during the supersonic expansion. This would lead
to the exclusive population of the global minimum structure in
the molecular beam. Comparing the IR/UV and FTIR investiga-
tions (cf. Fig. 6 and 7), the shoulder at 3613 cm™? exclusively
observed in the FTIR spectrum seems to originate either from
a less stable DBF—t-BuOH isomer, populated due to different
expansion conditions, or from a larger cluster.

CP-FTMW results

The analysis of the broadband rotational spectra for the DBF—
t-BUOH mixture also reveals the presence of only one strong
spectrum, for which 162 rotational lines, distributed over a-, b-
, and c-type transitions, could be identified and fitted to an
asymmetric rotor Hamiltonian, with a-type transitions domi-
nating the spectrum. The resulting molecular parameters are

This journal is © The Royal Society of Chemistry 20xx
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Table 5 Molecular parameters of DBF—t-BuOH: results of the fit of experimental
rotational transitions to an asymmetric rotor Hamiltonian using the AABS soft-
ware in comparison to the results from density-functional theory calculations
(B3LYP-D3(BJ)/def2-TZVP).

parameters’ Experiment B3LYP-D3/  B3LYP-D3/ B3LYP-D3/
def2-TzvP def2-TzvP def2-TzvP
OH--1i6 OH---16 OH--Ot OH---Op
A (MHz) 513.73023(20) 515 453 473
B (MHz) 351.76117(15) 353 404 376
C (MHz) 269.56523(14) 269 263 246
4, (kHz) 0.10324(73)
Ay (kHz) -0.3604(29)
A (kHz) 0.2601(43)
5, (kHz) 0.03650(54)
o (kHz) 7.12
Nines * (a/b/c)  162(83/36/43)
o/ o/ e (D) 1.3/0.1/0.4  2.2/0/2.0  2.1/0.6/1.7

?A, B, and C are the rotational constants, A;, Ay, Ak, 6, and 8 are the cen-
trifugal distortion constants, and o is the standard deviation of the fit.

® Total number of fitted lines and as distributed over a-, b-, and c-type transitions.

summarized in Table 5, together with the results from quan-
tum chemical calculations. The widely different rotational
constants for the three DBF-t-BuOH complexes allow their
identification as the OH---m6 isomer, which is stabilized by
secondary CH--mt interactions, in agreement with the IR/UV
spectroscopic results. As in the t-BuOH monomer and in other
complexes involving t-BuOH, no internal rotation splitting due
to internal rotation of the three methyl groups is observed
because of the high barrier hindering this motion. The OH---m6
structure is predicted to be the global minimum by several
quantum chemical methods (including ZPE correction, Table
1). Note the interesting basis set dependence for the disper-
sion corrected B3LYP-D3(BJ) approach: using the aug-cc-pVTZ
basis set, the correct global minimum (after ZPE correction) is

Experiment
4 P 805~ 707
T4 643
815 T4y
S 7557 65
= l 755 654 l
>
.‘é 0 A Mo, de
2
1=
4
OH-76
T T
4437 4447 4457
Frequency (MHz)

Fig. 8: Part of the CP-FTMW broadband rotational spectrum for DBF-t-BuOH, illustrat-
ing the presence of the OH---mt6 isomer.
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predicted, while usage of the def2-TZVP basis set leads to the
OH---Ot isomer as the energetic minimum structure. The fact
that only one species is observed with CP-FTMW and IR/UV
spectroscopy employing neon as a carrier gas, while FTIR spec-
troscopy using helium observes weak evidence for a second
isomer gives an indication that the barrier between the
OH---Ot and OH---16 structures, calculated to be 1.8 kiJ/mol
(Fig. S1, ESI), is indeed sufficiently low to be overcome in a
neon expansion.

5 Conclusions

A detailed multi-spectroscopic and theoretical analysis on a
series of isolated dibenzofuran—alcohol and —water complexes
is presented. By combining FTIR, IR/UV and CP-FTMW spec-
troscopy, the unambiguous assignment of the preferred struc-
tures for the respective complexes could be achieved. The
most valuable contribution of the FTIR approach, for which
DBF complexes are currently at the technological limit, is a
survey over the minimum number of relevant complexes un-
der warmer expansion conditions. The IR/UV approach is less
limited in molecular size. It provides conformationally resolved
IR spectra, and the UV shift from the monomer gives valuable
information on the docking position, O vs. &, of the OH group.
This is crucial because the spectral shifts between these two
docking positions are extremely subtle such that theoretical
harmonic predictions remain ambiguous. The CP-FTMW ap-
proach provides a firm structural assignment of dominant and
also secondary complexes, which goes beyond the O vs. 1t
contact information. It discriminates between O docking ge-
ometries, which exploit secondary interactions with either
peripheric C-H groups (p) or aromatic «t clouds (t) in the planar
acceptor molecule. The comparison to theory revealed defi-
ciencies and strengths of different theoretical approaches.

For the DBF—H,0 complex an oxygen bound structure was
identified by electronic, vibrational and rotational spectrosco-

Ve

OH-0 Preference

py, building on the early work of Auty et al® Despite the pre-
diction of nearly isoenergetic m-bound structures, no second
isomer is found. The DLPNO-CCSD(T)/cc-pVQZ method as well
as B3LYP-D3(BJ)/aug-cc-pVTZ calculations vyield reasonable
relative energies that explain the experimental observations.
Regarding the methanol complex, two isomers were identified
in the molecular beam experiments. The species were identi-
fied as the OH---m6 isomer and the OH---Ot isomer. For the
oxygen-bound structure, an interconversion of OH:--Op to
OH---Ot is expected due to a low isomerization barrier. Based
on the broadband rotational spectroscopic results, the OH:--t6
isomer is found to be more strongly populated than the
OH---Ot structure, which is confirmed by the FTIR results and is
also reasonable within the uncertainty of the R2PI signal inten-
sities. Nevertheless, within the error of the methods, the pre-
dicted relative energies at the DLPNO-CCSD(T)/cc-pvVQZ and
B3LYP-D3(BJ)/aug-cc-pVTZ level are in agreement with the
experimental findings since both theoretical methods indicate
two nearly isoenergetic structures. Furthermore, the chosen
theoretical approaches largely deviate in predicting OH
stretching wavenumbers, which even leads to a switch in the
order between the OH stretches of the two docking motifs.
This has also been observed for the related 2,5-dimethylfuran—
methanol™ and 2,3-benzofuran—methanol complexesls'ls. The
only approaches, which correctly predict a red-shifted OH
stretching vibration for the OH:--m6 isomer compared to
OH---Ot are the M06-2X functional as well as calculations at the
SCS-CC2 level. This probably indicates a deficiency of estab-
lished theoretical approaches including the harmonic approxi-
mation, which should be considered in future developments.

The tert-butyl alcohol complex, representing the largest
ether—solvent complex in this study, was shown to form only
one stable isomer in the molecular beam experiments. Based
on a red-shifted S;<S, transition, a m-bound structure was
identified. Rotational spectroscopy clearly confirmed the ob-
served structure to be the OH---mt6 isomer.

OH-

T preference

Fig. 9: Schematic overview of the transition of binding motif preferences from oxygen-bound to m-bound structures with increasingly larger solvent molecules in DBF-ROH com-

plexes.
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By comparing all investigated DBF—solvent complexes, we
observe a binding preference that switches from oxygen via a
balanced situation to the mt site when going from small solvent
molecules to larger ones. This is inverse to the trend that has
been observed for the previously studied series of diphenyl
ether—solvent complexes. The stabilization due to London
dispersion is found to be more pronounced in m-bound struc-
tures than in oxygen motifs, indicated by dispersion contribu-
tions extracted from both SAPT(0) and DLPNO-CCSD(T) calcula-
tions. An exception is found for the t-BuOH complex, where
the C; symmetric OH:--:Ot and the OH---t6 isomers are found to
have similar dispersion contributions. We moreover found the
influence of CH-:-:O contacts on OH---Op structures to decrease
from the small solvent molecules to the larger ones, while
simultaneously enabling stronger CH---m interactions in this
series. However, their magnitude in the OH---O arrangements
is always outweighed by the one in the respective OH::-1t struc-
tures. Thus, the additional CH:-:O contact leads to preferred
oxygen-binding for the smaller solvent molecules, whereas for
the larger t-BuOH, London dispersion finally outbalances the
CH---O-stabilization, leading to preferred m-binding. Regarding
relative energies, the overall performance of the B3LYP-
D3(BJ)/aug-cc-pVTZ approach is satisfactory and it is, at a first
glance surprisingly, even superior to the DLPNO-CCSD(T) ap-
proach that seems to slightly underestimate the stability of
OH---m6 complexes compared to OH:-:Op. Given the fact that
the relative energies are mostly below 1 kJ/mol and therefore
in the order of ZPE corrections, this slight inconsistency might
be attributed to the usually less relevant fact that the geome-
tries are not optimized at the DLPNO-CCSD(T) level. Further-
more, neglected anharmonic contributions to the ZPE do not
allow for a safe relative ranking of the two electronic structure
methods at this subtle level.

Upon comparison to the series of diphenyl ether—solvent
complexes37 and also the phenyl vinyl ether—-methanol com-
plex38, the absence of backbone deformation in the DBF com-
plexes proves to be true, as no structures were found involving
a non-planar DBF structure, which is not surprising since aro-
maticity is preserved. The influence of CH---O contacts — play-
ing a decisive role in DPE and PVE complexes — partly remains
in the DBF-solvent structures as well. However, it is con-
strained to the oxygen-bound motifs, as the CH moieties of
DBF available for CH::-:O contacts are within the DBF plane and
therefore not in vicinity to the alcohol oxygen atoms within
OH---1t arrangements. This finally leads to a trend regarding the
binding preference that is contrary to the series of DPE—
solvent complexes. A further interesting aspect is that the
central, five-membered furan moiety in DBF is only a competi-
tive i docking site for the water complex. In the MeOH and t-
BUuOH complexes, only structures involving the six-membered
benzene moieties as 1t acceptors were observed.

One parameter governing the rigidity of the aromatic
chromophore (DBF vs. DPE) completely changes the preferred
binding site within a series of solvent complexes. The big chal-
lenge is to quantify the corresponding small effect induced by
small energy differences between different structures. We

This journal is © The Royal Society of Chemistry 20xx
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succeeded by a comprehensive combination of different ex-
perimental and theoretical methods, which finally offers a
clear structural assignment. Within the investigated series of
DBF—solvent complexes, we found a variable interplay be-
tween non-covalent interactions among which London disper-
sion forces make the difference in determining the final dock-
ing preference.
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Table S1: Different contributions to the total interaction energy obtained at the SAPT(0)/jun-cc-pVDZ results for different

DBF-ROH complexes. All values are given in ki/mol.

DBF-H,0 DBF—MeOH DBF-t-BuOH
contribution

OH-+-Op  OH--15 OH---16 OH---0Ot OH---Op OH---16 OH-+-Ot OH--Op  OH-T6
Eelst -27.94 -16.75 -13.84 -22.24 -28.54 -15.92 -22.60 -26.25 -16.05
Eexch 25.73 20.50 18.37 26.42 28.43 23.97 35.60 35.05 29.19
Eing -7.00 -4.51 -4.27 -5.81 -7.09 -5.00 -6.80 -7.35 -5.57
Egisp -9.38 -12.16 -11.91 -19.15 -14.27 -21.70 -31.53 -27.95 -31.04
Eiot -18.59 -12.92 -11.65 -20.78 -21.47 -18.65 -25.34 -26.50 -23.47

Table S2: Dispersion energy contributions to the total interaction energy obtained at the DLPNO-CCSD(T)/cc-pVQZ level via
a local decomposition (LED) scheme for different DBF-ROH complexes. All values are given in ki/mol.

DBF-H,0 DBF—MeOH DBF-t-BuOH
OH--Op  OH-m5 OH--m6 OH---0Ot OH---Op OH--m6  OH--Ot OH-+-Op OH-mb6
Egisp -8.06 -9.78 -8.81 -16.26 -12.37 -18.17 -23.63 -21.46 -23.45
Table S3: Structural parameters for different OH---O structures of DBF—ROH complexes.
DBF-H,0 DBF—-MeOH DBF-tBuOH
OH--Op OH--Ot OH--Op OH--Ot OH--Op
a(0-H--0) /°
B3LYP-D3(BJ)/def2-TZVP 160 155 155 177 164
B3LYP-D3(BJ)/aug-cc-pVTZ 161 153 157 178 163
r(0-H) / A
B3LYP-D3(BJ)/def2-TZVP 0.967 0.965 0.965 0.965 0.966
B3LYP-D3(BJ)/aug-cc-pVTZ 0.967 0.963 0.964 0.964 0.965
r(OH---0) /A
B3LYP-D3(BJ)/def2-TzVP 2.026 2.068 2.034 2.108 2.042
B3LYP-D3(BJ)/aug-cc-pVTZ 2.009 2.068 2.030 2.122 2.044
r(CH--0) /A
B3LYP-D3(BJ)/def2-TzvP 2.733 - 2.659 - 3.237
B3LYP-D3(BJ)/aug-cc-pVTZ 2.716 - 2.762 - 3.204
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Table S4: Relative energies of DBF-ROH complexes (R= H, Me, t-Bu) calculated at different theoretical levels. All values have
been corrected for the BSSE, except for the DLPNO-CCSD(T) calculations. The DLPNO-CCSD(T) energies have been
augmented by the respective ZPE obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ level. All values are given in kJ/mol.

DBF-H,0 DBF-MeOH DBF—t-BuOH
method
OH--Op OH-m5  OH-m6  OH-Ot OH--Op OH-m6 OH-Ot OH--Op  OH-T6
B3LYP-D3(BJ)/ AE 0 2.42 3.79 1.33 0 1.22 0 1.66 2.35
def2-TzvP AE, ()} 1.18 1.47 0.96 0.57 0 ()} 1.57 1.29
B3LYP-D3(BJ)/ AE 0 2.92 3.87 0 0.39 0.03 0.16 0 0.78
aug-cc-pVTZ AE, (] 1.88 2.02 0.05 1.06 0 0.84 0.21 (]
B3LYP-D3(8))/ AE 0 2.92 4.03 0 0.23 0.09 0.26 0 0.86
def2-QzvpP AE, ()} 1.50 1.57 0.54 1.18 0 0.59 0.65 (]
MO6-2X/ AE 0 0.45 1.27 1.08 1.02 0 2.42 1.10 0
def2-TZvP AE, 0.81 0 0.24 1.40 2.54 0 2.91 2.57 0
sCs-CC2/ AE 0 1.17 - 1.99 - 0 1.65 - 0
aug-cc-pVDZ AE, 0.76 0 - 3.63 - 0 2.07 - (]
$CS-CC2/ AE 0 0.58 - 0.88 1.62 0 0.64 0.60 0
def2-TZvP AE, 1.58 0 - 1.88 3.63 0 0.85 1.38 0
DLPNO-CCSD(T)/ AE 0 3.60 4.65 1.71 0 2.71 1.43 0 2.35
cc-pVTZ AE, 0 2.56 2.79 1.08 0 2.00 0.54 1.39 0
DLPNO-CCSD(T)/ AE 0 3.38 3.80 0.85 0 1.21 0.98 0 1.48
ce-pvaz AE, 0 2.34 1.95 0.21 0 0.51 1.46 0 0.49
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Table S5: Comparison of calculated and experimental shifts of S;<—S, excitation energies for the DBF-ROH complexes with
respect to the DBF monomer transition at 33657 cm™ All values are given in em ™. Values in parentheses are calculated
oscillator strengths for the respective electronic transition.

H,0 MeOH t-BuOH

OH--Op  OH-m5 OH-m6 | OH--Ot OH-m6  OH--Op | OH-Ot  OH-m6  OH--Op

SCs-cc2/ +174 +1168 -138* +126 =245 +1523 +98 -263 +1585
def2-TZvP (0.02933) (0.29596) (0.02174)  (0.04386) (0.28563) | (0.02100) (0.03730) (0.26715)
experiment +171 +135 =24 -39

* only obtained with basis set aug-cc-pVDZ

Table S6: Harmonic OH stretching wavenumbers Vo for DBF-ROH complexes obtained at different levels of theory. Scaling
factors (cf. Table S3) obtained from reference calculations of the free solvent molecule, respectively. Yoy sym is used for
DBF-H,0.

DBF-H,0 DBF-MeOH DBF-t-BuOH

method

OH---Op OH--m5 OH--m6 OH-:0Ot OH--Op OH-m6 OH-:0Ot OH--Op OH-Tb6
B3LYP-
D3(BJ)/

3623 3735 3651 3735 3653 3739 3649 3639 3660 3579 3604 3624
def2-TZVP
B3LYP-
D3(BJ)/

3604 3735 3645 3728 3638 3737 3655 3630 3664 3616 3629 3638
aug-cc-pVTZ
B3LYP-
D3(BJ)/

3631 3758 3670 3754 3662 3762 3648 3636 3658 3617 3603 3622
def2-QzZVP
MO06-2X/

3624 3728 3634 3720 3636 3722 3662 3655 3652 3627 3613 3617
def2-TZvP
SCs-cc2/
aug-cc- 3617 3756 3634 3744 - - 3654 - 3649 3628 - 3616
pVvDZ
SCs-cc2/

3630 3747 3634 3740 - - 3658 3653 3657 3627 3614 3622
def2-TZvP
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Table S7: Scaling factors for different computational approaches obtained from reference calculations for the free solvent
molecule, respectively.

DBF-H,0 DBF-MeOH DBF-t-BuOH
B3LYP-D3(BJ)/
def2-TZVP 0.9677 0.9674 0.9618
B3LYP-D3(BJ)/ 0.9646 0.9633 0.9596
aug-cc-pVTZ
B3LYP-D3(BJ)/
def2-QzvP 0.9677 0.9616 0.9563
MO06-2X/
def2-TZVP 0.9464 0.9480 0.9449
scs-cc2/ 0.9704 0.9684 0.9681
aug-cc-pvVDZ
scs-cc2/ 0.9668 0.9681 0.9686

def2-TZVP
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Fig. S1: Isomer interconversion barriers obtained at the B3LYP-D3(BJ)/def2-TZVP level (QST3 method within Gaussian 09).
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Fig. S2: R2PI spectra of different DBF-ROH complexes. Asterisks mark additional vibronic transitions yielding the same
IR/R2PI spectra as the ones that are labeled with numbers. Blue labels mark OH---it transitions whereas red transitions mark
OH---0 transitions. The gaps in the DBF—H,0 spectrum are at positions of strong monomer transitions influencing the DBF—
H,0 trace involving a weak ion signal. The dip in the DBF—-MeOH spectrum at the monomer transition indicates an influence
of the much larger monomer signal as well and therefore distorts relative intensities. The intense electronic origin of the
monomer is so close to the OH--Tt6 transition of DBF—MeOH (-24 cm ™) that it reduces its actual intensity within a range of
about +30 cm ™" around the monomer transition (grey dotted line in Fig. S2). On the other hand, the transition of the OH---Ot
structure at +135 cm™ is almost unaffected by the monomer as there is no close monomer transition. Moreover, the
OH--m6 transition is “contaminated” by fragmentation of larger clusters (cf. Fig. S3, ESI), which is reflected in the
corresponding IR/R2PI spectrum (cf. Fig. 4b). In contrast, the OH---Ot transition is not influenced by fragmentation indicated
by its clean IR/R2PI spectrum (cf. Fig. 4a). Altogether, the relative peak intensities within the R2PI spectrum and thus the
estimation of relative populations of the OH:--m6 and the OH-:-Ot isomers are largely uncertain.
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Comparison to related systems:

DBF-H,0

A comparison of the IR/UV results to the ones for the related 2,3-benzofuran—H,0 complex by Sasaki
et al." is interesting: they found two co-existing isomers identified as an OH---O and an OH---Tt isomer
with pairs of OH stretching frequencies at 3625 and 3736 cm™ as well as 3633 and 3740 cm™},
respectively. Remarkably, upon comparison to the herein investigated DBF-H,0 complex, the
frequencies for the OH--O isomer are identical (within 2cm™) to the ones observed in our
experiment, which we assigned to the OH---:Op complex. This suggests that a second benzene ring
attached to benzofuran does not affect the furan oxygen docking site, providing an identical
environment for the attached H,0 molecule in both 2,3-benzofuran and dibenzofuran. Interestingly,
the 1 acceptor site seems to be less attractive in DBF compared to 2,3-benzofuran, as no n-bound
structure is observed for DBF-H,0, but it is found for 2,3-benzofuran—H,0. The predicted energetic
disadvantage of =2 kJ/mol for OH:--m5 at the highest applied level of theory is in line with the
experiment, as only the OH---Op structure is observed. However, it should be noted that Sasaki et al.
performed their experiments in helium expansion whereas neon has been used within the presented
work, certainly influencing the isomer population.

DBF-MeOH

It is known e.g. from investigations on 1-indanol’ or benzyl alcohol and other systems’ that the OH
stretching shifts compared to free MeOH calculated at the B3LYP-D3 level are usually overestimated
for OH--O-bound structures and underestimated for OH---m-bound structures. This even led to a
switched order of OH stretching frequencies for OH---O and OH---mt isomers in the very closely related
case of 2,3-benzofuran—-MeOH studied by FTIR jet spectroscopy’, and by IR/UV spectroscopy'. For
2,3-benzofuran—MeOH, two isomers were found with OH stretching vibrations at 3636 and
3645 cm™* respectively®, which are remarkably similar to the frequencies found in the presented
experiments on DBF-MeOH (cf. Fig. 3 and 4). Calculations at the B3LYP/6-311++G(d,p) and B3LYP-
D3(BJ)/aug-cc-pVTZ level suggested the OH---O structure to show the larger OH stretching red-shift,
whereas the functional M05-2X as well as MP2 calculations, both using the 6-311++G(d,p) basis set,
predicted a reverse order. By analyzing the intermolecular modes® and by performing experiments
with MeOD instead of MeOH’, the less shifted band could be clearly assigned to the weakly
populated OH--O isomer, confirming the nt cloud to be the stronger hydrogen bond acceptor site.
Consequently, the frequency shifts were predicted wrongly using the B3LYP functional (independent
on the use of dispersion corrections), whereas the M05-2X functional as well as MP2 predicted the
right order of shifts. Building on these findings for the very related system of 2,3-benzofuran, the
similarity of a different OH stretching frequency order predicted by B3LYP-D3(BJ) calculations than
for other approaches is obvious. The M06-2X functional is known to perform worse than B3LYP-
D3(BJ) for predicting the energetic order of such intermolecular energy balances as it exhibits a
systematic bias towards m-bound structures.” Nevertheless, this does not necessarily affect the
performance of vibrational frequency predictions. Therefore, based on the intriguing analogy to the
2,3-benzofuran—-methanol complex, the frequency order obtained by MO06-2X/def2-TZVP and the
SCS-CC2 calculations is regarded as the most probable one. Hence, the transition at 3642 cm™ is
assigned to the OH---Ot structure, whereas the transition at 3637 cm™ is assigned to the OH---m6
isomer.
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Fig. $3: IR/R2PI spectrum of DBF-MeOH-H,0.
Helium
T T T T T T T T T T ]
Neon
T T T T T T T T T T 1
Argon
[ T I T 1 T 1 T I T 1
33000 33300 33600 33900 34200 34500

wavenumber of UV laser / cm™

Fig. S4: R2PI spectra of DBF—-MeOH for different carrier gases.
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Fig. S5: R2PI spectra of the DBF—-MeOH and DBF—(MeOH), mass traces for the carrier gas neon.
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Fig. S6: IR(fixed)/R2PI spectrum (red trace) of the DBF—t-BuOH with IR burn laser fixed on 3605 cm ™", compared to the
original R2PI spectrum (black trace).
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Fig. S7: FTIR spectra of DBF-MeOH (middle) and DBF—-MeOD (top) in comparison to the predicted trimer band positions at
B3LYP-D3(BJ, abc)/def2-TZVP level. The DBF-MeOH spectrum is identical to spectrum (b) in Figure 3 (main article), the DBF—
MeOD spectrum has been measured with identical parameters and aligned in wavenumber to the non-deuterated
spectrum by shifting to the MeOH monomer band (+968 cmfl) and scaling by a factor of V2. The predicted frequencies are
scaled (x0.9675) to the methanol monomer OH stretching frequency.
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Discussion on the trimer band:

The excess of DBF in the expansion hints at a trimer origin of the band at 3594 cm™ composed of one
methanol and two DBF molecules. This is further supported by the fact that the binding energy for a
DBF homodimer is predicted to be larger (38.9 kJ/mol) than for the heterodimer (20.1 kl/mol)
(computed at B3LYP-D3(BJ, abc)/def2-TZVP level using ORCA 4.0 including zero point vibrational
energy). Furthermore, the binding for methanol to a DBF dimer (28.4 kJ/mol) is also predicted to be
stronger than to a single DBF molecule. Since the red-shift seems large for a cluster containing only
one hydrogen bond, some trial structures have been computed at B3LYP-D3(BJ, abc)/def2-TZVP level
using ORCA 4.0 (cf. Table S7). Interestingly, an oxygen-bound isomer is favored by 2.0 kJ/mol over
the combination of the preferred DBF dimer® and DBF-MeOH (n-bound) geometries. The predicted
spectral shift (see Fig. S7) is in good agreement, thus the band is tentatively assigned to this oxygen-
bound structure, although the predicted shift for the n-bound isomer would also be in agreement.

The assignment to an oxygen-bound cluster is supported by the slightly larger red-shift in the
spectrum of DBF-MeOD (see upper panel of Figure S7), when arranging the spectra such that the
monomer bands are aligned after stretching the OD region by V2. It is a signature of larger
anharmonicity than in free methanol, which has been observed before for methylated furans.” The
oxygen-bound dimers similarly showed this larger red-shift, while m-bound clusters were slightly less
red-shifted.

Table S8: Trial structures for (DBF),—MeOH calculated at B3LYP-D3(BJ, abc)/def2-TZVP level using ORCA 4.0 up
to a relative energy of 5 klJ/mol. Relative energies and OH stretching frequencies (scaled to methanol

monomer) are also given.
”u 9~¢- O
_/‘ / (o]6)

O >
e} o Q O o O ~
O O -:; g‘? ‘- -t; t;? :D-
AE/ k) mol™ 0 2.8 2.8 3.3
AEy/ k) mol™ 0 2.0 2.3 2.6
won/ cm™ 3709 3736 3739 3745
Woy (x0.9675) / cm™ 3588 3614 3618 3623
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Table S9: Rotational transitions linelist of DBF-MeOH OH:--t6 complex from XIAM.
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Iz K’ K/ Iz K,” K. State v (MHz) Av (MHz)
3 0 3 <« 2 1 2 A 2041.3308 -0.0006
3 0 3 <« 2 1 2 E 2041.5279 -0.0012
2 1 2 <« 1 0 1 E 2239.8818 0.0085
2 1 2 <« 1 0 1 A 2240.1024 0.0057
3 1 3 <« 2 1 2 A 2537.7476 0.0017
3 1 3 <« 2 1 2 E 2537.8479 0.0011
3 0 3 <« 2 0 2 A 2568.2214 -0.0011
3 2 2 <« 2 2 1 A 2570.7421 0.0030
3 2 2 <« 2 2 1 E 2571.8466 0.0047
3 2 1 <« 2 2 0 E 2572.1638 0.0022
3 2 1 <« 2 2 0 A 2573.2776 0.0041
3 1 2 <« 2 1 1 E 2602.8606 0.0002
3 1 2 <« 2 1 1 A 2602.9667 0.0017
4 0 4 <« 3 1 3 A 2924.9454 0.0029
4 0 4 <« 3 1 3 E 2925.0219 0.0020
3 1 3 <« 2 0 2 E 3064.5266 0.0015
3 1 3 <« 2 0 2 A 3064.6379 0.0010
4 1 4 <« 3 1 3 A 3382.9531 0.0123
4 0 4 <« 3 0 3 A 3421.3491 -0.0079
4 2 3 <« 3 2 2 A 3427.1553 0.0038
4 2 3 <« 3 2 2 E 3429.0703 0.0007
4 2 2 <« 3 2 1 E 3431.5346 0.0009
4 2 2 <« 3 2 1 A 3433.4672 0.0032
4 1 3 <« 3 1 2 A 3469.8319 -0.0137
4 1 4 <« 3 0 3 A 3879.3570 0.0018
5 1 5 <« 4 1 4 A 4227.5473 -0.0049
5 1 5 <« 4 1 4 E 4227.5874 0.0099
5 2 4 <« 4 2 3 A 4283.1277 -0.0075
5 2 4 <« 4 2 3 E 4284.8867 0.0013
5 4 2 <« 4 4 1 A 4285.8723 0.0013
5 4 1 <« 4 4 0 A 4285.8723 -0.0001
5 3 3 <« 4 3 2 A 4286.5790 0.0069
5 3 3 <« 4 3 2 E 4286.6902 0.0019
5 3 2 <« 4 3 1 E 4286.6902 0.0080
5 3 2 <« 4 3 1 A 4286.8189 0.0038
5 2 3 <« 4 2 2 E 4293.9003 0.0023
5 2 3 <« 4 2 2 A 4295.6611 -0.0024
5 1 4 <« 4 1 3 A 4336.0151 -0.0120
5 1 5 <« 4 0 4 A 4685.5463 -0.0042
6 0 6 <« 5 1 5 A 4706.3303 -0.0098
6 1 6 <« 5 1 5 A 5071.4586 -0.0166
6 0 6 <« 5 0 5 A 5119.8233 -0.0200
6 2 5 <« 5 2 4 A 5138.5862 0.0022
6 2 5 <« 5 2 4 E 5139.5819 0.0013
6 4 3 <« 5 4 2 A 5143.4957 0.0032
6 3 4 <« 5 3 3 A 5144.5735 0.0043
6 3 4 <« 5 3 3 E 5144.8829 0.0028
6 3 3 <« 5 3 2 E 5144.8829 -0.0020
6 3 3 <« 5 3 2 A 5145.2136 -0.0023
6 2 4 <« 5 2 3 E 5159.1999 0.0030
6 2 4 <« 5 2 3 A 5160.2157 0.0036
6 1 6 <« 5 0 5 A 5484.9764 -0.0019
6 1 6 <« 5 0 5 A 5484.9781 -0.0002
6 1 6 <« 5 0 5 E 5485.0166 0.0026
6 1 6 <« 5 0 5 E 5485.0166 0.0026
8 1 7 <« 7 2 6 A 5547.2191 0.0001
7 0 7 <« 6 1 6 E 5599.2608 0.0123
7 0 7 <« 6 1 6 A 5599.3533 0.0055
7 0 7 <« 6 0 6 A 5964.4683 -0.0145

12

Page 30 of 36



Page 31 of 36

Physical Chemistry Chemical Physics

7 2 6 <& 6 2 5 A 5993.3913 -0.0019
7 2 6 & 6 2 5 E 5993.8831 -0.0025
7 5 3 & 6 5 2 A 6000.3684 0.0002
7 5 2 <& 6 5 1 A 6000.3684 0.0001
7 4 4 <& 6 4 3 A 6001.3669 0.0120
7 4 3 & 6 4 2 A 6001.3669 -0.0091
7 3 5 & 6 3 4 A 6002.8473 0.0065
7 3 5 <& 6 3 4 E 6003.5164 0.0073
7 3 4 & 6 3 3 E 6003.6062 0.0072
7 3 4 & 6 3 3 A 6004.3002 0.0092
7 2 5 <& 6 2 4 E 6026.7331 -0.0122
7 2 5 <& 6 2 4 A 6027.2522 -0.0076
7 1 6 & 6 1 5 E 6065.3505 -0.0037
7 1 6 < 6 1 5 A 6065.3910 0.0062
7 1 7 <& 6 0 6 A 6279.7669 0.0019
7 1 7 & 6 0 6 E 6279.8494 -0.0060
8 0 8 & 7 1 7 E 6490.5101 0.0047
8 0 8 <& 7 1 7 A 6490.6830 0.0044
8 0 8 <& 7 0 7 A 6805.9472 -0.0135
8 2 7 & 7 2 6 A 6847.4470 -0.0134
8 2 7 <& 7 2 6 E 6847.6942 -0.0148
8 5 4 <& 7 5 3 A 6858.0612 -0.0024
8 5 3 & 7 5 2 A 6858.0612 -0.0029
8 4 5 & 7 4 4 A 6859.5005 0.0065
8 3 6 <& 7 3 5 A 6861.3547 -0.0021
8 3 6 & 7 3 5 E 6862.5448 -0.0054
8 3 5 & 7 3 4 E 6863.0148 -0.0059
8 3 5 <& 7 3 4 A 6864.2469 0.0052
8 1 7 <& 7 1 6 E 6927.9849 -0.0086
8 1 7 & 7 1 6 A 6928.0333 0.0056
8 1 8 < 7 0 7 A 7072.2542 0.0076
8 1 8 & 7 0 7 E 7072.4161 0.0055
9 0 9 & 8 1 8 E 7377.9949 0.0035
9 0 9 & 8 1 8 A 7378.2857 0.0162
9 0 9 <& 8 0 8 E 7644.4781 -0.0105
9 0 9 <& 8 0 8 A 7644.5559 0.0005
9 5 5 & 8 5 4 A 7715.9536 -0.0056
9 3 7 <& 8 3 6 A 7720.0643 0.0058
9 3 7 & 8 3 6 E 7721.7923 -0.0011
9 3 6 & 8 3 5 E 7723.5333 -0.0064
9 3 6 & 8 3 5 A 7725.3054 -0.0006
9 2 7 <& 8 2 6 E 7767.9552 -0.0048
9 2 7 <& 8 2 6 A 7768.1192 -0.0012
9 1 8 < 8 1 7 E 7788.8655 0.0062
9 1 8 <& 8 1 7 A 7788.9064 0.0086
9 1 9 <& 8 0 8 A 7864.7449 0.0041
9 0 9 & 8 0 8 E 7865.0170 0.0066
RMS 7.1 kHz
Table S10: Rotational transitions linelist of DBF-MeOH OH-Ot complex from AABS program.
y K, K. IE K.” K.” v (MHz) Av (MHz)
3 1 2 & 2 2 1 2036.5750 -0.0065
5 1 4 & 5 0 5 2042.1248 -0.0036
6 4 2 <& 6 3 3 2068.9032 -0.0012
4 2 2 & 3 3 1 2261.7426 -0.0103
7 2 5 & 7 1 6 2280.3006 0.0167
5 2 4 <& 5 1 5 2284.2879 -0.0124
3 0 3 <& 2 1 2 2360.7474 -0.0102
6 3 4 & 6 2 5 2380.4250 0.0034
4 4 0 & 4 3 1 2396.0850 0.0076
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2454.0398
2468.5181
2527.9528
2550.0674
2618.4752
2630.9257
2656.7226
2737.5694
2802.0038
2847.1346
2923.3241
2996.4106
2997.6189
3058.8104
3103.6659
3115.0674
3116.2074
3124.0220
3126.5646
3139.1615
3153.6531
3170.6431
3193.9238
3221.8316
3321.3985
3355.4174
3459.8290
3517.5503
3529.2117
3552.5604
3702.0100
3717.5380
3722.1126
3756.4081
3757.5199
3794.4478
3807.4408
3836.9007
3839.2116
3983.3728
4000.3837
4025.5725
4034.8031
4143.7136
4204.2242
4226.5710
4328.7999
4474.2205
4519.3640
4528.3666
4541.7773
4542.1655
4672.2464
4744.5189
4749.7274
4754.6872
4768.4974
4848.3074
5083.9128
5092.0275
5108.3521
5113.1906

0.0047
0.0010
0.0049
-0.0050
-0.0066
0.0038
0.0167
-0.0079
-0.0005
-0.0048
-0.0109
-0.0030
-0.0008
-0.0025
0.0006
0.0011
0.0116
0.0066
0.0076
0.0057
0.0130
-0.0079
-0.0001
-0.0085
0.0053
0.0094
-0.0049
-0.0058
0.0078
-0.0059
-0.0143
-0.0111
-0.0105
0.0035
0.0049
-0.0058
-0.0036
0.0027
0.0040
-0.0040
-0.0051
-0.0029
0.0016
-0.0007
-0.0029
0.0041
-0.0030
0.0023
0.0107
0.0025
-0.0027
0.0038
0.0092
-0.0058
0.0005
-0.0103
0.0019
-0.0037
0.0043
0.0095
0.0178
-0.0106
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4 3 2 & 3 2 1 5284.8212 0.0019
6 2 5 < 5 1 4 5463.9502 0.0058
4 3 2 < 3 2 2 5488.6585 0.0010
7 0 7 & 6 1 6 5506.0484 0.0075
7 1 7 & 6 0 6 5512.4608 -0.0072
4 3 1 & 3 2 2 5548.0927 -0.0021
4 2 2 < 3 1 3 5631.1600 0.0009
5 2 3 & 4 1 3 5833.4365 0.0114
7 2 5 < 6 3 4 5838.9762 -0.0006
7 1 6 &< 6 2 5 5939.1183 0.0037
5 3 3 & 4 2 2 5991.1706 0.0029
3 3 0 & 2 0 2 6009.3422 0.0035
5 1 4 & 4 0 4 6062.9835 -0.0080
4 4 1 & 3 3 0 6113.9166 -0.0072
4 4 0 & 3 3 0 6115.4001 -0.0034
7 2 6 & 6 1 5 6115.8206 -0.0057
4 4 1 < 3 3 1 6122.9302 -0.0044
4 4 0 & 3 3 1 6124.4105 -0.0039
5 3 2 & 4 2 2 6201.8801 0.0088
8 0 8 < 7 1 7 6258.4847 -0.0037
8 1 8 & 7 0 7 6260.5988 0.0029
5 2 4 & 4 1 4 6281.6051 -0.0104
5 3 3 & 4 2 3 6509.1405 0.0149
6 3 4 & 5 2 3 6603.1407 -0.0010
5 3 2 & 4 2 3 6719.8327 0.0035
8 1 7 & 7 2 6 6738.6740 0.0013
14 1 13 < 14 0 14 6780.9042 0.0072
8 2 7 & 7 1 6 6812.0827 0.0146
5 4 2 & 4 3 1 6993.0999 -0.0006
5 4 1 & 4 3 1 7005.9149 -0.0035
9 0 9 &< 8 1 8 7009.5581 -0.0019
9 1 9 & 8 0 8 7010.2320 0.0024
6 2 4 < 5 1 4 7037.6599 0.0114
5 4 2 < 4 3 2 7052.5398 0.0017
5 4 1 & 4 3 2 7065.3586 0.0026
6 3 3 & 5 2 3 7121.9115 0.0034
7 3 5 & 6 2 4 7151.9024 -0.0007
5 2 3 & 4 1 4 7266.7192 -0.0102
6 1 5 & 5 0 5 7382.1427 -0.0043
6 2 5 < 5 1 5 7492.1286 -0.0058
9 1 8 < 8 2 7 7509.4604 0.0034
9 2 8 & 8 1 7 7537.6288 -0.0141
6 3 4 & 5 2 4 7588.2503 -0.0054
8 3 6 < 7 2 5 7685.4113 -0.0130
5 5 1 & 4 4 0 7736.1861 0.0071
5 5 1 & 4 4 1 7737.6601 0.0013
5 5 0 & 4 4 1 7737.8816 0.0037
10 0 10 & 9 1 9 7760.1554 -0.0073
10 1 10 & 9 0 9 7760.3657 -0.0046
6 4 3 & 5 3 2 7796.1970 -0.0018
6 4 2 & 5 3 2 7855.9270 0.0051
RMS 7.0 kHz
Table S11: Rotational transitions linelist of DBF-t-BuOH OH-nt6 complex from AABS program.
g K, K. IE K.” K.” v (MHz) Av (MHz)
4 1 4 & 3 1 3 2283.3480 0.0000
4 0 4 & 3 0 3 2313.7664 0.0038
3 1 2 & 2 0 2 2319.7089 0.0041
3 2 1 < 2 1 1 2459.7884 0.0097
4 2 3 & 3 2 2 2466.0297 -0.0068
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2522.8599
2549.2883
2585.6877
2636.7963
2645.7018
2810.3783
2831.2858
2845.2522
2868.5382
2873.2419
2892.7650
2897.4707
2901.1013
3053.1668
3127.0916
3127.4743
3152.8452
3160.0613
3162.2143
3165.8334
3175.5720
3232.7519
3308.7229
3335.2832
3374.3304
3379.8494
3441.7534
3472.8837
3551.6361
3624.9124
3625.2590
3701.6945
3772.2361
3790.6386
3791.6756
3803.1746
3827.1459
3850.5074
3852.9951
3907.8751
3908.6280
3912.5769
3913.9587
3914.9743
3916.9792
3918.0020
3936.9436
3948.9403
3963.5507
3975.5494
4068.8275
4073.9215
4150.5917
4183.4240
4225.8955
4238.4530
4376.3495
4421.3276
4436.7796
4442.2589
4444.3672
4454.6088

0.0031
0.0118
-0.0056
-0.0055
0.0042
0.0086
0.0009
-0.0006
0.0080
0.0083
0.0053
0.0076
0.0028
-0.0010
0.0003
0.0075
-0.0021
-0.0038
-0.0015
-0.0004
-0.0039
0.0006
-0.0037
0.0108
0.0019
-0.0049
0.0045
0.0117
-0.0036
-0.0021
0.0030
-0.0010
-0.0113
0.0117
-0.0003
-0.0039
-0.0080
0.0072
0.0077
-0.0119
-0.0103
-0.0134
0.0105
0.0033
0.0032
0.0032
-0.0002
0.0006
0.0137
0.0047
0.0061
-0.0052
-0.0110
-0.0015
0.0043
0.0024
0.0000
0.0124
-0.0043
0.0020
-0.0039
0.0070
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4455.2982
4512.8208
4513.4902
4525.1891
4546.2972
4549.7917
4610.6025
4635.2330
4697.0456
4732.5120
4752.2307
4765.3309
4831.9854
4848.7156
4898.7264
4957.5336
4963.0392
4993.8637
4994.0894
5065.5943
5066.6549
5077.3877
5086.5702
5089.0895
5097.7230
5106.6587
5119.5863
5226.2393
5230.6181
5276.0462
5284.2261
5302.7248
5383.3242
5385.3239
5481.8347
5528.5815
5533.1641
5596.5232
5619.2787
5635.4114
5635.4114
5663.1132
5678.0264
5696.1301
5696.3718
5700.9137
5707.8230
5708.9513
5716.3914
5721.0775
5736.3507
5793.1528
5816.7832
5819.9356
5821.7070
5872.2506
5879.6969
5925.3676
6135.6323
6139.7582
6287.1461
6297.5738

0.0079
0.0009
-0.0005
-0.0065
-0.0050
-0.0069
0.0076
0.0072
0.0070
-0.0070
-0.0005
-0.0109
-0.0018
-0.0093
0.0042
0.0034
-0.0063
0.0113
0.0093
-0.0011
-0.0073
-0.0048
-0.0022
-0.0134
0.0026
0.0031
-0.0119
0.0055
-0.0071
0.0036
0.0033
-0.0001
-0.0004
0.0010
0.0040
0.0010
-0.0045
-0.0070
-0.0047
0.0095
0.0095
0.0046
0.0022
-0.0150
-0.0124
-0.0028
0.0038
-0.0137
0.0085
0.0108
-0.0026
0.0132
0.0048
0.0015
-0.0018
-0.0030
0.0039
-0.0076
-0.0135
0.0107
-0.0071
-0.0095
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10 7 4 & 9 7 3 6343.2052 0.0039
10 7 3 <« 9 7 2 6344.1532 -0.0010
8 2 6 <« 7 1 6 6353.6508 -0.0090
11 2 10 & 10 2 9 6356.3160 0.0054
11 1 10 <« 10 1 9 6357.4724 0.0048
10 6 5 <« 9 6 4 6371.3799 0.0031
10 5 6 <« 9 5 5 6380.4891 0.0069
6 4 3 & 5 2 4 6385.4173 0.0046
10 6 4 <« 9 6 3 6387.4343 0.0045
7 4 3 <« 6 2 4 6444.2501 0.0059
8 3 6 & 7 2 6 6488.5764 -0.0086
8 1 7 & 7 0 7 6513.2748 -0.0046
8 4 5 ¢« 7 3 5 6573.2992 0.0024
7 6 1 & 6 5 2 6595.3247 0.0052
11 3 9 & 10 3 8 6637.7589 0.0121
10 4 6 <« 9 4 5 6642.4514 0.0133
11 2 9 <« 10 2 8 6658.9429 -0.0074
11 4 8 & 10 4 7 6880.1759 -0.0030
9 4 5 & 8 3 5 6930.4496 0.0089
9 3 6 ¢« 8 2 6 6967.3951 -0.0071
11 7 5 <« 10 7 4 6997.7250 0.0094
11 7 4 & 10 7 3 7001.5043 0.0003
11 6 6 <« 10 6 5 7027.8720 -0.0018
8 4 4 <« 7 2 5 7124.1779 0.0022
12 3 10 & 11 3 9 7180.3324 -0.0074
12 2 10 <« 11 2 9 7189.3389 -0.0068
7 4 4 <« 6 2 5 7204.8523 -0.0169
9 2 7 & 8 1 7 7220.6986 -0.0134
9 4 6 & 8 3 6 7306.6298 -0.0056
9 1 8 <« 8 0 8 7342.1979 -0.0140
9 2 8 <« 8 1 8 7346.8004 -0.0078
10 4 6 & 9 3 6 7647.5116 0.0080
10 3 7 & 9 2 7 7844.4567 0.0115
RMS 7.1 kHz

References

1 H. Sasaki, S. Daicho, Y. Yamada, Y. Nibu, J. Phys. Chem. A, 2013, 117, 3183—-3189.

2 J. Altnoder, A. Bouchet, J. J. Lee, K. E. Otto, M. A. Suhm, A. Zehnacker-Rentien, Phys. Chem. Chem.
Phys., 2013, 15, 10167-10180.

3 J. Altndder, S. Oswald, M. A. Suhm, J. Phys. Chem. A, 2014, 118, 3266—3279.

4 A. Poblotzki, J. Altnéder, M. A. Suhm, Phys. Chem. Chem. Phys., 2016, 18, 27265-27271.

5 H.C. Gottschalk, J. Altnéder, M. Heger, M. A. Suhm, Angew. Chem. Int. Ed., 2016, 55, 1921-1924.

6 M. Fatima, A. L. Steber, A. Poblotzki, C. Pérez, S. Zinn, M. Schnell, Angew. Chem., 2019, 131,

3140-3145.

7 H.C. Gottschalk, A. Poblotzki, M. A. Suhm, M. M. Al-Mogren, J. Antony, A. A. Auer, L. Baptista, D.
M. Benoit, G. Bistoni, F. Bohle, R. Dahmani, D. Firaha, S. Grimme, A. Hansen, M. E. Harding, M.
Hochlaf, C. Holzer, G. Jansen, W. Klopper, W. A. Kopp, L. C. Kroger, K. Leonhard, H. Mouhib, F.
Neese, M. N. Pereira, I. S. Ulusoy, A. Wuttke, R. A. Mata, J. Chem. Phys., 2018, 148, 14301.

18



