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1 Introduction

Simple models for the quick estimation of ground
state hydrogen tunneling splittings in alcohols
and other compounds

Robert Medel

Models for the quick estimation of energy splittings caused by coherent tunneling of hydrogen atoms
are evaluated with available experimental data for alcohols and improvements are proposed.
The discussed models are mathematically simple and require only results from routine quantum
chemical computations, i.e. hybrid DFT calculation of the equilibrium geometry and the transition state
within the harmonic approximation. A benchmark of experimental splittings spanning four orders of
magnitude for 27 alcohol species is captured by three evaluated models with a mean symmetric
deviation factor of 1.7, 1.5 and 1.4, respectively, i.e. the calculated values deviate on average by this
factor in either direction. Limitations of the models are explored with alcohols featuring uncommon
properties, such as an inverted conformational energy sequence, a very light molecular frame,
an elevated torsional frequency, or a coupling with a second internal degree of freedom. If the
splitting of either the protiated or deuterated form of an alcohol is already experimentally determined,
the one of the second isotopolog can be estimated by three additional models with a mean symmetric
deviation factor of 1.14, 1.19 and 1.15, respectively. It is shown that this can be achieved with a novel
approach without any quantum chemical calculation by directly correlating experimental splittings
of isotopologs across related species. This is also demonstrated for other classes of compounds
with hydrogen tunneling, such as amines, thiols, and phenols. Furthermore, it is found that the isotope
effect can even be anticipated without any further knowledge about the system solely from the size
of either splitting with a mean symmetric deviation factor of 1.3. This is based on an extensive sample of
77 pairs of splittings spanning eight orders of magnitude for isotopologs of chemically diverse
compounds.

unassigned microwave spectrum of cyclopentanol, quote:
‘despite being a small, volatile, readily available, and easily

In quantum mechanics atoms (and entire molecular groups)">
can tunnel coherently back and forth between degenerate
positions,® with the tunneling frequency depending on the
separating barrier, the mass of the atom and the attempt
frequency of the associated small-amplitude vibration. This
phenomenon manifests itself in a splitting of the energy levels
of the system which enables the accurate determination of
quantum dynamics by time-independent spectroscopy. How-
ever, spectral assignment can be seriously complicated by the
presence of these tunneling splittings,* especially if multiple
tunneling interactions occur.”® One example is the to date
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1 Electronic supplementary information (ESI) available: Example inputs and
outputs, a spreadsheet for the application of the models, lists of splittings and
correlation graphs for other compounds, calculations on further alcohols, dis-
cussion of evaluation metrics. See DOI: 10.1039/d1cp02115j
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measurable species’.” This is due to splittings from the
pseudorotation of the ring'® and possibly from the internal
rotation of the hydroxy group. But once understood, the
spectroscopic pattern provides valuable information about
parts of the potential energy surface (PES) distant from the
equilibrium geometry which is probed by the tunneling."* As
examples of direct application, the transitions between the
tunneling states of the textbook example ammonia were the
basis for the realization of the first atomic clock'? and the first
maser."?

The vast energy range of splittings can be illustrated for the
tunneling of hydrogen, which is the most prevalent chemical
element in atom tunneling due to its light mass and ubiquity in
nature. When the vibrational zero-point level of the small-
amplitude motion is close to the top of the barrier, splittings
can be in the order of 100 cm™ " zc."*™*° In contrast, the perhaps
smallest splitting resolved so far in the deep tunneling regime
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is more than eight orders of magnitudes smaller with 4.6 X
1077 em™* hc (14 kHz h).>°} The delocalization between
enantiomeric conformations and configurations is expected
to be ultimately limited by quenching from the minuscule
asymmetry introduced by parity violation, for molecules with
light atoms calculated down to about 10™"> em™* hc.>*

Theory provides an important synergy for spectral assignment
and interpretation, but the strong dependence of tunneling on
details of a large part of the electronic PES as well as on the
treatment of quantum nuclear motion®* provides serious
challenges. Due to their tunneling rates being accurately
determinable by spectroscopy, systems with coherent tunneling
offer an attractive experimental benchmark® for theory. Refined
methods and models can be applied subsequently to tunneling
contributions to (or even tunneling control of)** chemical reactions
in which reactants and products are not isoenergetic.>®
Sophisticated techniques for the accurate calculation of
tunneling splittings have been developed.**>° However, these
approaches are mathematically very complex and often require
the full PES, or at least a considerable part of it, to be computed
with wave function-based methods with high-level treatment of
electron correlation.>® More affordable and somewhat more
accessible, but also more approximate, are models which
explore the tunneling along a one-dimensional pathway.*'~**
For the latter the release of software is acknowledged which
makes the computation of half-lives for tunneling reactions
broadly accessible.**

From the perspective of a spectroscopist (such as the author
of the present article), a supplementation with even more
approximate methods for quickly and straightforwardly attainable
estimations is desirable. Even if they are only robust perhaps to
the correct order of magnitude, similar to a Fermi estimate, they
already allow to assess whether tunneling might qualify as a
plausible explanation for an unexpected spectral splitting.*®
If positive, more sophisticated, but also more laborious, follow-up
investigations can be justified. Such estimates also enable to
choose a spectroscopic method with an appropriate energy range
and resolution in the first place, if the characterization of tunneling
dynamics is the goal.””

The aim of the present article is to highlight, evaluate,
improve and expand on some models used in the literature.
The discussed approaches have in common that they require
only input from routine quantum chemical computations, i.e.
calculation of the equilibrium geometry and the transition state
within the double-harmonic approximation. The needed
quantities can be computed with hybrid DFT methods with
decent accuracy in a matter of minutes for medium-sized
molecules. Due to their mathematical simplicity, the models
themselves can be applied as well within minutes by the user,
not requiring further software beyond a spreadsheet program.

i Tunnel splittings and other energy differences will be given throughout this
article in units of em™" Ac to facilitate the comparison with vibrational wave-
numbers in cm™'. Useful conversion factors to other common energy units,
rounded to two leading digits, are: 1 em™" hic ~ 30 GHz 7 ~ 120 peV ~ 12J mol "
Na™' ~ 2.9 calmol™* N,7".
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As it will be shown, one could even do a calculation on the back
of an envelope for the expected change of a given tunneling
splitting upon hydrogen isotope substitution.

The models are tested, and in part adjusted, with reported
experimental tunneling splittings of monohydric alcohols as a
benchmark. With alcohols being among the most common
classes of organic compounds, accurate values for splittings are
available in the literature for a considerable number of species.
They are only rivaled in quantity by reported cases of nitrogen
inversion,*® dynamics in molecular complexes of water***° as
well as internal rotation in methyl* and ammonium
compounds.*™** From a model building and benchmarking
perspective, analyzing a group of distinct but still related
species enables to distinguish between fortuitous and systematic
model performance, while it allows at the same time to exploit
similarities for model simplification. Still, some black sheep in
the alcohol family with special characteristics help to recognize
the limitations of (over-)simplified models.

2 Torsional dynamics in alcohols

Alcohols are compounds with a hydroxy group -OH bound to a
saturated carbon atom R;C-.** Molecular structures, names
and abbreviations of the species investigated in detail in this
work are given in Fig. 1.

By torsion around the C-O-bond, and possibly other bonds
in the molecular frame, alcohols can interconvert between
different conformations. Typically, staggered arrangements
correspond to minima on the PES and eclipsed structures to
transition states. If all three substituents are identical R' = R* =
R?, so that the molecular frame has Cs, or C; symmetry, all
three conformations are identical as well. Examples are
methanol and tert-butyl alcohol. The torsional wave functions
are then delocalized equally over all three potential wells and
due to tunneling the vibrational ground state is split in an
energetically lower A state and a higher doubly degenerate
E state.

With one unique substituent R' # R*> =R’ and a frame of C;
symmetry, two enantiomeric gauche t(R'COH) ~ +60° conformers
and a diastereomeric trans t(R'COH) = 180° conformer result.
The tunneling interaction between the two gauche wave
functions leads to an energetically lower symmetric, with
respect to spatial parity inversion, and an upper antisymmetric
delocalized combination. In the majority of cases the gauche
conformers are energetically lower than the trans conformer.
A central concept of this work is to take advantage of this by
assuming that the hydrogen atom dominantly tunnels through
the narrow cis barrier (At ~ 120°) and only negligibly through
the wide trans part (At =~ 240°) of the torsional potential.
Instead of having to calculate and analyze the entire torsional
potential, the problem is thus reduced to the treatment
of a symmetric acyclic double-well potential. From this
solution the splitting for a symmetric cyclic triple-well
potential can be obtained as well by multiplication with a factor
of 3/2.%

This journal is © the Owner Societies 2021
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Fig.1 Optimized (gauche—) structures, names and abbreviations of
alcohols investigated in detail in this work. From left to right and from
top to bottom the experimental tunneling splitting of the respective main
isotopolog decreases (for 1-methylcyclohexanol estimates** are used).

Notable exceptions with an inverted conformational energy
sequence are found in otherwise unfunctionalized primary
alcohols,***” such as ethanol,*® and in certain tertiary alcohols,
such as 1-methylcyclohexanol with the hydroxy group in an
equatorial position.”* Here the calculated (nominal) gauche
wave functions have a non-negligible amplitude in the trans
potential well,***®*? which is not the case for the wave functions
of alcohols with the more common conformational energy
sequence.**>* For ethanol it was found that treating the cyclic
torsional potential as acyclic, effectively blocking tunneling
through the cis barrier, still leaves a calculated tunneling splitting
of about one third of the cyclic treatment.*® It will be tested
whether reasonable estimates for ethanol and equatorial
1-methylcyclohexanol can be obtained nevertheless by taking only
the cis barrier into account.

For most alcohols the tunneling can be reasonably approximated
as an internal rotation of the hydroxy group relative to a rigid
molecular frame. Known exceptions are benzyl alcohol and its
derivatives.”’™* Here the internal rotations of the hydroxy
group and the phenyl ring are strongly coupled. This can be
anticipated already from the structural comparison of
the connected enantiomeric minima (Fig. 2). Even though the
effective tunneling mass is expected to be far heavier, the
shallow barrier still leads to a small but resolved tunneling
splitting in benzyl alcohol." The situation is further complicated

This journal is © the Owner Societies 2021
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cis-TS

gauche—

Fig. 2 Comparison between the optimized structures for the gauche
conformers of ethanol and benzyl alcohol as well as the cis transition
states (TS) connecting them. While the internal rotations about the C-O
and C-C bond are independent from each other in ethanol, they are
strongly coupled in benzyl alcohol.

by the presence of four degenerate minima connected by
different tunneling pathways. Ring substitution enables the
modulation of the tunneling rate between specific pairs or to
quench it by a lowering of the symmetry.>* The models will be
tested on the parent benzyl alcohol.

3 Computational methods

Density functional computations were carried out with the
Gaussian 09 Rev. E.01 program package.”> The B3LYP®°™°
functional with Grimme’s D3 dispersion correction with
two-body terms and Becke-Johnson damping®® was employed.
The minimally augmented may-cc-pVTZ basis set,®’ the ultrafine
integration grid, very tight convergence criteria and no
density fitting were used. The Hessian was evaluated in the
double-harmonic approximation. Minima were confirmed by the
absence and transition states by the presence of exactly one
imaginary frequency. The C-O torsional character of the latter
was checked by visual inspection using GaussView 6.0.16.
For illustrative purposes, in addition a relaxed scan of the R'COH
dihedral 7 in 1° steps for propargyl alcohol was carried out with
tight convergence criteria. Example inputs for reproduction and
for the application of the models to further alcohols are available
in the ESL}

Assumptions and approximations used in the discussed
models throughout this article are that the tunneling in alcohols
follows a single trajectory along the minimum energy path of the
local torsional mode with the other vibrational modes contributing
adiabatically to the barrier. The electronic barrier height V, is
calculated by taking the difference of the electronic energies
between the cis transition state and the gauche minimum geometry
through eqn (1). This barrier height is corrected by the difference of
the vibrational zero-point energies, excluding the respective
torsional wavenumbers «; and ,, to obtain V; through eqn (2).
The output of quantum chemistry software provides the total
zero-point energy of the F vibrational modes w;, excluding by
default the imaginary wavenumber w; of the transition state, while
the torsional zero-point energy E, of the minimum conformation
needs to be manually subtracted (eqn (3)). Not excluding or
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Fig. 3 Relevant part of the torsional potential for propargyl alcohol with
different quantities illustrated. The calculated electronic potential, the
calculated harmonic torsional zero-point vibrational energy and the
experimental tunneling splitting®? are to scale.

re-adding the torsional zero-point energy results instead in an
effective barrier height V, — E, with the width 27,. These quantities
are illustrated in Fig. 3.

Vel = Eel(TS) — Eel(min) [1)

1< 1< ,
Vo=Vats > w;(TS)he — 5 > w(minhe  (2)

J#i j#0
1< , 1< [JP
3 Z w;(min)hc = 3 Z w;(min)hc — Ewo(mm)hc (3)
J#0 J
1 .
Ey = 700 (min)he (4)

4 Computational results

Obtained barrier heights, without and with zero-point
corrections for different isotopologs, are listed in Table 1. The
zero-point correction is found to alter the barrier heights only
by a few percent. Where available, computed values are
compared with barrier heights estimated from models utilizing
microwave and far-infrared spectroscopy results. Excellent
agreement is found for the most accurately known barrier
heights of methanol, both for the absolute values as well as for
the small differences between the four considered isotopologs.
The barrier of tert-butyl alcohol is likely calculated slightly too
shallow; a scenario for a lower height was discussed, though.”
Discrepancies for alcohols with lower symmetry, and therefore
more complicated potential shapes, tend to be larger. This
should not be blamed solely on deficits in the employed
electronic structure method and the vibrational treatment.
Unlike tunneling splittings, barrier heights are not directly
observable quantities. Their estimation tends to depend strongly
on the utilized experimental information (splittings, torsional
transitions, conformational differences, etc.) and its weighting.
Different model assumptions are used, e.g. whether potentials
for isotopologs are taken to be different or identical, whether the
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effective tunneling mass is assumed to be constant or to depend
on the torsional coordinate, etc.’* This is reflected by the often
considerable discrepancies between different experimentally
derived estimations for some alcohols in Table 1. The largest
difference percentage-wise is found for propargyl alcohol, with a
calculated barrier height of about 200 cm ™" Ac, in contrast to an
experimentally derived one of (90 & 10) cm™ ' hc.*® For the
estimation of the latter a barrier width at the base of
(118 £ 6)° was assumed, while the calculated width is only 99°.
Both a shallow broad and a high narrow barrier can explain the
same tunneling splitting, highlighting one source of error for
simple models.

Some ambiguity arises as well in the estimation of the
torsional wavenumber ®, in the normal mode picture. It is
assumed that the tunneling coordinate is represented by the
minimum energy path of the torsional local mode, but some
alcohols have one or multiple skeletal vibrations of similar
frequency. Coupling between them leads to several normal
modes possessing some torsional character. From these the
vibration with the strongest torsional character is selected,
judged by visual inspections using GaussView 6.0.16 and
helped by the high infrared activity of the torsion. For a few
cases two normal modes with very similar torsional character
are found, here the averaged value is used. The obtained
torsional wavenumbers are not too different between most
alcohols, in a range of 265-315 cm™*. However, this window is
exceeded by alcohols with strongly electronegative substituents:
methoxymethanol (322 cm™ "), 2,2,2-trifluoroethanol (341 cm™")
and fluoromethanol (387 cm ™). This can be attributed to the
anomeric effect®® providing an additional restoring force already
to small deflections out of the minimum geometry.

In the limit of the remainder of the molecule becoming
infinitely heavier than the hydroxy hydrogen, the torsional
moment of inertia (acting as the effective tunneling mass u)
is expected to converge towards a constant value (reduced mass
concept). This asymptotic value approximately doubles upon
deuteration. Information about how close the investigated
alcohols are to this limit can be extracted from the torsional
wavenumbers. With the force (torque) constants being isotope-
independent, one obtains in the harmonic approximation the
ratio of the effective masses r = up/uyg = wg’/op’. Due to
being decoupled, the imaginary torsional wavenumbers of the
transition states are more reliable for this analysis than those
of the gauche conformers. Calculated ratios fall in a range of
1.68-1.83, with the notable exception of methanol with a
protiated methyl group. The ratio for CH;OH/D is substantially
smaller with 1.58 (experimental: 1.59),°® indicating another
special case to keep an eye on. In methanol the motion can
be described with similar merit as tunneling of the hydroxy
hydrogen relative to the methyl group as well as tunneling of
the methyl hydrogen atoms relative to the hydroxy group. This
is reflected by substantial decreases of both the experimental
tunneling splitting (from 9.1 to 7.3 cm™* hc)** and the calculated
imaginary wavenumber (from 295i to 280i cm ™) upon deuteration
of the methyl hydrogen atoms. In contrast, these quantities change
only very slightly for ethanol upon deuteration of the methylene

This journal is © the Owner Societies 2021
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Table 1 Experimental ground state tunneling splittings A(exp), experimentally derived (cis) barrier heights V(exp), calculated barrier heights with (Vo) and
without (V) harmonic vibrational zero-point correction, as well as calculated harmonic torsional wavenumbers for the (gauche) minimum wgq and for the
transition state w; of alcohols with protiated (index H) or deuterated (index D) hydroxy group. Splittings and barrier heights are given in cm™ hc,
wavenumbers in cm ™. For CDsOH/D, CDsOH/D and tBuOH the full A/E splitting is stated, for the use in models the values are multiplied by 2/3.° Given
values for splittings were rounded to two digits for compactness

i H
Alcohol Ay(exp) Ap(exp) Vu(exp) Vp(exp) Vo,u Vo,p Vel Wo,u Wop Wi ®ip oinl
HCCCH,OH 2.2 x 10"1%*  7.1%2 90 + 10° 90 + 10 204 198 199 265 201 2500 190i 1.74
CH,;0H 9.1% 2.6°° 374%° 366%° 369 363 345 291 231 2951 2351 1.58
CD;0H 7.2%4 1.567:68 370%° 3628 366 358 345 276 212 280i 2161  1.68
NCCCCH,0H  4.6"° 352 315 353 286 211 202i 2221 1.73
tBuOH 3.87* 4437 424 412 404 270 193 289i 215  1.82
NCCH,OH 3.872 5.6 x 10717 270 + 5073 270 + 5073 394 386 390 292 219 301 2291 1.73

4337*
MeCyOH eq 6.1 x 107" 320 + 10* 368 354 351 268 191 275 204i 1.81
MeCyOH ax 52 x 10714 356 + 10" 385 371 363 266 189 2731 202i 1.83
EtOH 3.27° 5.7 x 10°'7%  4097° 4097° 419 409 397 276 204  302i 228i 1.83

3997° 3617°

37377 36577
MeOCH,OH 3.078 479 477 496 322 241  328i 248i 1.76
CyOH eq 1.7°° 377°° 419 409 413 269 195  270i 2000 1.81
iPrOH 1.67° 1.5 x 10°'7°  5407° 5497° 461 447 443 286 198 282i 210i 1.81

79 79

538 538

604%° 604%°
AlIOH 4.7 x 1078 3.1 x 10728 558% 55881 589 578 602 303 220 3551  263i 1.82
CF;CH,OH 2.0 x 1078 7.0 x 107%% 76352 720%% 783 773 774 341 255 383i 2831 1.83

76 76

603 440
cPrOH 1.4 x107'%  55x107°% 660 +130*° 660 + 130** 721 711 735 303 224 336i 252i 1.78
Vi-cPrOH 7.6 x 10725 2.4 x107%% 890 + 250%* 890 + 250%* 818 800 837 315 220 387i 2881 1.81
FCH,OH 5.9 x 1072% 1103 1104 1144 387 290  433i 330i 1.72
BnOH 1.6 x 10721 4.6 x 10731 280" 280" 317 310 287 301 227 2451 189  1.69

hydrogens, from 3.2 to 3.1 em ™" Ac®” and from 302i to 300i cm ™,

respectively.

One particularly interesting pair of isotopologs is CH;OH/
CD;O0D. The calculated ratio is 1.86 (experimental: 1.87)%° -
slightly higher than for the hydroxy deuteration of the heavier
alcohols, but still falling substantially short of the ideal
value of 2, despite all substituents at the heavy atoms doubled
in mass. This can be explained by the carbon or/and oxygen
the nucleus being located slightly off the torsional axis.®® A
ratio of about 1.99 is calculated between CH;OH and
the hypothetical CD;*>0OD as well as between CH;°*?0OH and
CD;*°°0D. Experimentally it is found as well that oxygen
isotope substitution has a small and carbon isotope substitu-
tion only a minuscule impact on the torsional moment of
inertia.®

This journal is © the Owner Societies 2021

5 Evaluation of model performance

The performance of models are evaluated and compared with
the mean symmetric deviation factor (MSDF),”® redefined in

eqn (5).
"(acw) ©

This metric considers relative errors, is symmetric to multi-
plicative over- and underestimation and is easy to interpret.
For example, if one benchmark value is overestimated by a
factor of 1.8 and another is underestimated by a factor of 1.4 by
the model, the MSDF will simply be the arithmetic mean of 1.6.
Why this metric is chosen over more commonly used
alternatives is elaborated in the ESI.{ As a supplement, the

] n
MSDF =~
HZGXP
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maximum symmetric deviation factor MAX for any datapoint
will be stated. A summary and comparison of the model
performances is available in the ESL{

6 Simple models for the estimation of
tunneling splittings through quantum
chemical calculations

6.1 Eckart barrier model

One of the few realistic barrier shapes, for which an analytical
solution for tunneling is available, is the symmetric Eckart
barrier.”” One can obtain®* within the WKB approximation®*2°
eqn (6) to conveniently estimate tunneling splittings from
quantities obtained directly from routine calculations - under
the assumption that the barrier shape in the investigated
system is similar to the Eckart idealization.

= a\)/ogexp [—ig—?(Vo -V E Vo)} (6)

The given formula is amended from the one in use by replacing
1/m in the pre-exponential factor with 1/4/re from an improved
WKB connection scheme.’® This increases calculated splittings by
about 7.5%. This model was applied to evaluate the contribution
of tunneling to the isomerism rates in cyclobutadiene®” and
cis-1,3-pentadiene,”® gave a reasonable estimate for the splitting in
malonaldehyde,” and helped to distinguish between tunneling
pathways in 1,3-propanediol.”® It was also used in reverse to
estimate the barrier height from the observed splitting in the
benzoic acid dimer.'°° However, the model was also criticized for
large and unpredictable errors due to wrong tunneling distances
and incomplete description of zero-point effects.'”!

The correlation between experimental and calculated tunneling
splittings for alcohols through the Eckart Barrier Model using
B3LYP-D3(BJ)/may-cc-pVIZ is shown in Fig. 4. Considering that
not a single parameter was adjusted to experimental data (at least
beyond the DFT functional), the descriptive quality of the Eckart
Barrier Model is found to be very decent. For n = 27 considered
splittings MSDF = 1.75 is reached, meaning the model is on average
by this factor off target in either direction. The maximum
symmetric devation factor MAX is found for fluoromethanol with
an underestimation of factor 4.9. There is a tendency to under-
estimations, which appears to become more pronounced for small
splittings and the heavy isotopolog(s) of each alcohol. An additional
model for the prediction of the isotope effect, which exploits
the observation that isotopologs have similar over- or under-
estimations, is elaborated in the ESLY

Excluded from this evaluation, however, is benzyl alcohol for
whose isotopologs overestimations by about a factor of 500 and
300, respectively, are obtained. When the tunneling pathway
does not correspond at least approximately to a single normal
mode coordinate, the Eckart Barrier Model breaks down.
Here, a two-dimensional approach is more appropriate for
the complex tunneling motion in this alcohol.'®*
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Fig. 4 Correlation between experimental and calculated tunneling split-
tings according to the symmetric Eckart barrier model through eqgn (6).
The diagonal line represents perfect agreement.

6.2 Barrier height model

In a recent article, Buschmann et al. investigated the rotational
spectrum of acetone cyanohydrin (2-cyanopropan-2-ol).”*
The tunneling splitting could not be determined, due to it
exceeding the spectral range, but an estimate was needed as a
fitting parameter. Therefore, the authors correlated for some
protiated alcohols the logarithmized tunneling splittings
(mostly experimental, but also some estimated) with reported
experimentally derived barrier heights. A linear regression
yielded eqn (7) which can be converted into eqn (8).

In(Ap/GHz k) = —0.00730-(Vou/em ' he) +7.17  (7)

lg(Ag/em ™" hc) = — 0.00317-(Vou/em ' hc) + 1.64  (8)

The estimate for the splitting of acetone cyanohydrin was
obtained by calculating the barrier height at B3LYP-D3(BJ)/aug-
cc-pVTZ level and applying eqn (7). This level of theory is very
closely related to the one used in the present article, differing only
in the number of diffuse functions in the basis set.* Accordingly,
the calculated barrier height for acetone cyanohydrin differs only
by a few cm ™" &c. Applying eqn (8) to the 15 protiated alcohols, for
which experimental splittings are available, results in MSDF = 1.74
and MAX = 4.2 for FCH,OH (excluding BnOH, which is again a
strong outlier). This is overall somewhat worse than the
performance of the Eckart Barrier Model for the same alcohols
with MSDF = 1.62 and MAX = 4.9 for FCH,OH.

The procedure of Buschmann et al. includes the implicit
assumption that the experimentally derived barrier heights (used
for the adjustment of the model parameters) and the calculated
ones (used in the application of the model) are both accurate
enough to be comparable. As it was found in Section 4, this needed
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Fig. 5 Correlation between experimental tunneling splittings and calcu-
lated barrier heights. The solid lines represent linear regressions for the
Barrier Height Model with all data points but BnOH/D included, separate
for protiated (red) or deuterated (blue) alcohols. In alternative regressions
for the Restricted Barrier Height Model, represented by dotted lines, the
labeled data points are excluded.

agreement is not seldom lacking. This suggests to instead correlate
consistently experimental tunneling splittings with barrier heights
calculated with a fixed theoretical method. The adjustment of the
model parameters by linear regression then also allows to partially
compensate possible weaknesses of the theoretical method, e.g. if
there were a trend to under- or overestimation. The inclusion of
more alcohols in the training set should also improve robustness.

By doing so, one obtains the correlation shown in Fig. 5.
The linear regression for protiated alcohols, excluding only
BnOH, is represented by a red solid line. The obtained
parameters, given in eqn (9), are not too dissimilar to the one
derived by Buschmann et al. in eqn (8).

lg(Ag/em ™" hc) = —0.00315-(Vo w/em ™ ‘he) + 177 (9)

However, this agreement is in part coincidental due to quite
different data used. For example, there is a large impact from
whether one includes FCH,OH or not. With MSDF = 1.56 and
MAX = 3.0 some improvement over both the initial version and
the Eckart Barrier Model is achieved.

The model is straightforwardly expanded to deuterated
alcohols with a separate regression (blue solid line in Fig. 5,
eqn (10)).

lg(Ap/em™" hc) = —0.00570-(Vo plem™" hc) + 1.96  (10)

The joint deviations of the model for the 27 data points amount
to MSDF = 1.50 and MAX = 3.0 for FCH,OH.

What can be anticipated at this point: if there are linear
relationships between Ig Ay and V, i1 as well as between 1g Ap
and V, p, and in addition V, ;3 & V,p is valid, then there is also
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a direct linear connection between IgAy and IgAp to be
expected. This idea will be revisited when the isotope effect
will be analyzed.

While the Eckart Barrier Models employs individual calcu-
lated values for w, and w; to connect barrier heights with
splittings, the Barrier Height Model uses instead two times
two adjusted parameters. No justification for the somewhat
unusual linear connection between IgA and V, was given by
Buschmann et al. For carboxylic acid dimers,'®® three-
dimensional rotors in crystals'® and also some alcohols'®®
models were proposed which correlate logarithmized tunneling
splittings not with the barrier heights themselves but instead
with their square roots. This can be theoretically substantiated
on the change of the tunneling splitting when vertically scaling
a potential.’**'%® Nevertheless, tests on the alcohol data indi-
cate that the correlations with the square roots and the unpo-
tentiated barrier heights are almost equally good.

Some conclusions about other assumptions needed for the
model can be drawn from comparing with eqn (11), which was
first derived by Dennison and Uhlenbeck for the treatment of
the inversion of ammonia.'®” The equation was amended here
by using the simplification of an averaged value for /i, moving
it outside the integral, as well as again improving the pre-
exponential factor.”®

wohC

A=
NS

One way to derive the linear relationship from eqn (11) is by
making the assumptions in eqn (12)-(14), where the indices j
and k refer to different alcohols:

exp [f@j VO Ed| )

W & (12)
wo,j ~ (,L)O’k (13)
0
J V V(1) = Epdt < Vy (14)
1

6.3 Restricted barrier height model

By inspection of Fig. 5 one notices that among the strongest
outliers are the alcohols which, according to the calculations,
do not conform well to the assumptions of similar tunneling
mass and similar torsional wavenumber (eqn (12) and (13)).
The exclusion of these alcohols - CH;OH/D (unusually low u) as
well as MeOCH,OH, CF;CH,OH/D and FCH,OH (unusually
high ;) - changes the regression parameters for protiated
alcohols noticeably and improves the MSDF drastically. These
alternative linear regressions (Restricted Barrier Height Model)
are represented by dotted lines in Fig. 5 and their results are
given in eqn (15) and (16).

lg(Ag/em ™" hc) = —0.00407-(Vo p/em ™' k) + 2.12

(15)

lg(Ap/em ™" hc) = —0.00589-(Vo plem ™" hc) + 1.98  (16)

For the remaining 21 data points the mean deviation ratio
drops to MSDF = 1.21 and the maximum deviation to MAX = 1.5
for EtOD.
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Deviating from Buschmann et al., the non-alcohol methyl
hydroperoxide'®® was not included in the updated version of
the Barrier Height Model. It shares some similarities to
alcohols, e.g. two enantiomeric conformers interconvertible
trough an internal rotation of a hydroxy group by about 120°,
but its calculated torsional wavenumber is far lower (176 cm ™"
compared to about 300 cm™'). Consequently, the tunneling
splitting is strongly overestimated by the Restricted Barrier
Height Model.

6.4 Effective barrier height model

The main weakness of the Barrier Height Model is that it
does not capture alcohols with somewhat unusual torsional
wavenumber well. To remedy this, one can try to account for its
role in the attempt frequency and in the zero-point energy. The
latter reduces the effective barrier height the hydrogen atom
has to tunnel through, making V, — E, a more obvious quantity
than V, for correlation with the splitting.

The integral in eqn (11) can be re-expressed by the square
root of the height of the barrier above the vibrational zero-point
level /Vy — Ey multiplied by the width of the barrier 27,
between the classical turning points of the attempt vibration
and by a parameter ¢ describing the shape of the barrier

(eqn (17))."

(17)

wohc 2t90+/2u
A= vV Vo — E
—exp 7 Vo 0

Effective Barrier Height Model

protiated alcohols
deuterated alcohols

n
m mMeOCH,OH

In[A(exp)(we)*° / o hc]

oBnOH

—-104

10 15 20 . 25 30
(Vy-Ep)°° 1 (em 'ho)®

Fig. 6 Correlation between experimental tunneling splittings divided
by the calculated attempt wavenumbers and the square root of the
calculated effective barrier heights according to the Effective Barrier
Height Model (egn (18)). The solid lines represent linear regressions for
all alcohols but BnOH/D, separate for protiated (red) and deuterated (blue)
alcohols.
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Rearranging leads to eqn (18):
Ay/me 2t90/2U f——
n( u)\o//:> - : h\/_u Vo~ £ (18)

If 7o, o and /it were constant across alcohols and both the WKB
approximation and the calculations were perfect, one would

AV
expect ln(w I?:) to be directly proportional to /Vy — Ep.
0

Unsurprisingly, this ideal scenario is not realized. Nevertheless,
allowing somewhat more empirically an intercept different
from zero enables a decent linear description, as shown in
Fig. 6. The results of the regressions are given in eqn (19)
and (20).

In <AH\/E) =—-0.333- \/(VOA,H - E()A’H)/Clnf1 he +1.85 (19)

o HNC

(20

o phe

) = —0.530- \/(VO,D — EO,D)/CITI7I he + 3.86 (20)

As intended, the astray alcohols with elevated torsional wave-
number (labeled in Fig. 6) are guided somewhat closer to the
flock, but are still not fully integrated. Overall, there is some
improvement over the Barrier Height Model with the symmetric
deviations factors dropping from MSDF = 1.50 to 1.39 and from
MAX = 3.0 to 2.4.

7 Simple models for the estimation of
tunneling splittings through the
isotope effect

Isotopic substitution is the most important experimental
approach to verify that an observed splitting is indeed caused
by tunneling of one (or multiple) suspected atom(s). The
reduction of the splitting by deuteration enables in some cases
its determination in the first place, either by moving transitions
into an accessible spectral region®''® or by increasing the
thermal population of the upper tunneling state.** Observed
isotope effects for hydrogen tunneling, defined as IE = Ay/Ap,
are as low as about 2 for some compounds*>*#*° but reach at
least 459 for others.”® The ability to predict the size of the
isotope effect makes it possible to judge which spectral range
and resolution will be needed for the measurement of the other
isotopolog to confirm that the tunneling interpretation is
correct.

The most important effects of deuteration of the hydroxy
group are:

e The increased mass reduces the ability to penetrate the
torsional barrier.

e The lowered torsional wavenumber leads to less frequent
attempts to do so.

e The lowered torsional zero-point energy increases both the
height as well as the width of the effective barrier.

e The dependence of the vibrational energy for other modes
on the tunneling coordinate results in a (slightly) altered
potential.
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While these effects might be captured at least qualitatively
by simple models based on the harmonic approximation, one
also has to keep vibrational anharmonicity beyond the
tunneling in mind as a potential spoiler for all but the most
sophisticated models. Anharmonic effects will further change
vibrational energies but also the effective structure. For example,
the vibrationally averaged OH bond length will shrink from
deuteration, further affecting the torsional moment of inertia.
While for many alcohols the anharmonicity of the OH oscillator
appears to be very similar,""" this is not the case for hydrogen
bonded systems. Here, geometrical alterations, such as the (reverse)
Ubbelohde effect,"*"'"* can lead to counter-intuitive changes, such
as an increase of the splitting upon deuteration.>"** Even a switch
between qualitatively different structures was reported.'*

7.1 Mass scaling model

In their classic textbook,'*® Townes and Schawlow estimated

the isotope effect on the inversion splitting of ammonia upon
full deuteration with a simple scheme. They calculated the
exponential argument in eqn (11) for NH;, using Ay = 0.8 cm™*
he and wo = 950 em™ ', and scaled it by V2 to estimate the
exponential argument for ND; and therefrom the isotope effect.
Their scheme can be generalized with eqn (21).

ID o HhC

2Vr—1)In—————| (21
JEIE e
Substitutions used here and approximations made by Townes
and Schawlow are summarized in eqn (22)-(24):

_ Aul(exp)  womn

1IE = =
Ap(calc)  wop

o _ a2
Hu

J2P /Vp(t) — Eopdt
Jo8 /Va(o) = Egndr I

WoH 1

(22)

~ 1 (23)

oon (24)
Townes and Schawlow obtained a calculated IE for ammonia of
about 11 - somewhat smaller than the observed one of about
15.117118 One cannot help but notice that 15/11 ~ 1.4 ~ /2.
This scheme was also applied to estimate the isotope effect on a
spectral splitting of oxadisulfane, again underestimating it by a
factor of 1.4."*° Similar underestimations are yet again found
when applied to all alcohols but benzyl alcohol. This deficit can
be blamed on the complete neglect of the isotope impact on the
small-amplitude motion (eqn (24)). As an improvement, the
attempt wavenumber in the pre-exponential factor can also be
scaled, following eqn (22), by wou = +/r - wop. This leads to
eqn (25) as well as its counterpart eqn (26) when starting from
the deuterated isotopolog.

exp K%\/; - 1) In 7AHS:§31ﬂ (25)

Ag(exp)

Ap(calc) = 7

An(cale) = Ap (exp)v/Fexp Kg \;— 1) In
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Fig. 7 Correlation between the experimental tunneling splittings of deut-
erated alcohols and those calculated from their lighter isotopologs by the
Mass Scaling Model through eqgn (25) with r = 2 and Ip/I = 1. The diagonal
line represents perfect agreement.

When using eqn (25) with r = 2 and Ip/I[y = 1 a strong
performance is obtained, shown in Fig. 7, with MSDF = 1.19
and MAX = 1.41 for CF;CH,OD. The performance of this model
stems from a likely fortuitous but still intriguingly robust
compensation between the overestimation of the increase of
the effective tunneling mass and the complete neglect of the
elevation of both the effective barrier height and width from
the lowering of the zero-point vibrational energy. Empirically
varying r and Ip/I}; indicates that global values of 2 respectively
1 are already very close to the optimal ones for minimizing the
MSDF. If for r instead the calculated individual values in Table 1
are used (ranging from 1.58 to 1.83), the model performance
deteriorates due to the loss of this error compensation. Some but
not all of the performance can be recovered by estimating
additionally Ip/Ly through /Vop—Eop/\/Von —Eon, as in
the Effective Barrier Height Model, with calculated ratios
between 1.02 and 1.17.

7.2 Direct Correlation Model

Instead of trying to estimate wo gy, r and Ip/Iy by quantum
chemistry, one can extract optimal global parameters from
experimental data of other alcohols. One way to do this system-
atically is rearranging eqn (25) to obtain eqn (27) and its
equivalent eqn (28).

ID ID wo_HhC
leAp = 2 dgAy —lev/r— [ 2vr—1]) -1g2% 27
e = VP tedn —levi— (V- 1) e @)
ID ID CUOHhC
IglE = (1 -27) lgAg +levr+ (2vr—1) - 1g22
g ( IHW) gH+gW+(lHﬁ ) g
(28)
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Fig. 8 Correlation between the experimental tunneling splittings of
deuterated and protiated alcohols. The data points represented by empty
squares are not included in the linear regression, with the result given in egn (29).

If 7, In/Iy and wou do not differ too much between alcohols,
eqn (27) will describe a linear relationship between lg Ap and
lg Ay. Such a connection was already anticipated from the
performance of the Barrier Height Model. This is now
confirmed by inspection of the direct correlation between the
experimental values of the two quantities in Fig. 8. The result of
the regression is given in eqn (29).

lg(Ap/em 'hc) = 1.46-1g(Ag/em he) — 1.03  (29)

Using eqn (29) to anticipate Ay, from Ay results in MSDF = 1.15
and MAX = 1.35 for CH;O0D. This is similar to the performance
of the Mass Scaling Model, but without the need of any
quantum chemical input.

To my knowledge and surprise, it appears that this correlation
was not analyzed before, neither for alcohols nor for any other
series of compounds. The natural expectation that two related
compounds with similar tunneling splittings should retain this
similarity after isotopic substitution was occasionally mentioned,
but I am not aware that this was ever used for quantitative inter-
or extrapolation. I

As expected from the Mass Scaling Model, the slope I—D\/F is
found to be close to /2. Inserting this term into the expresslilon for
the intercept and solving for w,y leads to eqn (30). This equation
allows to obtain a rough estimate for a typical attempt wavenumber
and therefore a check for the consistency of the quantum chemical
results for the torsional wavenumbers used in the other models.

In+1g+\/r
won/em™' =me-10 1-S (30)
Herein In is the intercept and S is the slope of the regression.
Estimating r from the calculated average of the ten used alcohols
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(1.75, Table 1), yields about w ; = 280 em ™, in fair agreement with
the average of their calculated harmonic wavenumbers (295 cm ™).

The outlier of benzyl alcohol in this correlation between
purely experimental values further confirms that its tunneling
dynamics is very different from the one in the other alcohols.
BnOD has a similar tunneling frequency as c¢PrOD. While
protiation speeds up tunneling by a factor of 3.6 for the former,
it is a factor of 25 for the latter.

Interestingly, reported isotope effects for two cases of tor-
sional tunneling in diols**° and three cases in phenols'**'*!
are captured by eqn (29) similarly well (MSDF = 1.09, MAX =
1.15) - even though this involves an extrapolation to splittings
several orders of magnitude smaller. For phenols with their
cyclic double-minimum potential this requires a symmetry
correction of the splittings by a factor of 1/2 to again
correspond to the acyclic double-minimum situation. This
finding suggests a glance at other compounds to check how
universal the Direct Correlation Model might be applied.

As one example, the result for nitrogen inversion is shown in
Fig. 9 and the result of the regression is given in eqn (31).

(31)

Again, the data points follow closely a linear relationship with
MSDF = 1.12 and MAX = 1.34 for isocyanamide. The obtained
parameters are somewhat different from those for alcohols.
The larger absolute intercept, especially in combination with
the smaller slope, reflects the higher attempt frequency of the

lg(Ap/em ™" hc) = 1.37-1g(Ay/em ™" Ac) — 1.10

2 . .
] Direct Correlation Model
] for nitrogen inversion  iaminen  m2-pyridylamine
h ‘cyanamide
1 - phenylamine (aniline)
=
- ]
c 4
g ]
= 0
o) 4
a 4
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Fig. 9 Correlation between the experimental inversion splittings of fully
N-deuterated and N-protiated amines and amides. The outlier from
vinylamine is not considered in the regression, whose result is given in
egn (31). The value of the inversion splitting of deuterated vinylamine has
been questioned before 1?2123 Based on the regression a value of about
15 cm™! he is expected, instead of the 37 cm™ hc from the assignments.
Predictions in the literature are 10 and 15 cm™* hc. 122123 Used values with
references are available in the ESI.
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small-amplitude umbrella motion compared to the torsional
vibration in alcohols. From the transition state of the ammonia
isotopologs r is estimated as 1.70, inserting in eqn (30) yields
about w, = 1300 cm ™ - in the ballpark of the calculated harmonic
wavenumber for ammonia of 1017 cm™". The attempt frequency
is expected to vary more strongly between amines/amides than
between alcohols due to large differences in the masses of the
substituents and in their electronic interaction with the lone pair
of the nitrogen atom. Intriguingly, the model captures nevertheless
amines and amides as well as ammonia, primary and secondary
amines alike with one set of parameters. It also succeeds (with
different parameters) for the stepwise deuteration of symmetric
primary amines and amides, as it is detailed in the ESL{

Further series of hydrogen tunneling compounds found to
be well described the model are thiols and crystalline compounds
containing methyl groups. It appears to be valid as well for
phenols, solid solutions of hydrogen in metals as well as systems
with a transfer along a hydrogen bond (e.g. malonaldehyde).
However, for the last mentioned examples this is based on only
three data points each and requires further verification. Graphs
and regressions for these series are available in the ESL¥
The results of the regressions are overall not too dissimilar, this
suggests to push the concept further and attempt a Universal
Direct Correlation Model.

7.3 Universal direct correlation model

A total of 77 isotopologic pairs of tunneling splittings are
collated from the literature for systems for which it is plausible
that they represent cases of dominant hydrogen tunneling. This
extensive but not exhaustive list contains very diverse systems
of isolated molecules, molecular complexes, molecular crystals
and solid solutions of hydrogen in metals. It is available in the
ESI.{ To presuppose minimal knowledge about the systems, no
symmetry corrections to splittings are applied. While there is
some expected scatter, the correlation shown in Fig. 10 can
overall still be well described over the full range of eight orders
of magnitude by the linear regression given in eqn (32).

lg(Ap/em ™" hc) = 1.38-1g(Ag/em ™" hc) — 1.12  (32)

The mean symmetric deviation factor of the Universal Direct
Correlation Model is MSDF = 1.33. The largest deviation is an
underestimation of the isotope effect by a factor of 2.6 for the
methane cation.” This might be explained by the high degeneracy
in this system with six equivalent minimum energy structures
interacting through twelve equivalent tunneling pathways.
Similar to methanol, this could increase the magnitude of the
splittings by some factor without decreasing the isotope effect.
Other rather large underestimations are observed for phenol'*°
(factor 1.7, again mainly due to symmetry enhancement) and
malonaldehyde'** (factor 1.8, probably due to a very high attempt
wavenumber with OH-stretching character in the order of
3000 cm ™). In contrast, the largest overestimation of the IE by a
factor of 2.3 is found for the torsional tunneling in
phenylphosphine.’” This might be explained by its very low
torsional wavenumber, calculated as only 54 cm . It is noted
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Fig. 10 Correlation for 77 isotopologic pairs of experimental splittings
from hydrogen tunneling in chemically diverse systems. The regression
parameters are given in eqn (32), the used values with references in Table 1
and in the ESI.1

that the calculated structure is asymmetric in contrast to the
experimental conclusion.

Overall, the Universal Direct Correlation Model offers
through eqn (32) a reasonable estimate for the isotope effect
even if the tunneling pathway is unclear, so that quantities
needed for other models are ambiguous or not computable.
However, it requires the assumption that the dynamics are
dominated by hydrogen tunneling. Observed isotope effects far
smaller than estimated through the (Universal) Direct Correlation
Model might be used as an indicator for substantial participation
of other atoms than the substituted hydrogen atom(s). For
mono-*° and dideuteration’® of ammonia deviations from
eqn (31) by a factor of 7 respectively 3 are obtained, reflecting
the equal participation of all three hydrogen atoms in the main
isotopolog. For benzyl alcohol the IE is by a factor of 20 smaller
than expected from eqn (29). For the water pyrazine complex''*
the increase in the tunneling splitting upon substitution of the
non-hydrogen bonded water hydrogen is by a factor of 83 smaller
than anticipated from eqn (32). This reflects the strong non-
linearity of the hydrogen bond in this complex and thus the
substantial participation of the oxygen atom in the tunneling for
the internal rotation about the hydrogen bond, as it is also
supported by the effect from '°0 — '®0 substitution.

8 Predictions for additional alcohols

Every model has to prove its value not only by describing
already known data, but also by successfully anticipating yet
unknown. Predictions for some alcohols are given in Table 2.
The first seven rows are attempts to fill the white spaces for
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Table 2 Predictions for yet undetermined tunneling splittings of some alcohols according to the different models proposed here and, where available, in
the literature. Used quantities for calculation are given in Table 2 up to FCH,OD, otherwise in the ESI. All values are in cm~t he. The predictions for tBuOD
are for the full A/E splitting. Some values are given in parentheses, indicating that they are expected to be too low based on the performance of the

respective model for similar alcohols

EBM BHM RBHM EBHM MSM DCM SEBM (ESI)
Alcohol (6) (9) and (10) (15) and (16)  (19) and (20)  (25) and (26)  (29) (S3) and (S4)  Literature
NCCCCH,0D 1.7 1.4 1.3 1.6 9.0 x 107" 8.5x 107" 1.7
tBuOD 2.0 x 1071 6.1 x 10" 5.4 x 107" 3.9 x 10" 6.0 x 10" 54x 107" 41x10!
MeCyOH eq 3.2 4.0 4.2 3.6 3.4 3.6 41 3.4
MeCyOH ax 2.4 3.6 3.6 2.9 3.0 3.2 4.2 3.4
MeOCH,OD (20x107") (17x10") (1.5x107Y)  (1.8x10°Y) 48 x 10" 47 x10" 3.6 x10"
CyOD eq 9.5 x 102 4.2 x 107" 3.7 x 107" 2.7 x 107" 2.4 x 107" 21x107°  1.7x107"
FCH,0D (15x107% (46x10°) (3.0x107°) (35x10Y 1.7x10? 1.5x10°  1.0x107°
NCCMe,OH 1.6 1.9 1.6 1.9 1.774
NCCMe,OD 1.3 x 1071 2.0 x 10°* 1.7 x 1071 2.1 x 10°*
1PrOH 2.2 2.8 2.6 2.2
1PrOD 2.1 x 10" 43 x 107" 3.8 x 107" 2.8 x 10"
1BuOH 2.6 3.0 2.8 2.5 6.0 x 107*%
1BuOD 2.6 x 107" 5.0 x 107" 4.4 x 107" 3.3x 10" 3.4 x 1072

isotopologs in Table 1. For MeCyOH ax and eq the predictions
agree well with those from ref. 44.

For acetone cyanohydrin NCCMe,OH the literature prediction
by Buschmann et al. is supported as well. In this case the
predictions are based on very similar underlying quantum
chemical calculations, but are in good agreement with an
adjusted indirect experimental estimate.””

For the respective conformer of 1-propanol and 1-butanol
with eligible backbone symmetry the tunneling states were
assigned, but so far the size of the respective splitting could
not be determined.””’®® Very recently, Kawashima et al
searched for the tunneling transitions of 1BuOD in the 1 GHz
(£0.03 cm ') region based on their prediction of this size.*”
Due to the lack of success they suppose the splitting might
actually be at least ten times larger. This appears to be a
sensible supposition considering that EtOD has a splitting of
0.57 cm ™! hc.”® The extension of the alkyl chain is calculated to
have only a small impact on the torsional properties.
Consequently, the predictions obtained here are similar to
ethanol and one order of magnitude larger than the one
by Kawashima et al. In analogy, the splittings of ethanethiol,'*’
1-propanethiol™*® and 1-butanethiol’” are similar to each other
as well.

9 Conclusions and outlook

In the present article it was demonstrated that ground state
splittings caused by hydrogen tunneling in alcohols can be
captured, and therefore expectedly predicted, by simple models
using quantities from routine quantum chemical calculations
on a broadly affordable hybrid DFT level in the harmonic
approximation. From benchmarking with experimental data
one can expect predictions to deviate on average by less than a
factor of two and to be widely robust within the correct order of
magnitude. This enables the zeroth-order assessment of a
complex molecular property with minimal effort. In the light
of some extensive approximations used, results should be

17602 | Phys. Chem. Chem. Phys., 2021, 23,17591-17605

checked by experiment and more rigorous models, though.
More detailed benchmarking metrics, a spreadsheet for the
convenient application of the proposed models as well as
example inputs for necessary quantum chemical calculations
are provided in the ESLt

For alcohols with a typical harmonic torsional wavenumber
(265-315 cm™ ") the Restricted Barrier Height Model is
recommended, which correlates splittings with cis barrier heights
while assuming similar moments of inertia and torsional
wavenumbers between alcohols. Electronegative substituents
are found to elevate the torsional wavenumber, its explicit
consideration in the Effective Barrier Height Model reduces
deviations for affected alcohols.

It is hard to judge to what extent the remaining deviations
originate from the model assumptions and from the approxi-
mations of the used quantum chemical level. The estimation of
the torsional wavenumber from the harmonic normal mode
treatment might be a major source of error and thus a good
starting point for improvement.*! In this context, it might be
interesting to explore the performance of more sophisticated
methods and models on the collated benchmark data as well as
to investigate whether the proposed simple models might be
applied as well to other series of compounds.

The latter was done with success already for the Direct
Correlation Model, which does not require any quantum chemical
input at all. This model represents a novel approach to predict
isotope effects from purely experimental data by directly correlat-
ing logarithmized tunneling splittings of deuterated and protiated
isotopologs across different compounds. It was found to be
applicable to an extensive and diverse experimental data set of
coherent hydrogen tunneling.

As a showstopper for the simple models was identified,
though, a strong coupling with a second internal degree of
freedom, as in benzyl alcohol. However, it should in principle
be possible to anticipate such a situation in advance with the
calculations.

The splittings of ethanol and equatorial 1-methyl-
cyclohexanol are not captured noticeably worse than those of
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other alcohols, this indicates that in theses cases the impact of
the partial delocalization of the gauche wave functions into the
trans potential well is smaller than other causes of deviations
for the models. The approximation to only consider tunneling
through the narrow cis barrier, based on the ‘width trumps
height principle’,>* might break down, though, for alcohols
with a much lower gauche/trans than cis barrier, such as
isobutanol.*” Work has begun to account for the whole torsional
potential without sacrificing affordability and accessibility too
much. Such an approach promises to capture more alcohols, to
investigate the cooperation (or competition?) between different
tunneling pathways and to explore the impact of introduced
asymmetry.

It is hoped that the present article encourages the spectro-
scopic characterization of further alcohols and other systems
with tunneling dynamics, as well as the benchmarking of other
models on a wider experimental basis.
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