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The specific far-infrared spectral signatures associated with highly localized large-amplitude out-of-plane
librational motion of water molecules have recently been demonstrated to provide sensitive spectroscopic
probes for the micro-solvation of organic molecules [Mihrin et al. Phys. Chem. Chem. Phys. 21,1717 (2019)].
The present work employs this direct far-infrared spectroscopic approach to investigate the non-covalent
intermolecular forces involved in the micro-solvation of a selection of seven ether molecules with systematically
varied alkyl substituents: dimethyl ether, diethyl ether, diisopropyl ether, ethyl methyl ether, ¢-butyl methyl
ether and t-butyl ethyl ether. The ranking of the observed out-of-plane water librational band signatures
for this selected series of ether—water complexes embedded in inert neon matrices at 4 K reveals information
about the interplay of directional intermolecular hydrogen bond motifs and non-directional and long-range
dispersion interactions for the micro-solvated structures. These far-infrared observables differentiate minor
subtle effects introduced by specific alkyl substituents and serve as rigorous experimental benchmarks for
modern quantum chemical methodologies of various levels of scalability, which often fail to accurately predict
the structural variations and corresponding vibrational signatures of the closely related systems. The accurate
interaction energies of the series of ether—water complexes have been predicted by the local coupled-cluster
approach DLPNO-CCSD(T) followed by a local energy decomposition analysis of the energy components. In
some cases the secondary dispersion forces is in direct competition with the primary intermolecular hydrogen

bonds as witnessed by the specific out-of-plane librational signatures.

I. INTRODUCTION

The large-amplitude out-of-plane hindered rotational
motion of individual water molecules introduced upon
complexation has proven enormously important for the
unique hydrogen bond network rearrangement dynam-
ics in liquid water'? and even in the smallest of the
water clusters®7. The associated vibrational fundamen-
tal transitions occurring in the experimentally challeng-
ing far-infrared spectral region is the most prominent
spectroscopic manifestation of hydrogen-bonded water
molecules. The distinct far-infrared spectroscopic ob-
servables associated with this highly localized out-of-
plane librational motion of individual water molecules
have recently been shown to provide very sensitive spec-
troscopic probes for the hydrogen bond acceptor capa-
bilities of importance for micro-solvation processes of al-
cohol molecules®® and several other classes of organic
molecules®. The intermolecular out-of-plane librational
motion of the first solvating water molecule causes a
significant change of dipole moment and gives rise to a
strong characteristic far-infrared band correlated quanti-
tatively with the complexation energy. The conventional
relationship between the complexation energies and spec-
tral red-shifts of the intramolecular OH stretching bands
relative to the free water molecule observed in the mid-
infrared region is less well defined for hydrated systems
owing to the more effective decoupling of the two OH
stretching modes of water as the intermolecular hydro-

gen bonds become stronger.

In the present work, this far-infrared cluster spec-
troscopy approach supported by theoretical interaction
energy decomposition methodologies has been employed
to explore the effect of specific alkyl substituent compo-
sition on the intermolecular forces involved in the micro-
solvation processes for a variety of aliphatic ethers. The
+I inductive effect is one of the fundamental forces
in which molecular surroundings influence the hydro-
gen bond donor-acceptor capability of a molecule, which
in turn govern macroscopic phenomena as solvation
processes'®. In the case of non-linear molecular com-
plexes, the dispersion interactions with bulky alkyl sub-
stituents are furthermore expected to compete with the
intermolecular hydrogen bonds and affect the overall sta-
bilities of the molecular complexes'!'!2. Quantum chem-
ical methodologies in general struggle to provide quan-
titative descriptions of this interplay between different
classes of non-covalent interactions, which are all crit-
ically important in both the energy, materials and life
sciences. Rigorous experimental benchmarking of such
intermolecular energy balances are thus crucial both for
the validation and future development of modern theo-
retical methods.

Aliphatic ethers are excellent model systems for the
classical intermolecular O-H---O hydrogen bonding type.
These compounds have the R-O-R’ motifs, resulting in
higher sensitivity to the inductive effect compared to e.g.
ketones. The selected sample set expands upon previ-
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ously acquired experimental data sets on various alcohol-
water complexes and is still within reach for accurate
quantum chemical approaches. As the structurally re-
lated ether—water complexes have two alkyl groups sub-
stituted to the O atoms of the hydrogen bond acceptor
motifs instead of one, the joint investigation of symmetric
and asymmetric ether molecules with the same number of
electrons, e.g. diethyl ether and methyl propyl ether, may
shed further light on the competition between the differ-
ent intermolecular forces. The experimental data sets on
ether—water mixtures are of value themselves, as many
of the ethers addressed in the present investigation are
widely used in industry!'® and are useful in many appli-
cations such as organic synthesis'®, extraction of natural
compounds, oil production'®, etc.

Il. METHODOLOGIES
A. Experimental Details

The diethyl (DEE), diisopropyl (DIPE), tert-butyl
methyl (TBME), tert-butyl ethyl (TBEE), and propyl
methyl (PME) ethers of HPLC grade (799.9%, inhibitor-
free) were purchased from Sigma-Aldrich. Several millil-
itres of the liquid were sampled into a glass vial fitted
with a PTFE stopcock containing activated molecular
sieves 4A. The samples were all degassed under vacuum
at about -50°C to remove the dissolved air and minor
traces of COs.

The dimethyl ether (DME) gas (99.9%, Sigma Aldrich)
was transferred from a lecture bottle into a glass vol-
ume and further distilled from traces of air by a series of
LNy freeze-pump-thaw cycles. For sample preparation,
DME was nitrogen-cooled and transferred at the subli-
mation pressure. Ethyl methyl ether (EME) was pre-
pared in house according to the Williamson method!6:17
from ethyl bromide and a sodium methoxide solution in
methanol, with the product vacuum distilled in a LNy
trap. The water samples were prepared by placing a few
millilitres of Milli-Q grade water in a glass vial fitted with
a vacuum valve and degassing under vacuum.

The setup for far-infrared matrix isolation spec-
troscopy consists of an immersion helium cryostat in con-
junction with a Bruker IFS 120 HR FTIR spectrometer.
The cryostat contains a rotatable vacuum shroud with
positions for a Csl window and a gate valve for the inlet
system. The inert gas matrix was obtained by simultane-
ous deposition of neon gas (99.999%, Air Liquide) with
the sample vapour through separate inlet tubes onto a
gold plated oxygen-free high thermal conductivity copper
mirror at 3 K. The experimental sensitivity was increased
by means of a specially designed dual-pass optical ar-
rangement guiding the focused probe beam onto and back
from the cold copper mirror of the cryostat and has pre-
viously been employed for investigations of weakly bound
molecular complexes'® 29, The neon was supplied via a
MKS mass flow controller at 8 sccm flow rate, passing a

LNs-cooled spiral, depositing approximately 20 mmol of
host gas per hour. The sample gas was supplied through
a small-flow needle valve from a 5 litre glass volume.
For all the matrix isolation experiments, the volume was
filled with approximately 2 mbar of the respective ether
sample and approximately 0.5 mbar of water vapor un-
less stated otherwise. The setup provided spectra in the
mid-infrared range (650-4000 cm™, spectral resolution of
1.0 cm™) employing the combination of a water-cooled
globar light source, Ge on KBr beam splitter and a semi-
conductor HgCdTe detector, as well as the far-infrared
range (150-650 cm™) employing the source together with
a 6 pum multilayer Mylar beam splitter and a liquid he-
lium cooled Si-bolometer.

A complementary setup was used to acquire mid-
infrared spectra down to 400 cm™ for some of the systems
without the consumption of liquid helium. This setup is
based around a closed-cycle Advanced Research Systems
(ARS) Cryo DE-204 4 K cryostat with a CsI cold win-
dow for measurements in transmission mode. The inlet
system designed for this cryostat is analogous to the sys-
tem described above. The mid-infrared spectra of doped
neon matrices obtained with this setup were recorded
by a Bruker Vertex 80V spectrometer, equipped with a
broadband MCT detector, Ge on KBr beam splitter and
an air-cooled globar source.

Following the acquisition of the initial spectra of the
neon matrices (denoted pre-annealing spectra), the ma-
trices were annealed by raising the temperature to 8.5 K
for 10 minutes using a resistive heater and a Si-diode tem-
perature sensor attached to the sample holder. As the
cryogenic neon host medium is heated gently, the light
water molecules diffuse in this softer environment and
enable the micro-solvation of ether molecules in neigh-
boring matrix cages. At the end of annealing, the ma-
trices were all allowed to cool before the post-annealing
sample spectra were recorded. The background spectra
were collected for the evacuated cryostats with the clean
sample mirror/window in the same optical arrangements
at room temperature.

B. Computational Details

The quantum chemical calculations were performed us-
ing the ORCA (v.4.1)?1. Potential energy minima struc-
tures and corresponding harmonic vibrational frequen-
cies of the ether-water molecular complexes and their
constituting fragments were calculated using the MP222
method with an aug-cc-pVQZ?® (AVQZ) basis set. The
resolution of the identity approximation was used for
the MP2 and SCF integrals together with the numeri-
cal “chain-of-spheres X”?425 approximation and appro-
priate fitting basis sets?62? for both the energy and gra-
dients. Partial atomic charges were calculated with the
CHELPG method?® using COSMO?! radii.

The electronic dissociation energies (D,) of the com-
plexes were obtained by performing the domain based lo-
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cal pair natural orbital coupled cluster method (DLPNO-
CCSD(T))32:33 single point calculations, with the aug-cc-
pV5Z basis set and the RI-JK approximation, on the re-
spective MP2 geometries. The cut-offs were set using the
TightPNO keyword3*. The zero-point energy corrected
dissociation energies (Dg) of the binary complexes were
calculated as the sum of the DLPNO-CCSD(T) electronic
dissociation energies and the respective harmonic AZPE
values from the MP2 calculations. The interaction ener-
gies of the complexes were analysed with the DLPNO-
based local energy decomposition (LED) scheme. This
procedure is described in details in the literature3®36,

I1l. EXPERIMENTAL RESULTS

The following sub-sections contain detailed analyses of
the experimental far-infrared spectra collected for the se-
lection of ether-water systems. The complete list of band
assignments for the investigated systems are given in Ta-
ble I together with corresponding calculated structural
parameters and harmonic vibrational frequencies.

A. Diethyl Ether (DEE) - Water
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FIG. 1. The far-infrared absorption spectra collected before
(blue trace) and after annealing to 9 K (red trace) for a mix-
ture of DEE and water (mixing ratio of 4:1:600) and refer-
ence spectra of DEE (black trace) and water (orange trace)
all embedded in solid neon. The green trace indicates the dif-
ference between the pre- and post-annealing spectra and the
proposed assignments of the out-of-plane voop and in-plane
vip librational bands for both the DEE-H2O complex (the
two different conformations are labelled I, IT) and the water
dimer are indicated together with band assignments for the
DEE monomer conformations denoted DEE¢, and DEE.

Fig. 1 shows the far-infrared absorption spectra
(200650 cm™) collected for cryogenic neon matrices

doped with pure water (Hy0:Ne) = (1:600), pure di-
ethyl ether (DEE:Ne) = (1:600) and mixtures of water
and diethyl ether (H2O:DEE:Ne) = (1:4:600) at 4 K.
The far-infrared spectrum collected for DEE embedded
in neon alone reveals a series of distinct bands at 202, 245,
252, 315, 378, 436, 441 and 502 cm™'. These bands have
all previously been assigned to fundamental transitions
associated with intramolecular skeleton bending motion
(202 cm™), large-amplitude C-CHjs torsional motion (245
and 252 cm™), skeleton deformation motion (378 and
502 cm™!), anti-phase CCO bending motion (436 cm™)
and COC bending motion (441 cm™) for two energeti-
cally close trans-trans (denoted DEEy;) and trans-gauche
(denoted denoted DEE,;) conformations of DEE. The
detailed vibrational assignments including the torsional-
vibrational anharmonic coupling of modes for these DEE
conformations are beyond the scope of the present con-
tribution and we refer to the scientific literature for ad-
ditional information®73®. The far-infrared spectrum of
pure water embedded in neon alone reveals several bands
previously assigned to water dimer and water trimer.
The chosen HyO:Ne mixing ratio favours mostly dimer
formation and, to a lesser extent, trimer formation. The
band observed at 309 cm™ is associated with the donor
in-phase librational mode (c-type librational motion) of
water dimer, whereas the band at 522 ecm™ is associated
with the highly localized out-of-plane librational mode
of water dimer3®. The series bands observed from 450
to 350 cm™! and the band at 280 cm™ in the reference
spectrum of pure water in neon have all previously been
assigned to vibrational fundamentals associated to libra-
tional motion of the cyclic water trimer?%4!. These bands
vanish completely in the spectrum collected when both
DEE and water are co-deposited in neon due to the effec-
tive quenching of water trimer formation with 4:1 excess
of DEE in the matrix relative to water.

For the neon matrices doped simultaneously with water
and DEE, several new bands appear in the far-infrared
spectrum in close vicinity to the donor OH librational
bands of water dimer. Two overlapped but still distinct
bands are observed at 559.7 cm™' and 542.7 cm™! and
thereby with significantly higher band origins than the
large-amplitude intermolecular out-of-plane librational
band of water dimer (522 cm™). At the same time, a new
broad band with less apparent sub-band structure is ob-
served around 310 cm™ and thereby strongly overlapped
both with the transitions assigned to the large-amplitude
intermolecular in-phase c-type libration of water dimer
(309 ecm™!) and the intramolecular CCO bending mode
of DEE at 315 cm™. In addition, a fourth new band
is observed at 259 cm™ and slightly blue-shifted relative
to the free C-CHjs torsional band of DEE; assigned at
252 cm™. The new bands all gain significant intensity
upon annealing up to 9 K and are for that reason assigned
to mixed molecular complexes of DEE and water. The
annealing procedure promotes the diffusion of the light
water molecules in the soft neon environment above 7 K,
favouring the formation of complexes®®. The two dis-
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tinct bands at 559.7 cm™ and 542.7 cm™! are straightfor-
wardly assigned to transitions associated with the highly
localized out-of-plane librational modes of the 1:1 com-
plex of DEE and water. The improved hydrogen bond
acceptor capability of DEE strengthens the intermolec-
ular hydrogen bond between DEE and water relative to
the hydrogen bond in water dimer. The out-of-plane li-
brational band origins are expected to follow the trend
reported in our previous far-infrared investigations con-
cerned with hydrogen-bonded alcohol-water complexes®.
The observation of two distinct out-of-plane librational
bands clearly points at two different conformations of the
DEE-H50 complex with slightly different hydrogen bond
orientations. This is also supported by the annealing pro-
cedure indicating that the less stable conformation of the
complex with band origin at 542.7 cm™ is formed slower
than the more stable conformation with band origin at
559.7 cm™, compared to the pre-annealing ratio between
the two forms. The new broad band around 310 cm™!
and the band at 324 cm™ must then be assigned to the
in-phase c-type librational transitions expected for the
two conformations of the DEE-H;0O complex. The final
new band observed at 259 cm™ may then be assigned to
transitions associated with the slightly perturbed C-CHjg
torsional modes of the DEE-H5O complex picking up in-
frared intensity from the dipole moment change of the
hydrogen-bonded water molecule.

The annealing procedure further distinguishes features
associated with the trans-gauche isomer of DEE. The po-
sitions of the bands (502 and 376 cm™) are in agreement
with the literature, but the relative abundance of the
conformers is significantly shifted compared to estimates
at ambient temperature®®42, and annealing of the matrix
further induces relaxation of the remaining trans-gauche
DEE molecules into the trans-trans conformation. This
experimental evidence indicates that the two observed
conformations of the DEE complex with water differ in
the way of how water molecule is attached to DEE in the
trans-trans conformation, rather than due to different
conformations of the DEE fragment itself. The potential
energy minima structures of the different conformations
will be investigated computationally in section IV A.

B. Diisopropyl Ether (DIPE) - Water

Fig. 2 shows the far-infrared absorption spectra (200-
650 cm™!) collected for cryogenic neon matrices at 4 K
doped with pure water (HyO:Ne) = (1:600), pure di-
isopropyl ether (DIPE:Ne) =(1:600) and a mixture of
water and diisopropyl ether with a mixing ratio of
(H2O:DIPE:Ne) = (1:4:600).

The band associated with the low-frequency COC
bending mode is observed at 202 cm™ and the two bands
associated with the in-phase and out-of-phase CCC bend-
ing modes are located at 301 cm™ and 390 cm™ for the
DIPE monomer, respectively. The bands at 407 cm™
and 428 cm™ correspondingly are assigned to the COC
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FIG. 2. The far-infrared absorption spectrum collected be-
fore (blue trace) and after annealing (red trace) of a mix-
ture of DIPE and water embedded in neon with mixing ratio
of 4:1:600 and the corresponding reference spectra of pure
DIPE (black trace) and pure water (orange trace). The
green trace indicates the difference between the pre- and post-
annealing spectra and the proposed assignments of the out-
of-plane (voop) and the in-plane (vip) librational bands for
the DIPE-H,0 complex (the two different conformations are
labelled I, II) are indicated together with band assignments
for the DIPE monomer.

twisting and wagging modes of DIPE, the weak 488 cm™!
band is assigned to the COC bending mode and the band
at 510 cm™! is assigned to the CCCO umbrella mode of
DIPE. The band at 515 cm™! should likely be assigned to
the umbrella mode of a less stable DIPE conformation.
These observations in the solid neon environment are
in qualitative accordance with previous investigations of
both thin films*3, the liquid phase** and the gas phase*®.

The relevant v, band for the respective DIPE-H>0
complex is clearly observed at 559.6 cm™, nearly at the
same position as has been found for the similar DEE-H50O
complex, however, only one single slightly asymmet-
ric broad band is observed for the DIPE-H;O system.
At 320.7 cm™! an intense band with a shoulder around
313 em™! is observed. These bands are assigned to the in-
plane librational mode v;, of two different conformations
of the DIPE-H50 complex. Evidently, the structural dif-
ferences between the two conformations have a stronger
influence on this c-type water librational mode (the hin-
dered overall rotation of the water molecule) than the
highly localized vop, mode where only the donor H atom
is engaged. Upon annealing, the spectral subtraction be-
tween the post- and pre-annealing spectra shows a sub-
stantial growth of intensity of the 320.7 cm™' absorption
supporting that this transition should be assigned to the
in-plane librational mode of the most stable DIPE-H;O
conformation.
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FIG. 3. The far-infrared absorption spectra collected before
(blue trace) and after annealing (red trace) of a mixture of
EME and water embedded in solid neon with mixing ratio
of 3:1:600 together with a reference spectrum of water (or-
ange trace). The green trace indicates the difference between
the pre- and post-annealing spectra and the proposed assign-
ments of the out-of-plane (voop) and the in-plane (vip) libra-
tional bands for the EME-H20O molecular complex are indi-
cated together with band assignments for the EME monomer
conformations.

C. Ethyl Methyl Ether (EME) - Water

Fig. 3 shows the far-infrared spectra for the neon ma-
trices doped with pure water (HoO:Ne = 1:600) and a
mixture of ethyl methyl ether with water having a mixing
ratio of (EME:H30:Ne = 3:1:600). The bands observed
in the spectra at 213 and 256 cm™! should be assigned
to the two O-CHjs torsional modes, the bands at 296 and
471 em™! should be assigned to the in-phase and out-of-
phase hybrid CCO and COC bending modes of EME,
respectively?%47. The band at 511 cm™ has not previ-
ously been observed in the gas phase. Kitagawa et al.*%
have estimated the gauche conformation of EME to have
the bending band at 510 cm™. This band exhibits a
reversed annealing effect (less band intensity in the post-
annealing spectrum) in agreement with other monomer
bands in the spectrum, suggesting that it might poten-
tially be due to a combination of the 213 and 296 cm
bands.

The remaining observed bands are assigned to water
clusters and the mixed EME-H50O complex. The broader
structured band with an origin at ~313 ecm™ is assigned
to the in-plane librational mode v;, and finally the band
with maximum at 549.1 cm™ is assigned to the target
out-of-plane librational mode voo, of the complex. As
expected from the previously established trend among
homologous ether-water complexes, the band position is
lower than found for the DEE-H>O complex, indicating
a lower hydrogen bond acceptor capability of the EME
molecule relative to DEE. In contrast to the DEE-H,0O
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FIG. 4. The infrared absorption spectra collected before (blue
trace) and after annealing (red trace) of a mixture of PME
and water embedded in solid neon with mixing ratio of 4:1:600
together with a reference spectrum of PME (black trace) and
water (orange trace). The green trace indicates the differ-
ence between the pre- and post-annealing spectra and the
proposed assignments of the out-of-plane voop and in-plane
vip librational bands for the PME-H2O complex (the two dif-
ferent conformations are labelled I, II) are indicated together
with band assignments for the PME monomer conformations.

system, only a single conformation of this complex was
detected for this system.

D. Propyl Methyl Ether (PME) - Water

Fig. 4 shows the infrared spectra for neon matrices
doped with pure water (H2O:Ne = 1:600), a mixture
of propyl methyl ether with water having a mixing ra-
tio of (PME:H50:Ne = 4:1:600) and a spectrum of pure
PME (PME:Ne = 1:200). The observed bands with max-
ima at 509 and 516 cm™ are associated with the COC
bending/CHy rocking motion of the trans-gauche con-
formation. The bands at 434 and 412 cm™ band are
assigned to the COC and CCC bending modes of the
trans-trans conformation*®. The bands at 356 cm™ and
301 cm™! are associated with twisting modes of the trans-
gauche conformermation. The band at 233 cm™! is as-
sociated with CH3-O torsions of both conformers and
the weak absorption features at 208 cm™ and 197 cm™!
are associated with CHj3-C torsional (trans-gauche) and
skeletal deformation motions (trans-trans), respectively.

The out-of-plane librational band v4,p, of the most sta-
ble conformation of the PME-H>O complex is assigned
at 547.3 cm™!. This very distinct band has a repro-
ducible shoulder around 537.2 cm™ in the pre-annealing
spectrum, which is significantly reduced in intensity in
the post-annealing spectrum. The difference spectrum
clearly reveals the relaxation of the less stable conforma-
tion (intensity decrease of the 537.2 cm™ band) into the
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global potential energy minimum (intensity increase of
the 547.3 cm™ band). This trend is supported by the ob-
servations in the region of the in-plane librational motion
vip. A distinct band at 306 cm™! shows strong positive
annealing effect, matching this band with the 547.3 cm™
band of the global minimum conformation, whereas a
band around 287 cm™ decreases in intensity upon an-
nealing indicative of the local potential energy minima.
As all the detected out-of-plane librational bands vep
are located above 500 cm™, the remaining of the selected
ether-water systems are solely presented in the spectral

region down to 400 cm™.

E. tert-Butyl Methyl Ether (TBME) - Water
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FIG. 5. The infrared absorption spectra collected before (blue
trace) and after annealing (red trace) of a mixture of TBME
and water embedded in solid neon with mixing ratio of 4:1:600
together with a reference spectrum of TBME (black trace)
and water (orange trace). The green trace indicates the dif-
ference between the pre- and post-annealing spectra. The pro-
posed assignment of the out-of-plane (voop) librational band
for the TBME-H20 complex is indicated together with band
assignments for the TBME monomer. The band located near
580 cm™ is tentatively assigned to the ternary TBME-(H20)2
complex.

Fig. 5 shows the infrared spectra (400-800 cm™) for
the neon matrices doped with a mixture of tert-butyl
methyl ether with water (TBME:H50:Ne = 4:1:600),
pure water (HO:Ne = 1:600) and pure TBME (H;O:Ne
= 1:150). There is scarcity of information about the
vibrational spectrum of TBME below 700 cm™, how-
ever, our theoretical harmonic predictions as described
in section IV A are in excellent agreement with our ma-
trix experiment in the 300-700 cm™ spectral range. The
TBME monomer bands located at 414 cm™, 459 cm™
and 508 cm™! should be assigned to the tert-butyl sub-
stituent’s umbrella mode, COCC skeletal deformation
and the COC bending motion, respectively. The band

at 726 cm™ should be assigned to the tert-butyl breath-
ing motion?®. The far-infrared bands at 371 cm™ and
346 cm™ are assigned to the COC/CCC bending motion
and the CCCC asymmetric bending motion of the tert-
butyl group, respectively. The two broad bands related
to mixed complexes are present in the range of the spec-
trum where the out-of-plane librational band vep is ex-
pected for the respective binary system. These two bands
have been reproduced in experiments with several mixing
ratios (8:1:1200 to 1:1:300) but the bands exhibit differ-
ent relative annealing responses. These intensity changes
with annealing can be correlated with the two respective
bands in the OH-stretching range of the spectrum (not
shown), located at 3485 cm™ and 3505 cm™ correspond-
ing to the far-infrared bands at 557 cm™ and 587 cm™,
respectively. Based on the combined annealing observa-
tions in the far- and mid-infrared spectra, we tentatively
attribute the 587 cm™ band to a ternary TBME-(H20),
and the band at 557 cm™ to the target out-of-plane li-
brational mode vqop, of the binary TBME-HO system.

F. tert-Butyl Ethyl Ether (TBEE) - Water
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FIG. 6. The infrared absorption spectra collected before (blue
trace) and after annealing (red trace) of a mixture of TBME
and water embedded in solid neon with mixing ratio of 4:1:600
together with a reference spectrum of TBME (black trace)
and water (orange trace). The green trace indicates the dif-
ference between the pre- and post-annealing spectra. The pro-
posed assignment of the out-of-plane (voop) librational band
for the TBEE-H20O complex is indicated together with band
assignments for the TBEE monomer. The band located near
580 cm™ is tentatively assigned to a ternary TBEE:(H20),
complex.

Fig. 6 shows the infrared spectra (400-800 cm™!) for the
neon matrices doped with a mixture of tert-butyl methyl
ethe with water (TBEE:H30:Ne = 4:1:600), pure water
(H20:Ne = 1:600) and pure TBEE (HyO:Ne = 1:150).
The 448 cm™ and 457 cm™! bands should be assigned to
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out-of-plane deformation modes and the 511 cm™ band
is associated with to COC bending/tert-butyl umbrella
motion of TBEE monomer®. Located near 580 cm™,
only one structured band is observed in the range of the
expected range for the out-of-plane librational mode of
the TBEE-H50 complex. The band is broad and asym-
metric in the pre-annealing spectrum but the difference
spectrum after annealing reveals growth of a more or
less distinct band with maximum at 582.2 cm™!. Ad-
ditional experimental work would be required for an un-
ambiguous confirmation of the proposed assignment but
based on the similar findings for the TBME-H20 com-
plex, we believe that this band should likewise be at-
tributed to a ternary TBEE:(H30)s system. The as-
sumption that a water-rich ternary TBEE-(H20)4 system
is formed in the matrices upon annealing is somewhat
reinforced by the observation that the number density
of water dimers seems to go down simultaneously. The
band origin for the out-of-plane librational band v,epo0f
the binary TBEE-H50O complex is then estimated to be
574.5 cm™.

G. Dimethyl Ether (DME) - Water Revisited

In our recent work®, the out-of-plane librational band
of the DME-H;0 complex in the neon matrix environ-
ment was re-assigned at 555.9 cm™'. This system is re-
visited again in light of the present extensive comple-
mentary experimental results for the series of homolo-
gous ether-water complexes. The DME-H;0 system was
initially investigated by in several noble gas materials
and the far-infrared assignments of the out-of-plane li-
brational mode of this complex were proposed at 524.0,
555.9 and 547.4 cm™! in doped neon, argon and krypton
matrices, respectively.®! The substantial shift from argon
to neon matrices reported is not consistent with typically
observed matrix spectral shifts associated and these ob-
servations do not follow the host material trend reported
for the corresponding out-of-plane librational mode of the
water dimer. In addition, this 524.0 cm™ band assign-
ment to the out-of-plane librational mode of the most
stable conformation of the DME-H50 complex seems too
close to the assignment for water dimer at 522.4 cm™
considering the substantial difference in interaction en-
ergies between the two complexes.®. Our recent experi-
mental findings showed that, apart from the very broad
524 cm™! band, a comparatively weak absorption could be
found at 555.9 cm™'. However, the present experimental
assignments of the out-of-plane librational bands for the
homologous ether-water complexes, namely EME-H50 at
549.1 cm™t and PME-H,O at 547.3 cm™! indicate that
this very weak 555.9 cm™! absorption also should not
be assigned to the out-of-plane librational transition of
DME-H,O0.

In our revisit of this system, we have performed a new
series of experiments with a wide range of DME:H50:Ne
mixing ratios ranging from 1:1:600 to 24:1:1200. The
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FIG. 7. The far-infrared absorption spectra of two different
DME /water mixtures with mixing ratios of 4:1:600 (top) and
24:1:1200 (center) and corresponding reference spectra of pure
DME (bottom, black trace) and pure water (bottom, orange
trace) in solid neon. For each DME/water mixture, the pre-
annealing spectra (blue traces) and post-annealing spectra
(red traces) are shown together with the difference spectra
in the relevant spectral regions (green traces). The proposed
assignments for the out-of-plane (voop) and the in-plane (vip)
librational bands of the global potential energy minimum of
the DME-H20 complex are indicated .

far-infrared spectra of these independent matrices are
shown in Fig. 7 both before and after annealing together
with the reference spectra of DME and water embed-
ded in neon alone. The rather weak 555.9 cm™' ab-
sorption is again reproduced in the spectra collected for
both mixtures, as well as the broad band at 524 cm™.
The annealing of both matrices, however, independently
reveal the substantial growth of a third quite distinct
band at 546.6 cm™!, while the aforementioned absorp-
tion features show little to no growth. Remarkably, this
new 546.6 cm™ band is only seen as a weak shoulder in
the pre-annealing spectra and only slightly more evident
when DME is abundant in large excess. At the same
time, we observe in the range of the in-plane librational
mode, previously assigned for this complex at 293 cm™,



AlP

Publishing

(b) Conformation B, local
minimum minimum

(a) Conformation A, global

FIG. 8. The calculated structures of the two possible confor-
mations of the DME-H20 molecular complex

a strong and broad asymmetric band indeed appears at
293 cm™. On annealing of the matrix, this band how-
ever shows only minor growth. At the same time, a new
distinct band emerges at 314 cm™ as a shoulder in spec-
tra with higher DME:H,0O mixing ratios and stands out
clearly in the experiment with huge DME excess. This
new band shows a pronounced annealing effect very sim-
ilar to the behavior of the 546.6 cm™! band. In addition,
the 314 cm™! band position agrees better with theoretical
predictions for the in-plane librational transition of the
global minimum for the DME-Hy0 complex as will be
evident in section IV A. Based on these new strong ex-
perimental annealing evidences, we then believe that all
the reported observations can be explained by the pres-
ence of two different energetically close conformations of
the DME-H50 complex.

In the investigation on the similar DME-methanol com-
plex by Han®?, the authors reported experimental evi-
dences suggesting the presence of two different confor-
mations. The difference between the two ways the hy-
drogen bond donor molecule can attach DME can be
viewed as the relative orientation of the unbound side of
the donor fragment. The two calculated potential energy
minima structures in Fig. 8 represent our best attempts
to capture these two conformations for the DME-H,O
complex. While both the conformational wells in the
DME-methanol complex probably are well defined, owing
to the additional dispersion interactions from the methyl
group, the energy barrier between the two similar con-
formations of the DME-H5O complex is expected to be
smaller. The implication is that the local minimum can-
not be reliably captured computationally at higher lev-
els of theory. Nevertheless, at the DFT-level we have
still predicted the difference in the out-of-plane libra-
tional band origin for the two conformations to be about
20 cm™ in the harmonic approximation close to the ex-
perimental findings. Based on these considerations, we
assign the newly observed bands at 546.6 and 314.0 cm™
as the out-of-plane and in-plane librational modes, re-
spectively, for the global minimum conformation (con-
formation A), while the previous assignments by Eng-
dahl and Nelander could be attributed to the less stable
conformation of the complex (conformation B).

IV. SUPPORTING THEORETICAL RESULTS AND
DISCUSSIONS

A. Intermolecular Potential Energy Minima and Structural
Parameters

To aid the interpretation of the present experimen-
tal data sets, the present results have been supported
by ab initio calculations of the potential energy minima
structures and the corresponding harmonic vibrational
spectra for all systems at the MP2/AVQZ level of the-
ory. For some of the systems, only one conformation
was found at this computational level and all of these
systems were found to be clearly hydrogen-bonded com-
plexes with water serving as the hydrogen bond donor.
The relevant structural parameters such as intermolecu-
lar hydrogen bond lengths and O-H---O angles were cal-
culated, as well as the partial charges located on the O
atoms of the hydrogen bond accepting ether molecules.
The computational results are presented in Table I to-
gether with the corresponding values for the previously
investigated hydrogen-bonded alcohol-water complexes.

Multiple potential energy minimum conformations
were found for some of the ether-water systems. For the
mono-hydrated complexes of the linear DEE, EME and
DME molecules two conformers associated with a differ-
ent rotation of the water molecule along the hydrogen
bond were optimised (see Fig. 8). The conformations of
type B are less stable and have lower calculated out-of-
plane librational band positions than the respective type
A conformations. For the DEE-H,O system, the har-
monically predicted out-of-plane librational band origin
of the conformation B is 18 cm™ lower than for the con-
formation A, explaining the two observed bands in the
corresponding matrix experiment. This isomerism is less
likely for the asymmetric linear ether molecules as the
interaction with the larger substituent may facilitate ro-
tation of the water fragment. For the PME-H50 system,
the found conformations are also associated with two ro-
tamers of the alkyl chain, both of which to a varying
degree can form complexes with water in type A and B
conformations. The calculations suggest that two pos-
sible trans-trans and trans-gauche conformations of the
PME-H0 complex (Fig. 9) are extremely close in energy.
The experimental findings suggest that we observe both
conformations of the PME-H50 complex as evidenced by
the very clear annealing behaviour of both the observed
out-of-plane and in-plane librational band contours. The
annealing results seem to confirm that it is the trans-
gauche form that is more stable in the PME-H50 system
under matrix conditions as evidenced by the order of the
predicted harmonic librational band origins also for the
in-plane librational band range. The distinct absorption
band at 547.3 cm! is then assigned to the global trans-
gauche minimum conformation and employed for the sys-
tematic trend analysis. Finally, two conformations of
the DIPE-H50 complex were found, differentiated by dif-
ferent mutual orientations of the substituents. The cal-
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TABLE I. Summary of the computed relevant structural pa-
rameters at the MP2/AVQZ level of theory: the intermolec-
ular hydrogen bond distances (rx.0 in A), the Zom.o angles
(in degrees), the CHELPG partial atomic charges (6—o) on
the O atom of the acceptor moiety, the harmonically pre-
dicted (woop) and the experimentally assigned (Voop, exp) Out-
of-plane librational band positions (in cm™) for the global
potential energy minima of the investigated hydrogen bonded-
complexes of water with aliphatic ethers, aliphatic alcohols
together with the water dimer reference system.

Theoretical

Systems

0~0 TH.O LOH.O Woop Voop, exp
H>0 0.73 1.943 171.7 628.0 522.439
DME 0.19 1.867 164.8 653.2 546.6
EME 0.30 1.864 1654 658.0 549.1
PME;, 0.24 1.862 169.9 656.4 547.3
DEE 0.41 1.866 168.6 669.2 560.1
DIPE 0.59 1.858 168.8 667.8 559.6
TBME 0.45 1.848 167.4 685.4 567.0
TBEE 0.54 1.854 165.2 693.0 574.5
MeOH 0.62 1.893 164.7 634.4 527.5%3
EtOH, 0.68 1.888 161.6 642.6 551.6°
EtOH; 0.68 1.896 165.6 651.5 545.4°
i-POH 0.73 1.896 164.8 656.5 554.3%
t-BuOH 0.77 1.885 165.7 662.7 556.454

culated harmonic values for the out-of-plane librational
transitions are almost identical for these conformations,
however, there is slight spectral shift estimated for the in-
plane librational transitions, confirming the experimental
observations of two different forms in the 310-320 cm
spectral range.

These predicted structural parameters suggest that, in
those cases where the bond angle deviates from the ideal
linear 180° configuration, strong secondary interactions
presumably of dispersive nature, is acting in competi-
tion with the primary hydrogen bond. The hydrogen
bond angles of the DME-H,0 and EME-H50 complexes
are noticeably lower than calculated for the water dimer.
The long-chained ethers such as PME pose an additional
challenge for an accurate comparison to theory as the
fully stretched conformation of the skeleton is not neces-
sarily the most abundant as discussed above.*®. Another
observable effect is the twist of the water molecule in
the PME-H50 complex (Fig. 9). In contrast to the com-
plex of a symmetric ether, e.g. the DME-H5O system,
the water molecule is turned with the oxygen closer to
the larger substituent due to dispersive interaction of the
water molecule with the alkyl substituent in competition
with the hydrogen bond. The twist is also present in the
calculated structure of the asymmetric EME-H5O system
but to a much smaller extent.

The inductive effect of the substituents falls off rapidly
with bond count and the difference is almost negligible
between the ethyl and propyl substituents. The partial

(a) trans-trans

(b) trans-gauche

FIG. 9. The top-down view of the calculated potential energy
minima structures of the PME-H2O complex (MP2/AVQZ
level of theory). The molecular plane of water is indicated in
blue, demonstrating overall tilt of the molecule towards larger
alkyl substituent of the PME subunit.

charge alone does not appear to provide sufficient infor-
mation for the explanation of the experimental obser-
vations. It is clear that the high negative charge and
the large bond angle found in water dimer are indicative
of the dominant electrostatic component of this interac-
tion. The theoretical vibrational frequencies generally
correlate quite well with the experimental results with
a scaling factor to the harmonic predictions of approx-
imately 84%. However, the differences between closely
positioned band origins of the DME-H,0O, EME-H50 and
PME-H50 complexes are overestimated suggesting that
an accurate treatment of electronic correlation plays an
important role in a quantitative differentiation of the ac-
ceptor capability of this series of molecules.

B. Local Energy Decomposition of Complexation Energies

To investigate the interplay between the different
classes of intermolecular forces more deeply, the interac-
tion energies of the systems were analysed employing the
local energy decomposition (LED) method, exploiting
the local pair nature of the underlying DLPNO-CCSD
model. The method has previously been tested on a set
of diverse systems and has been applied for the analysis

of the intermolecular forces of the water dimer®®.

The net dissociation energy of the complex (D)
is decomposed into the geometry preparation energy
AFE,e,, the dispersive (pure dispersion AESE AEWP

disp’ disp
is combined with the (T) component3®:5%) and the non-
dispersive (electronic preparation AENE . electro-

static and exchange AEg F st+xc terms, non-dispersive
contributions from the CCSD pairs AESE) contribu-

res
tions. A detailed description can be found in the sup-
plementary material and in the original publications3°7.
The final fragmentation of the complete zero-point cor-
rected dissociation energy (Dy) for a given ether-water

complex we then select as:
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Dy =AEy,+AESE + AEHF o+ AESL +

el.prep. res

Non-dispersive

+AESE + AEYE + AET) L AZPE (1)

disp disp

Dispersive

The results of the analysis are summarized in Table II.
As can be expected, the water dimer complexation energy
is heavily dominated by the non-dispersive component.
The interaction energies of the mixed ether-complexes
all show dramatically higher relative contributions from
the dispersion component, increasing from approximately
30% for the water dimer to approximately 40% for the
DME-H,0 complex and growing further as expected with
the alkyl substituent sizes.

In the DME-H,O-EME-H,O-PME-H50 sequence the
total dissociation energy increases, converging with the
alkyl substituent length. The non-dispersive compo-
nent, however, can be seen to decrease, while the dis-
persion contribution increases. This suggests that the
dispersion interaction is in competition with the electro-
static component. From the DME-H>O to EME-H5O sys-
tems, the drop of the non-dispersive energy is small com-
pared to the increase of the dispersion, whereas going to
the PME-H,0O system, the non-dispersive component de-
creases significantly. This is likely due to the fact that in
the PME-H50 complex, the dispersive forces act from a
greater angle, straining the hydrogen bond. On the other
hand, in the EME-H2O complex and specifically in the
DME-H50 complex, the mean vector of dispersive force
is more aligned with the hydrogen, so the reduction in
the net non-dispersive component comes primarily from
the increase in electrostatic repulsion. The latter is cal-
culated to be identical for the EME-HyO and PME-H,O
complexes but drastically lower for the DME-H50 sys-
tem. As the out-of-plane librational band position does
not follow the dissociation energy for these complexes,
the aforementioned effect can be seen as the one of the
causes for this deviation.

In line with the conclusion, the symmetric DEE-HO
complex shows an increase of both the net N/D interac-
tion and the electrostatic preparation component over
the PME-H50 system. The librational band position
for this complex is higher by 11 cm™ than found for
EME-H50, despite the fact that the dispersion ratio is
increased to 50% over the 45% in the latter.

Both conformations of the DIPE-H;O complex show
an increase of the N/D and dispersive energy compo-
nents, owing to the presence of two large branched sub-
stituents. However, the experimentally observed libra-
tional band position is nearly identical to that of the
DEE-H20 complex, also in agreement with the calcula-
tions. It is very likely that the specific surroundings of
the water molecule is affecting the band position, as the
AZPE for this complex is measurably higher than pre-
dicted for the DEE-H,0O

10

The TBME-H50 complex shows the highest net non-
dispersive interaction component of all the investigated
ether-water complexes, almost on par with the value for
the water dimer. However, a large portion comes from
the CCSD charge-polarization component (SP.e). The
dispersion component of the energy is somewhat below
that of the DIPE system, as well as the total Dy. With
the increase of the alkyl chain length in the TBEE-H,O
complex, most of the changes resemble the cases of the
linear ethers. There is a reduction in the net N/D com-
ponent, associated primarily with the rapid growth of
the electrostatic repulsion outweighed by the increase
in dispersive forces, while all other sub-components in-
crease in magnitude as well. These differences manifest
in a measurably higher librational band position for the
TBEE-H;0 complex.

The set of previously studied alcohol-water complexes
falls well into the newly acquired results, with a decent
correlation between the theoretical dissociation energies
of the complexes and their respective observed out-of-
plane librational band positions. Each of the alcohol
molecules forms a somewhat weaker complex with water
than their respective ether analogue, e.g. t-BuOH-H,O
versus TBME-H>,O and EtOH;-H>O versus EME-H5O.
The primary sources of these differences, according to the
LED results, stem from the higher dispersion interaction
with the introduced methyl group and from a large gain
in the charge-transfer component. The present quantum
chemical calculations correlate very well with the exper-
imental observations for the out-of-plane libration bands
of this series of water complexes, unlike in the compari-
son of the EME-PME pair. The calculated O-H stretch-
ing band origins show that the PME-H2O complex has a
larger red-shift relative to the EME-H,O complex. This
suggests that the out-of-plane librational band position is
more sensitive to the electrostatics and the N/D compo-
nents of the electronic correlation and therefore appears
to provide a somewhat better probe of the localized in-
termolecular hydrogen bond itself, rather than the cumu-
lative interaction energy, at least when fine differences in
the structure and dispersion energy are present. This
conclusion seems to be supported by the out-of-plane li-
brational signatures for the TBME-H>O and DIPE-H>O
complexes where the observed band origin for the latter
system is significantly smaller despite the overall higher
dissociation energy. On the contrary, the local energy
decomposition approach shows that the TBME-H5O in-
teraction contains the larger non-dispersive energy con-
tribution. For cases where the bonding is highly similar
and the energy differences are high, e.g. in the series
of symmetrical ethers, a high degree of linearity with
respect to the theoretical Dy-values is observed. This
is likely one of the sources of the remarkably linear re-
lationship between observed out-of-plane HF' librational
band origins and the square root of the respective exper-
imental binding energies (DooxvZ,,) reported previously
for a series of linear hydrogen-bonded HF complexes by
Klemperer et al.®. The absolute band centers for the
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TABLE II. The results of the computational analysis of the dissociation energies for the binary complexes of water with ethers,
aliphatic alcohols and the water dimer, using the LED method at the DLPNO-CCSD(T)/AV5Z level (units of kJ-mol™*). The
table includes the geometric preparation energy AFgeo, the electronic preparation (EP), the HF electrostatic and exchange
terms (el.st+XC), the sum of the HF interaction terms (Int,ef), the CCSD strong and weak pairs (SPres. and WP), the pure
dispersive contribution (Disp.) and the triples term (T). The total dispersive (Totalpisp) and the non-dispersive (Totaly,/p)
terms are indicated in bold. The total change of zero-point energies AZPE upon complexation are calculated at the MP2/AVQZ

level in the harmonic approximation.

System  AFEg, EP elst+XC Intres SPres WP  Totaly,p Disp (T) Totalpisp De. AZPE Dy

H2O 0.2 96.3 -111.5 -15.2 0.3 -0.07
DME 0.7 130.8 -145.2 -14.4  -0.3 -0.08
EME 0.7 142.7 -156.5 -13.8  -0.7 -0.09
PME,, 0.7 141.6 -155.7 -14.0 -0.8 -0.10
DEE 0.8 150.9 -164.6 -13.7  -0.3 -0.10
DIPE 0.8 162.5 -176.4 -13.9 -0.6 -0.14
TBME 0.9 162.5 -176.5 -14.0  -0.7 -0.12
TBEE 1.1 172.1 -184.3 -12.2 -1.1 -0.15

MeOH 0.5 116.5 -131.9 -154 0.7 -0.09
EtOH 4 1.2 132.5 -147.8 -15.3 0.7 -0.08
EtOH, 0.6 130.0 -144.9 -15.0 0.6 -0.10
-POH 0.7 142.2 -156.9 -14.7 05  -0.11
t-BuOH 0.7 146.5 -161.6 -15.2 07 -0.13

-14.9 5.2 -0.9 -6.1 -20.8 8.7 -12.1
-14.7 -89 -1.5 -10.4 -24.4 7.4 -17.0
-14.6 -10.3 -1.8 -12.1 -25.9 7.7 -18.2
-13.4 -11.4 -1.8 -13.1 -25.8 7.4 -18.4
-14.1 -11.9 -2.0 -13.9 -27.2 7.9 -19.3
-14.6 -13.4  -2.2 -15.6 -29.4 8.1 -21.3
-14.9 -12.5 -2.1 -14.6 -28.5 8.3 -20.3
-13.4 -14.4 -2.5 -16.9 -29.3 8.6 -20.7

-14.9 =79 -13 -9.2 -23.6 7.7 -15.9
-14.8 -10.5 -1.6 -12.1 -25.7 8.1 -17.6
-14.4 9.7 -1.6 -11.3 -25.1 7.9 -17.2

-14.3 -11.5 -1.8 -13.3 -26.9 8.3 -18.7
-14.6 -12.0 -1.9 -13.8 -27.7 8.3 -19.4

out-of-plane HF librational transitions were shown to be
more reliable measures of the intermolecular hydrogen
bond energies D than the traditional complexation red-
shifts of the intramolecular HF stretching bands relative
to the free HF molecule.

V. CONCLUSIONS

The interplay of non-covalent intermolecular forces in-
volved in the micro-solvation of seven different aliphatic
ether molecules with systematically varied alkyl sub-
stituents has been explored by far-infrared neon ma-
trix isolation spectroscopy in combination with explo-
rative quantum chemical modeling. The primary fo-
cus experimentally has been to recover the very infor-
mative band origins for the highly anharmonic inter-
molecular out-of-plane librational transitions of this se-
ries of hydrogen-bonded ether-water complexes to com-
plement previous far-infrared investigations of more sim-
ple alcohol-water complexes. The out-of-plane librational
motion of the first solvating water molecule involves a sig-
nificant change of the water dipole moment and gives rise
to strong characteristic far-infrared bands in the range
from 546 cm™ to 574 cm™!, which are correlated quan-
titatively with the intermolecular ether-water complex-
ation energies with our currently best feasible theoret-
ical estimates, excluding anharmonic corrections, rang-
ing from 17.0 (DME-H0) to 21.3 kJ-mol! (DIPE-H50).
For the energetically close complexes, a fine interplay
between secondary dispersive interactions and the pri-
mary intermolecular hydrogen bonds has been revealed,
which is poorly predicted by the commonly used scalable

electronic structure methodologies. For the larger asym-
metric systems, the directional intermolecular hydrogen
bonds are in direct competition with non-directional dis-
persion forces comprising almost half of the total inter-
action energy D.. The local energy decomposition of the
interaction energies shows that the net non-dispersive
component decreases with the size of the substituents
caused by the increased electrostatic repulsion of the
fragments. The present contribution suggests that the
absolute out-of-plane librational band position is more
closely linked to the electrostatics and the N/D com-
ponents of the electronic correlation. This observable
appears to provide a somewhat better probe of the lo-
calized and directional intermolecular hydrogen bonds
rather than the less directional cumulative intermolecu-
lar binding motifs. The presented data set provides rigor-
ous experimental benchmark points for further improve-
ment of high-level ab initio electronic structure methods
in the field of non-covalent interactions. The conven-
tional RI-MP2 approach with the AVQZ basis set shows
good consistency for predictions of the relative alkyl sub-
stituent effect when calibrated with experimental data
for closely related systems, which allows to remove the
uncertainty associated with anharmonicity. The present
work has been limited to linear and branched alkyl sub-
stituents that are all resulting in an 47 inductive effect
and thereby increased hydrogen bond acceptor capabil-
ity of the O atoms compared to the smallest DME-H;O
system and the water dimer. The next step in further in-
vestigations of the aforementioned correlations would be
to study analogous ether-water systems containing more
complex substituents, e.g. alkenyl and aryl fragments,
tuning the acceptor fragments and shifting the balance
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of electrostatic and dispersive forces, as well as expanding
the range of the set towards lower interaction energies.

VI. SUPPLEMENTARY MATERIAL

The supplementary material contains a description of
the local energy decomposition (LED) procedure, the
XYZ coordinates of the optimized structures, the graphic
representations of the conformations of the DIPE and
DEE complexes with water and the relevant ORCA out-
put files containing the harmonic vibrational frequencies.
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