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Predicting OH stretching fundamental
wavenumbers of alcohols for conformational
assignment: different correction patterns for
density functional and wave-function-based
methods+

Robert Medel 2 * and Martin A. Suhm

A model is presented for the prediction of OH stretching fundamental wavenumbers of alcohol conformers
in the gas phase by application of a small set of empirical anharmonicity corrections to calculations in the
harmonic approximation. In contrast to the popular application of a uniform scaling factor, the local chemical
structure of the alcohol is taken into account to greatly improve accuracy. Interestingly, different correction
patterns emerge for results of hybrid density functional (B3LYP-D3 and PBEQ-D3) and wave-function-based
methods (SCS-LMP2, LCCSD(T*)-F12a and CCSD(T)-F12a 1D). This raises questions about electronic structure
deficiencies in these methods and differences in anharmonicity between alcohols. After its initial construction
on the basis of literature assignments the model is tested with Raman jet spectroscopy of propargyl alcohol,
cyclohexanol, borneol, isopinocampheol and 2-methylbutan-2-ol. For propargyl alcohol a spectral splitting
attributed to tunneling is resolved. PBEO-D3 is identified as a well performing and broadly affordable
electronic structure method for this model. A mean absolute error of 1.3 cm ™ and a maximum absolute
error of 3 cm™? result for 46 conformers of 24 alcohols in a 60 cm™ range, when a single parameter is
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1 Introduction

Alcohols, compounds with a hydroxy group -OH bound to a
saturated carbon atom RsC-," are among the most common classes
of organic compounds. By torsion around the C-O-bond,” and
possibly other bonds in the molecular frame,® most alcohols can
adopt different conformations. To comprehend the details of
alcohol aggregation®® and reactivity””® it is essential to under-
stand conformational isomerism. Such an understanding profits
from isolated molecules at low temperatures, as they are accessible
in supersonic jet expansions. This helps to identify the most stable
conformers, reduces spectral complexity and facilitates compar-
ison with quantum chemical predictions. The hydroxy group is a
chromophore for vibrational spectroscopy, as the OH stretching
fundamental usually carries substantial infrared and Raman activity.
Furthermore its frequency is sensitive to the local environment of
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adjusted separately for each alcohol substitution class (methanol, primary, secondary, tertiary).

the hydroxy group and can thus be used as a probe for the
constitution and conformation of the alcohol as well as for
possible inter- or intramolecular hydrogen bonding. In this work
we use Raman spectroscopy as our method of choice, because it
typically leads to narrow and intense rovibrational band maxima
and reveals the collisional cooling along the jet expansion with a
narrow laser focus.

Rotational structure, accessible by rotational®™'® or high
resolution electronic'*? spectroscopy, is also very powerful in
obtaining conformational information, but the global character
of rotational constants makes it increasingly difficult to determine
the position of the light hydroxy hydrogen, when the molecules
increase in size."*'* In such situations, the synergy between
different methods is most powerful to reach unambiguous
assignments.'®'?

Another valuable assignment synergy is provided by the com-
parison with quantum chemical predictions, typically carried out in
the computationally efficient double-harmonic approximation
(linear restoring force and linear dipole change for Cartesian
displacements). Deficiencies in the electronic structure method,
basis set incompleteness and especially the neglect of anharmo-
nicity, however, lead to a mismatch between experimental and
predicted values, for rotational and vibrational spectroscopy.
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Even if the predicted rotational constants are close or the
vibrational pattern is accurate, comparison to experiment can
still lead to wrong assignments. In vibrational spectroscopy,
large intensity differences between conformers or spectral overlap
between different monomer bands as well as with dimer signals
are typical obstacles.

An example for this challenge is the initial assignment of
two predicted conformers for phenylmethanol to two observed
bands,'®!” which was later corrected to one monomer and
one dimer with the help of a scaling factor obtained from
2-phenylethanol.”® Another challenging case is found in the
monoterpene alcohols menthol and neomenthol. A single
intense band was observed for each of the two constitutional
isomers in the monomer region and theoretical methods
differed in their prediction of the respective most stable confor-
mation responsible for these signals.'® A predicted close harmonic
frequency match for two conformers across the two species helped,
because it mirrored the experimental finding. The resulting
assignment for menthol was later confirmed by rotational spectro-
scopy,'® for neomenthol it is still pending.

These examples demonstrate that the prediction of accurate
absolute values for experimental OH stretching fundamentals
is desirable and that they might be obtained from inexpensive
calculations when an empirical correction from observed tran-
sitions of other alcohols is applied. This was attempted already
35 years ago using infrared spectra of vapors at room or
elevated temperature and a reparameterized MM2/CNDO force
field approach.'® Subsequent tests of the model on further
alcohols, however, revealed double-digit cm™" deviations,***
which is of limited use in the light of conformers often differing
only in the single-digit range. More encouraging is a 2008
study®® on the prediction of (among others) free and weakly
hydrogen-bonded OH stretching wavenumbers of biomolecules
under jet conditions. With scaling of harmonic B3LYP/6-311++G**
results a mean absolute error (MAE) of 2.8 cm ™" and a maximum
absolute error (MAX) of 12 cm™* for the correlation with experi-
ment was achieved.

An alternative to empirical or systematic>® corrections to
harmonic normal modes is the local mode approach, which
includes diagonal anharmonicity (deviation from a parabolic
potential) by construction.®® The reduced dimensionality
allows to employ a higher-level electronic structure method
when only a single mode with limited couplings to other modes
is of interest, such as the often highly localized OH stretching. In
2003, a 1D investigation®® on the B3LYP/6-311++G(3df,3pd) level
reached MAE = 3.0 cm ™" and MAX = 9 cm ™" for 11 conformers of
5 alcohols, calculated relative to the experimental data set used
in the present article. Comparison with experimental overtone
data revealed that this good agreement without any a posteriori
adjustment is due to a favorable error compensation between the
underestimation of both the harmonic and diagonal anharmonic
contributions and the neglect of off-diagonal anharmonicity
(coupling with other modes).

A recent 1D local mode approach®® on the CCSD(T)-F12a/VDZ-
F12 level for the same eleven conformers yielded MAE = 11 cm ™"
and MAX = 13 cm ™" with very uniform overestimations between
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9 and 13 cm™". This might indicate the possibility of an empirical
correction to close the remaining gap from neglected normal
mode off-diagonal anharmonicity. Recovering parts of it by
adding the couplings with the CO stretching and the COH
bending mode (3D local mode model)*® removes the general
overestimation, but the spread of the deviations becomes larger
with values between —6 and +4 cm™ ", resulting in MAE = 2.6 cm ™"
and MAX = 6 cm ™. The CCSD(T) 1D and 3D models are currently
computationally affordable for alcohols with up to about six
carbon atoms.”” One main disadvantage is the rather complicated
manual procedure not easily conducted by the non-specialist,
especially for the 3D version.

To explore possible low-cost alternatives with routine normal
mode calculations in the harmonic approximation, we compare
in this article the correlation between results of five quantum
chemical methods and a training set of 35 alcohol conformers
collated from literature supersonic jet assignments. The devised
model for each method is then tested with Raman jet spectra of
additional alcohols.

2 Methods

2.1 Computational techniques

Density functional computations were carried out with the Gaus-
sian 09 Rev. E.01 program package.”® The B3LYP**** and PBE0™
functionals together with Grimmes D3 dispersion correction with
two-body terms and Becke-Johnson damping®* were employed.
The minimally augmented may-cc-pVTZ basis set,® the ultrafine
integration grid, verytight convergence criteria and no density
fitting were used.

Wavefunction-based methods were carried out with the
Molpro 2020.1 program package.>® Mgller-Plesset perturbation
theory in second order (MP2) was used in its local variant (L) with
spin-component-scaling (SCS),*” the fully augmented aug-cc-pVTZ
basis set and the program’s default fitting basis sets for density
fitting. Local coupled-cluster*®*° with full singles and doubles as
well as scaled*® non-iterate perturbative triples was used with
explicit correlation in the F12a variant with the Molpro default
geminal exponent™ of 1.0 and the VDZ-F12 basis set'"** together
with density fitting, which we will abbreviate as LCCSD(T*). For
both wavefunction-based-methods symmetry was disabled, diffuse
contributions from domains were deleted and tightened conver-
gence criteria were used. For full details see sample inputs in the
ESLt

For the simulation of spectra calculated Raman activities and
depolarization ratios were converted to scattering cross sections.
Accounted for are the laser wavelength and the polarization
dependent sensitivity of monochromator and camera. This is
detailed in the ESIL.{ Relative populations are based on the
assumption that the conformational cooling stops at about
100 K and that vibrational and rotational partition functions
for the conformers are similar enough to justify the use of zero-
point corrected relative energies instead of Gibbs energies, given
the uncertainty and variability of the effective conformational
temperature. The value of 100 K corresponds to an estimate at a
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detection distance from the nozzle of 1 mm,** using the accurately
known conformational energy difference of ethanol.** Whether
such simulations are successful also depends on the ability of the
respective electronic structure methods and nuclear motion
models of the jet-prepared alcohols to predict effective energy
differences. As the examples will show, this appears to be the case
to a reasonable extent.

2.2 Experimental techniques

Gas mixtures were prepared by enriching 1.6 bar helium with
the vapor pressure of the respective liquid or solid compound at
a set temperature. Propargyl alcohol (1 °C, 99%, abcr GmbH),
cyclohexanol (25 °C, 99%, Sigma Aldrich), (—)-borneol (24 °C,
98.9%, Acros Organics), (—)-isopinocampheol (24 °C, 98%,
Sigma Aldrich) and 2-methyl-2-butanol (0 °C, 96%, Fluka) were
used as supplied. The respective gas mixture was expanded
continuously at room temperature from a pressure between
0.7-1.2 bar through a (4 x 0.15) mm” slit nozzle into an
evacuated chamber. In the Raman jet setup®® the expansion
was probed at different distances from the nozzle by a Spectra
Physics Millenia eV laser (532 nm, cw, 24 W). The scattered
light was collected perpendicular to the propagation directions
of both laser and jet with a camera lens and focused onto a one
meter monochromator (McPherson). Photons from Stokes
Raman scattering were co-added by a LN,-cooled CCD-camera
(Princeton, PyLoN 400) over several minutes and averaged over
multiple repetitions. The combination of laser and monochromator
results in a spectral resolution of about 1 cm ™. The spectra were
calibrated with neon vacuum transitions, we assume band posi-
tions to be accurate up to +1 cm ™", The spectra of cyclohexanol
were recorded by B. Hartwig in 2018 as part of his unpublished
master’s thesis*® using the same setup. The spectrum of 2-methyl-
2-butanol was already recorded in 2007 by Z. Xue as part of his
unpublished diploma thesis*” using an older version of the setup
with a Verdi V5 laser (532 nm, cw, 5 W) and a different LN,-cooled
CCD-camera (Andor Technology, DV401-FI). This older spectrum,
as well as others recorded with this setup before 2016, was
erroneously calibrated with noble gas transition wavenumbers
in air rather than in vacuum. To correct for this, the Stokes shift
was divided by 1.000277 - the refractive index of dry air*® in the
spectral region between laser wavelength and the detected Stokes
scattering (OH: ~ 660 nm, OD: ~ 620 nm). This translates for the
Stokes shift (OH: 3640-3690 cm ', OD: 2680-2720 cm ') to a
correction of about —1 cm™ ", which was also applied to all
published values obtained with our setup before 2016 used in
this study.

3 Results

3.1 Experimental literature data

As a training set for our model we use assignments from the
literature for OH stretching fundamentals of conformers of
monohydric alcohols in supersonic jet expansions. We focus
on free hydroxy groups not involved in an intramolecular
hydrogen bond because harmonic predictions for accompanied
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Fig. 1 Overview of the training set collated from the literature for experi-
mental fundamental transitions of monohydric non-hydrogen-bonded
alcohol conformers determined in supersonic jet expansions. The vertical
lines represent the respective average for each class of alcohol. For a
detailed list with references see the ESI.

wavenumber shifts are known to be unreliable. This might be
blamed partly on deficits on the electronic structure level and
partly on changes in anharmonicity.***® For this reason we
exclude alcohols with further heteroatoms in general as well as
conformers of unsaturated alcohols with clear indications for an
OH- - -m hydrogen bond. Included in the training set are B,y-
unsaturated alcohols (e.g., phenylmethanol), as the classification
of their very weak OH.: - -m interaction is disputed.>* The derived
model from and for transitions of non-hydrogen-bonded confor-
mers is later tested for its performance for hydrogen-bonded
species.

Band positions in the training set were determined with
Raman, FTIR and resonant UV-IR spectroscopy. For conformers
subject to investigations with multiple techniques reported
band positions agree mostly within 2 cm™", with some outliers.
This can be taken as an estimate for the uncertainity of the
used values. Where available, we use values from Raman
spectroscopy.

A special case is methanol, whose OH stretching fundamental
band is strongly perturbed by a tunneling motion and residual
rotational structure. Literature values range from 3681.5>> to
3686 cm .°° We settle here for a value of 3684 cm ' from
localization models explicitly derived for comparison with
results of theoretical methods which do not take into account
the dynamics of the molecule.>”

All literature assignments were carefully checked by also
calculating other possible conformers. Two values were
excluded, for 1-octanol®®*° and 2,3,3-trimethylbutan-2-ol,*®
because there are doubts about the conformational assign-
ment, this is elaborated in the ESL}

An overview of the experimental literature data is presented
in Fig. 1. The training set consists of 35 conformers of 21
alcohols, including methanol, 17 conformers of 8 primary,
15 conformers of 10 secondary and 2 conformers of 2 tertiary
alcohols. Well known is the tendency of the OH stretching
fundamental wavenumber to decrease with increasing carbon
for hydrogen substitution at the alpha carbon atom.®>°" This is
confirmed in the present data set when looking at the averages
(Fig. 1), but there are also substantial overlaps between the
classes.

3.2 Model building

The common equation used to describe the vibrational term
value G of a polyatomic molecule in dependence on the vibra-
tional quantum numbers v; of its n non-degenerate vibrations

Phys. Chem. Chem. Phys., 2021, 23, 5629-5643 | 5631


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp00342a

Open Access Article. Published on 25 February 2021. Downloaded on 12/4/2025 6:24:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

with anharmonicity considered up to quadratic terms is given
in eqn (1).%?

G(V],V27.. .

+I Xn: zn: Xij (Vi + %) (V/' + %) S

i >

V) = iw[(vi+%>

Herein w; is the harmonic wavenumber of vibration i, x;; is
its diagonal anharmonicity constant and x;; are the off-
diagonal anharmonicity constants representing the couplings
to the n — 1 other modes j. The wavenumber for the funda-
mental transition 7; for a one-quantum excitation of mode
i from the vibrational ground state is then given by eqn (2).

- 1
vi = w; +2x;; + E;xi’j (2)

For the mode i = OH stretching of alcohols it is found that

the diagonal term 2xou,0un is strongly negative, while the off-
. DS . L
diagonal contribution = >~ xop,; is minor, due to xom,; values
j#OH

of small size and varying sign.’” The experimental fundamental
wavenumber is thus smaller than the harmonic wavenumber.
To estimate values of the former by quantum-chemical calcula-
tion of the latter, most commonly an empirical multiplicative
scaling factor A according to eqn (3) is derived by linear
regression from a training set.

171‘ = /l-w,- (3)

Here i is no longer restricted to the vibrations of a single
molecule, but runs over all vibrations in the training set.
A universal value for 4 was often derived from transitions over
the full fundamental region (7 =~ 0-4200 cm '),%*®* but this
universality comes at the expense of accuracy, with a MAE not
better than 20 cm™".°** More refined models optimize separate
values for low and high wavenumber modes,****"*® introduce a
quadratic term®®® or target modes of specific functional
groups.”>”%”! Multiplicative scaling according to eqn (3) corre-
sponds to the assumption that the to be corrected sum of
anharmonic contributions to eqn (2) is proportional to the
harmonic wavenumber. While this treatment proved to be a
reasonable basis for universal correlation models, we use here
instead for our narrow OH-targeted (7 = 3627-3684 cm ')
analysis a mathematically equally simple but physically more
readily interpretable relationship: additive shifting according to

eqn (4).

UVi=wtK (4)

By comparing with eqn (2) the shift parameter x can be
identified as the (assumed to be constant) anharmonic contribu-
tion to the fundamental transitions. In practice ¥ or 4 also
correct for errors of the employed method in w.

The correlation between observed fundamental OH stretching
wavenumbers in the training set and calculated harmonic wave-
numbers at B3LYP-D3 level is shown in Fig. 2. Unexpected by us
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Fig. 2 Correlation between observed OH stretch fundamental wavenum-
bers 7 and calculated harmonic wavenumbers w for alcohols at B3LYP-D3
level. Separate for each alcohol class a linear regression 7 = o + k was
performed with a fixed slope of unity and an optimized intercept x with
standard error in parentheses.

there is a separation of the data in dependence of the degree of
substitution at the alpha carbon atom. This suggests to correct
the alcohol classes with different values of x which increase in
size with H — C substitution. Treating primary and secondary
alcohols separately allows to substantially decrease the MAE to
1.7 em ™! for primary and 1.9 cm ™" for secondary alcohols, down
from 3.2 ecm " for a joint linear regression for the two classes.
Similarly the MAX improves to 4 cm™ " for each of the classes,
from 7 ecm ™! for the joint treatment. Alternative regressions of
the data with the multiplicative scaling model lead to slightly
worse results, especially for joint treatments. The required size of
the correction increases with the substitution of the alcohol
while at the same time the average wavenumber decreases, quite
opposite to the implication for a multiplicative scaling.

In an attempt to separate electronic structure and anharmoni-
city contributions to the substitution trend for k, we repeated the
calculations with the ‘parameter-free’ PBEO functional®® in combi-
nation with the (not parameter-free) D3 correction, the correla-
tion is shown in the left part of Fig. 3. Again the same pattern is
observed, with somewhat smaller but still significant differences
in x between methanol, primary and secondary alcohols. Com-
pared to B3LYP-D3 the quality of the regression is improved
noticeably for primary alcohols with MAE = 1.0 cm™ ' and MAX =
3 em !, and slightly for secondary alcohols with MAE = 1.7 cm ™+
and MAX =3 cm™ ..

For both B3LYP-D3 and PBEO0-D3 the respective value of x is
very similar for secondary and tertiary alcohols and changes in
roughly equal (but method dependent) steps when moving to
primary alcohols and subsequently methanol. One might exploit

This journal is © the Owner Societies 2021
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Fig. 3 Correlation between observed OH stretch fundamental wavenumbers & and calculated harmonic wavenumbers  for alcohols at PBEO-D3 (left)
and SCS-LMP2 (right) level. Separate for selected alcohol classes a linear regression 7 = w + k was performed with a fixed slope of unity and an optimized

intercept k with standard error in parentheses.

this regularity to reduce the formal number of parameters from
four to two in the regression model without losing much
accuracy. This possibility is elaborated in the ESL{ The set of
four substitution-specific independently derived values is used
hereafter.

To compare with the results of a (empirically refined)
medium-cost wave-function-based method we employ SCS-
LMP2 with the aug-cc-pVTZ basis set. In contrast to the DFT
methods a very different pattern emerges with SCS-LMP2 in the
correlation (right part of Fig. 3). The observed further fragmen-
tation in the graph is related to the isomerism of primary and
secondary alcohols regarding the torsion around the C-O bond.
Using the qualitative arrangement of the HOC,Cg (for primary
alcohols) or HOC,H (for secondary alcohols) dihedral the
conformers can be classified as trans (~180°) or gauche
(~+£60°). When comparing harmonic predictions to anharmonic
experiment, SCS-LMP2 strongly underestimates the wavenumber
differences between these two kinds of conformers. For the most
basic example of ethanol the observed difference®”* of 18 cm ™" is
well predicted with B3LYP-D3 (17 cm™"), PBEO-D3 (18 cm™ ") and
also other hybrid functionals such as M06-2X, ®B97X-D and
APF-D,”® but not with SCS-LMP2 and canonical MP2”* (both
10 cm™ ' with aug-cc-pVTZ). The failure of any uniform correction
to harmonic SCS-LMP2 predictions is most evident in the
spectral difference between the respective Gt and Ggpec confor-
mers of the structurally closely related alcohols 1-propanol,’
cyclohexylmethanol”® and isopropylmethanol.”> While experi-
mentally differences of 12-13 cm™* were found, again close to
the B3LYP-D3 and PBEO-D3 predictions, the harmonic SCS-
LMP2 results instead suggest almost coinciding, in part even
sequence-inverted, transitions. If SCS-LMP2 should be used for

This journal is © the Owner Societies 2021

the prediction of fundamental transitions of alcohols we there-
fore propose an even more differentiated set of corrections with
six parameters, as shown in the right part of Fig. 3. Using these,
MAE = 1.1 cm~ ' and MAX = 3 cm ™" are reached for both primary
and secondary alcohols (g and ¢ combined, respectively).

At SCS-LMP2 level about the same value is needed for the
correction of the harmonic values for methanol and tertiary
alcohols. In contrast the analogous difference in x amounts to
about 15 cm ™" for B3LYP-D3 and about 9 cm™" for PBE0-D3.
While the shift from this triple H — C substitution is well
predicted with SCS-LMP2 (when no or only a small change in
anharmonicity is assumed), there is still the need for at least
three different correction values without a plausible connection for
the whole data set. BALYP-D3 and PBE0-D3 also predict only two
single substitutions adequately (from secondary g and ¢ to tertiary),
but the discrepancies cancel for conformational differences, which
are usually of interest.

To explore also the impact of higher-order electron-correlation
we employ LCCSD(T*)-F12a/VDZ-F12, which was used before as
the best (still barely affordable) estimate for normal mode calcula-
tion of some alcohols and their complexes.****>” Due to the high
computational cost we limit its use to alcohols with a maximum
of four carbon atoms. The pattern in the obtained correlation
(left part of Fig. 4) is very similar to one of SCS-LMP2, but with
the differences in x about halved. For primary alcohols MAE =
0.9 cm " and MAX =2 cm ™! is reached, not directly comparable
to the other methods due to the smaller number of data points.

To compare with results of a second high-level method, we
also extracted harmonic wavenumbers from the anharmonic
CCSD(T)-F12a/VDT-F12 1D local mode model*® discussed in the
introduction. For this the reported fundamental and first
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olem™ LCCSD(T*)-F12a/VDZ-F12

olem™ CCSD(T)-F12a/VDZ-F12 1D local mode harmonic

Fig. 4 Correlation between observed OH stretch fundamental wavenumbers 7 and calculated harmonic wavenumbers w for alcohols at LCCSD(T*)
normal mode (left) and CCSD(T) 1D local mode?® (right) level. Included are conformers of methanol, ethanol, 1-propanol, 2-propanol, tert-butyl alcohol
and, for LCCSD(T*) only, isopropylmethanol. For all alcohols as well as separate for selected alcohol classes a linear regression v = w + k was performed
with a fixed slope of unity and an optimized intercept x with standard error in parentheses.

overtone transition wavenumbers are inserted in eqn (5), which
can be derived for x; ; = 0 from eqn (1).
® =301« 0) — 2 « 0) (5)

To validate the approximation of truncating eqn (1) after the
quadratic term (equivalent to the Morse oscillator expression),
we also recalculated the harmonic wavenumbers after adding the
cubic term, using the fundamental as well as the first and second
overtone transition wavenumbers. It is found that this raises the
harmonic wavenumbers only negligibly by 0.1-0.3 cm™". Used
equations and obtained values are detailed in the ESL¥

For the 11 reported alcohol conformers the extracted values from
CCSD(T) local modes agree within 3 em™" (better than 4-0.1%)
with the ones of the LCCSD(T*) normal modes, with the latter
being on average 1 cm " lower. Closer inspection of this super-
ficial good agreement reveals a systematic difference: all calculated
differences between g and ¢ conformers of ethanol, 1-propanol and
2-propanol are larger at harmonic CCSD(T) 1D level, further
approaching (but not yet meeting) the experimental differences
in the fundamental transitions. This is detailed for some selected
differences in Table 1 and leads to a visiblely improved accuracy of
a global single parameter regression for harmonic CCSD(T) 1D in
the right part of Fig. 4 compared to for LCCSD(T*) in the left part.

The correlations between results of the different methods
and experimental OD stretching fundamentals of deuterated
alcohols were analyzed as well and analogous patterns were
found. Correlation graphs and suggested corrections for deut-
erated alcohols as well as for the anharmonic CCSD(T) 1D and
3D models are available in the ESIL.{

5634 | Phys. Chem. Chem. Phys., 2021, 23, 5629—-5643

Table 1 Differences in cm™! between OH stretching wavenumbers of
alcohols from experimental (anharmonic) fundamentals in comparison to
those calculated in the harmonic approximation. M stands for methanol
and T for tert-butyl alcohol

Ethanol 1-Propanol 2-Propanol M-T

Method t—g Gt — Gghet g—t

Experiment anh. 18 13 21 42
B3LYP-D3 17 10 21 27
PBEO-D3 18 15 22 33
SCS-LMP2 10 1 15 42
LCCSD(T*) 14 5 19 43
CCSD(T) 1ID**h. 16 10 20 M

3.2.1 Discussion. The observed patterns in the correlation
between experimental anharmonic wavenumbers and calcu-
lated harmonic wavenumbers imply two conflicting conclu-
sions for the OH stretching anharmonicity of alcohols.
According to the density functional results the anharmonicity
mostly depends on the degree of substitution at the alpha
carbon atom, but barely changes with the conformation. In
contrast the employed wave-function-based methods indicate
no effect from triple substitution but position-dependent
changes with single substitution, leading to differences
between trans and gauche conformers of primary and secondary
alcohols. The latter trend weakens with less approximate treat-
ment of electron correlation. Another plausible scenario is
therefore that changes in anharmonicity might be actually
negligible and all the observed patterns are founded in
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Table 2 Diagonal anharmonic contributions 2xon on to the OH stretching
fundamental of alcohols in cm ™ with stated uncertainties in parentheses,
derived from the fundamental and first overtone of FTIR jet,”> Raman jet,® or
FTIR stationary gas phase spectra at room temperature,”® B3LYP/6-
311++G(3df,3pd) local mode®® or CCSD(T)-F12a 1D/VDZ-F12 local mode?®
calculations. The partially resolved GP bands for 1-propanol conformers were
reassigned according to results of ref. 3

Stationary B3LYP CCSD(T)-
Alcohol Conformer  Jet*’>  GP’® 1D?® F12a 1D**
Methanol —172(2) —172.0(28) —159.8 —170.2
Ethanol ¢ —-172.6(4) —170.0(8) —159.2 —169.4
Ethanol g —176(2)  —172.0(24) —160.2 —170.2
1-Propanol Tt —-174 —172(1)  —159.6 —169.7
1-Propanol Gt -175 —172(1) —159.4 —169.4
1-Propanol  Ggie ~175 —-172(3)  —159.6 —169.0
1-Propanol Ty 174 ~172.0(18) —160.2 —170.3
1-Propanol  Gghom -177 —-172.0(18) —160.4 —170.3
2-Propanol ¢t — —170.0(24) —159.8 —170.3
2-Propanol g — —172(2) —160.0 —169.7
tert-Butyl —174.0(4) —172.0(16) —160.0 —169.9
alcohol

different systematic deficiencies on the electronic structure
level of the respective method, as reflected in the harmonic
predictions.

A hint for which assessment might be more likely may be
found in data for the diagonal anharmonicity contribution, as
it can be calculated through eqn (6).

2Xon,0n = U2 < 0) — 2-7(1 « 0) (6)

Experimental results are listed in the left part of Table 2.
According to this data there is at most a small increase from
methanol to tert-butyl alcohol, in contrast to the expectation
from the harmonic DFT results. A somewhat more robust
increase is indicated between trans and gauche ethanol - within
reported experimental uncertainties possibly large enough to
close the gap between the observed difference and the ones
calculated at the LCCSD(T*) and CCSD(T) levels. For 1-propanol,
however, no clear trend in diagonal anharmonicity between
t and g conformers is obvious. The decrease from the ¢ to the g
conformer of 2-propanol, which is suggested by the harmonic
SCS-LMP2 results, is not supported by experiment.

Available theoretical investigations indicate as well only small
and non-systematic changes between alcohols. With VPT2 calcula-
tions only slight changes of less than 1 cm ™" between methanol
and gauche ethanol were predicted, differing in sign between the
employed methods (MP2, B3LYP-D3 and B2PLYP-D3 with
the 6-311+G(2d,p) basis).”> 1D calculations at the B3LYP/6-
311++G(3df,3pd)*® and CCSD(T)-F12a/VDZF12°° levels for different
alcohols (right part of Table 2) yield very similar (but method
dependent) values within about 1 cm™* with no clear dependence
on conformation or degree of substitution. Apart from a method-
dependent correction the harmonic and 1D-anharmonic models
thus appear largely equivalent, but we prefer the harmonic model,
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because it is more easily generalizable to more complex IR
chromophores. Including the cubic term in eqn (1) does not change
this picture: the absolute values of 2xoyon from CCSD(T) 1D
increase by mere 0.1-0.3 cm ™, counterbalancing the changes in
the harmonic wavenumber, with insignificant cubic contributions
to the fundamental %yOH‘OH_OH in the range of 0.01-0.03 em L

How the off-diagonal contribution ! i Xon, might change
j#0H

between alcohols appears to be widjely unexplored. As the
number and character of modes the OH stretching might
couple to changes with substitution, some effect is conceivable.
For molecules as large as alcohols a direct experimental test is
only feasible for individual terms, but not for the complete
sum. For the latter n — 1 combination or hot bands of often very
low intensity would need to be assigned, in addition to all
fundamentals, with uncertainties adding up.

This puts the ball in theory’s court. The very uniform devia-
tions from experiment for the results of the CCSD(T) 1D model,>®
which covers diagonal anharmonicity, indirectly support similar
off-diagonal contributions for alcohols. VPT2 calculations at
B3LYP-D3, B2PLYP-D3 and MP2 level (all cc-pVTZ basis) suggest
a total off-diagonal contribution to the fundamental in the range
of —(10 to 12) em ' for methanol.>” The experimental funda-
mental can be reproduced when this result is combined with the
experimental or calculated diagonal term and the harmonic
wavenumber obtained at LCCSD(T*) or CCSD(T) 1D level. The
latter is also in good agreement with a value from an empirically
adjusted CCSD(T)/cc-pVIZ PES,”” which is used as part of the
HFREQ2014 benchmark set,”® and other calculations with larger
basis sets with F12a or without explicit correlation. Results
reported with the F12b or F12c (aka (F12*)) variants, the VQZ-
F12 basis and with and without triples scaling are somewhat
larger (Table 3).”®

Exploratory calculations for selected alcohols with larger
basis sets (aug-cc-pvVQZ for B3LYP-D3 and PBE0-D3; VTZ-F12
for LCCSD(T*)) indicate only negligible changes (in a range of
about 1 cm ™) for harmonic OH stretching wavenumbers and
consequently their differences. In contrast, the wavenumber of
methanol obtained at SCS-LMP2 level increases from 3852 to
3871 to 3876 cm ™' when moving from triple- to quadruple- to
quintuple-zeta quality. Very similar increases are found for
both conformers of ethanol, so that for this method as well
wavenumber differences appear to be largely unaffected by
remaining basis set incompleteness.

Compared to the harmonic LCCSD(T*) and CCSD(T)-F12a
1D references, B3LYP-D3 results are far too soft, while the
predictions from PBEO0-D3 are far too stiff, with the extent
depending on the degree of substitution. SCS-LMP2 results
tend to be too stiff when large basis set sizes are used.

Whether this overall satisfying picture for methanol, where
combined results from high-level harmonic, diagonal and off-
diagonal calculations meet the experimental transition, can
also be achieved for larger alcohols is an open question. This
invites further research on how the diagonal and especially the
off-diagonal anharmonicity of the OH oscillator might change
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Table 3 Calculated harmonic OH stretching wavenumber of methanol
with different methods

Method Basis set w/em ™!
LCCSD(T*)-F12a*° VDZ-F12 3862
LCCSD(T*)-F12a* VIZ-F12 3863
CCSD(T)-F12a 1D** VDZ-F12 3863
CCSD(T) adjusted PES”’ VIZ 3861
CCSD(T)-F12a”® VTZ-F12 3864
CCSD(T*)-F12a”® VTZ-F12 3861
CCSD(T) canonical”® av(Q+d)z 3864
CCSD(T)-F12b"® VQZ-F12 3868
CCSD(T*)-F12b7® VQZ-F12 3867
CCSD(T)-F12¢”® VQZ-F12 3870
CCSD(T*)-F12¢7® VQZ-F12 3869
SCS-LMP2 avTZ 3852
SCS-LMP2 avQz 3871
SCS-LMP2 avsz 3876
B3LYP-D3 mayVTZ 3835
PBE0-D3 mayVTZ 3897

with constitution and conformation, but also on why the SCS-
LMP2, and likely also the LCCSD(T*) method (awaiting further
theoretical testing), underestimate harmonic conformational
shifts. The data collated in the present work (see the ESIL,T for
all details) can be employed as a benchmark, although anhar-
monic hydrogen tunneling contributions must be kept in mind
as potential spoilers for suitable systems (one example is
discussed in the next section). On the experimental side this
could be supported with jet assignments for additional small-
sized alcohols, with a focus on secondary alcohols which are yet
underrepresented in this category.

Independent of the extent to which the gap between harmonic
predictions and experiment is founded in deficits of the electronic
structure methods or in the neglect of vibrational anharmonicity,
as long as it is systematic it can be empirically corrected by our
model. In the following section it is tested whether the proposed
set of still simple (but more complicated than anticipated)
corrections can successfully predict fundamental wavenumbers
of further alcohol conformers.

3.3 Model testing

3.3.1 Propargyl alcohol. As a test case for a primary alcohol
we investigate propargyl alcohol (prop-2-yn-1-ol) HCCCH,OH.
Predicted are two enantiomeric g conformers and an energetically
very high-lying ¢ conformer (Fig. 5).

g of .
0 kJ mol 7.2 kJ mol
- 3875 cm”' f“: 3883 cm”

D g1ary D 3 Ay
Fig. 5 Predicted conformers of propargyl alcohol with respective harmo-
nically zero-point-corrected relative energy, uncorrected harmonic OH
stretching wavenumber and Raman activity obtained at PBEO-D3 level. For
results of the other methods see the ESI.{ The g conformer has two
enantiomeric forms.
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Fig. 6 Raman jet spectra of propargyl alcohol at different detection distances
from the nozzle scaled to similar intensities of the 3662 cm™* signal, in
comparison with a simulated spectrum. For the simulation the PBEO-D3
harmonic wavenumbers are corrected as proposed by our model and a
Lorentzian broadening of FWHM = 1.5 cm™ 1 is applied. A Boltzmann distribu-
tion at 100 K is assumed.

In the experimental spectrum (Fig. 6) two bands are observed
at 3662 and 3658 cm ™', with the latter one having a higher relative
intensity in warmer parts of the expansion closer to the nozzle.
This can be compared to an assigned band center at 3663 cm™ " in
an IR study for the vapor at 100 °C.”°

In line with its predicted very high relative energy no
evidence for the ¢ conformer could be detected neither at room
temperature with rotational spectroscopy®® nor at 100 °C with
infrared spectroscopy.” The observation of two bands with
Raman jet spectroscopy at the expected low conformational
temperature of a jet expansion regarding the rotation about a
C-O bond® therefore asks for a different explanation. An
anharmonic effect not coverable by empirical scaling/shifting
of harmonic predictions (and also not by systematic local
anharmonic corrections, such as VPT2?®) is a tunneling inter-
action between (almost) isoenergetic conformations. This leads
to a splitting of the localized degenerate gauche-eigenstates into
a symmetric (s) and antisymmetric (as) delocalized combi-
nation. This energetic splitting only results in a resolvable
spectral splitting if it is significantly affected by the vibrational
excitation, otherwise the Franck-Condon-allowed transitions
between the tunneling states with preserved symmetry coincide.
The latter seems to be the case within our spectral resolution
(about 1 em™") for gauche ethanol® and tert-butyl alcohol,®" even
though ground state splittings of hc 3.2 em ™" and Ac 3.8 cm™
respectively, were detected for these alcohols with rotational
spectroscopy.®*®* Propargyl alcohol is the alcohol with the largest
known ground state tunneling splitting (zc 21.8 cm™*),** which
leads to a higher absolute sensitivity to small changes in the
torsional potential or in the moment of inertia upon OH stretching
excitation. Based on the temperature dependence the band at
3662 cm ' is thus assigned to the transition between the
respective lower energy symmetric and the other at 3658 cm™*
to the transition between the respective higher energy antisym-
metric states. This assignment corresponds to a lowering of the
tunneling splitting by about hc 4 cm™' upon OH stretching
excitation. Transitions between states of different torsional
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symmetry,®* with expected wavenumbers of about 3680 and
3640 cm ', are not detected. This can be compared to the
lowering of the tunneling splitting for methanol from hc
9.1 em ™' to hc 6.3 cm™1,*° the resulting spectral splitting of about
3 cm™ " was resolved as well with Raman jet spectroscopy.®® Using
the known ground state splitting E,, — Es = hc 21.8 cm™ " for
propargyl alcohol, integrated band intensity ratios Iy/I,s and the
assumption of equal Raman cross sections g,5 = g, Boltzmann
tunneling temperatures T; can be estimated through eqn (7).

T, _Es—E In I 0w - )
‘ R Ls oy

The obtained values decrease from 47 K at a detection
distance from the nozzle of 0.5 mm to 18 K at 3 mm, indicating
very strong relaxation. Similar tunneling temperatures were
estimated for malonaldehyde,®”” which has coincidentally a
ground state tunneling splitting of almost the same size,
supporting the assignment. The hypothetical localized transi-
tion for comparison with our predictions is the averaged value
of 3660 cm ', slightly higher than anticipated with our model
(Table 4).

In spectra of propargyl alcohol embedded in different cryogenic
matrices no spectral splitting was observed and the single band is
also downshifted compared to the gas phase position.*® Both
effects can be attributed to the interaction with the matrix.

In addition four weak downshifted bands at 3581, 3562,
3532 and 3507 cm ™" are observed in our work, which likely
originate from two dimer structures previously assigned in a
matrix study.® In these dimers both hydroxy groups donate a
hydrogen bond each and their OH stretching transitions are
thus shifted out of the monomer spectral region. The spectrum
in the full monochromator range (3720-3270 cm ™ ') is available
in the ESL}

Another intense transition at 3332 cm™ ' is assigned to the
acetylenic CH-stretch of the monomer. No splitting is resolved
in this case, in line with the expectation that the C-O-torsion is
less perturbed by the spatially more distant vibrational excitation.
Similar to malonaldehyde,®” it might be of interest to explore the
full fundamental range to investigate whether the excitation of

Table 4 Assignments, experimental band positions and deviations of the
predictions for the OH-stretching fundamental of propargy!l alcohol con-
formers. The experimental band is split in the transitions between the
respective symmetric (s) and antisymmetric (as) eigenstates, the deviation
is calculated from the average

-1

Conf. Method vlem (0 + K = Dexp)fem™
g Experiment 3662 (s), 3658 (as)

g B3LYP-D3 3657 -3
g PBEO-D3 3657 -3
g SCS-LMP2 3654 —6
g LCCSD(T*) 3658 -2
t Experiment Not observed

t B3LYP-D3 3662

t PBEO-D3 3666

t SCS-LMP2 3667

t LCCSD(T*) 3668
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Fig. 7 Structural formula and predicted conformers of (—)-borneol with
respective harmonically zero-point-corrected relative energy, uncor-
rected harmonic OH stretching wavenumber and Raman activity obtained
at PBEO-D3 level. For B3LYP-D3 and SCS-LMP2 results see the ESI.§

any other mode has substantial influence on the tunneling
splitting. The small molecular size of propargyl alcohol makes
it attractive for high-level theoretical investigation.

3.3.2 (—)-Borneol. (—)-Borneol, or (15,2R,4S)-1,7,7-trimethyl-
bicyclo[2.2.1]heptan-2-0], is a secondary and monoterpene alcohol
as well as a common natural product. The bicyclic carbon frame is
rigid and chiral, so that the two g conformers are diastereomeric
and expected to have distinct transitions. The structural formula of
(—=)-borneol and its three predicted C-O-torsional conformers are
given in Fig. 7. Strained-ring alcohols, such as borneol, are
especially valuable test cases for the model and the underlying
methods, because they provide access to unusual molecular envir-
onments for the hydroxy group. For example, the eclipsed OC,CgH
dihedral is avoided in open-chain or non-strained molecules.

In previous FTIR jet studies®®”*>°° a single band at 3653 cm
was observed in the monomer region, which was assigned to the
most stable conformer g— 7* (part of the training set). This band
is confirmed as the most intense with Raman detection, with
additional signals now revealed at 3670 and 3646 cm™* (Fig. 8).

-1

T
21.0
5
8054 Raman jet:
5 0.5mm
° 2.0mm x4.4
<0.04e
2 3640 3630 w/cm™
2
3
E
(]
2 PBE0-D3
©
] v=o0-223cm’

g+ g- t
Fig. 8 Raman jet spectra of (—)-borneol at two detection distances from the
nozzle scaled to similar intensities of the 3653 cm™ signal, in comparison
with a simulated spectrum. For the simulation the PBEO-D3 harmonic
wavenumbers are corrected as proposed by our model and a Lorentzian
broadening of FWHM = 1.5 cm™ is applied. A Boltzmann distribution at
100 K is assumed.
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Table 5 Assignments, experimental band positions and deviations of the
predictions for the OH-stretching fundamentals of conformers of

(=)-borneol

Conformer Method slem ™" (@ + K — Dexp)fem™
gt Experiment 3670

gt B3LYP-D3 3670 0
gt PBEO0-D3 3672 2
gt SCS-LMP2 3665 =5
g— Experiment 3653

g— B3LYP-D3 3654 1
g— PBEO0-D3 3654 1
g— SCS-LMP2 3656 3
t Experiment 3646

t B3LYP-D3 3650 4
t PBEO-D3 3644 -2
t SCS-LMP2 3654 8

Another band at 3656 cm™ " is assigned to a water impurity.”!
When probing a colder part of the expansion at a distance of
2 mm to the nozzle the signal at 3670 cm™* (assigned to g+) loses
in intensity relative to the signal at 3653 cm™" (assigned to g—),
in agreement with the predicted energy sequence of the con-
formers. The very weak band at 3646 cm™ ", assigned to ¢, is only
detected in the warm and dense part of the expansion close to
the nozzle. The model based on PBE0-D3 successfully predicts all
three band positions within £2 ecm™*, while B3LYP-D3 and
especially SCS-LMP2 show larger maximum absolute deviations
of 4 respectively 8 cm ™' (Table 5).

Also taking its lower predicted Raman activity into account, the
spectra establish g— as the predominant conformer. This is in good
agreement with the substantial energy advantage over g+ calculated
at the B3LYP-D3 (0.9 k] mol™") and PBE0-D3 (1.0 k] mol )
levels, but less so with the negligible difference at SCS-LMP2
level (0.1 k] mol™"). The ¢ conformer is at the edge of the
detection limit, as expected from its high calculated relative
energy of at least 1.5 k] mol ' with the applied methods. This
result contrasts to a photoelectron circular dichroism study of a
jet expansion of borneol which concluded a roughly equal
population of all three conformers.**

Due to the very low vapor pressure of borneol at room tempera-
ture (about 3 Pa),”® none of the cluster signals are detected
which were observed before with a heated setup for FTIR jet
spectroscopy.>’

3.3.3 2-Methyl-2-butanol. 2-Methyl-2-butanol (tert-amyl alcohol)
is a tertiary alcohol which can be derived from the well-studied
1-propanol®>® when the two methylene hydrogen atoms at the
alpha carbon atom are substituted with methyl groups. Because
internal rotation of methyl groups does not result in additional
conformers, five diastereomic conformations analogous to those
of 1-propanol are expected. They can be classified with two
dihedrals: OC,CgC, and HOC,Cg. We use a capital letter for
the qualitative arrangement of the former (G or 7T) and a lower-
case letter for the latter (g or ). An optional ‘homy’ or ‘het’ subscript
indicates whether two gauche dihedrals agree or disagree in sign.
The optimized conformers with calculated properties are shown in
Fig. 9. Similar to 1-propanol, all conformers are predicted to be
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Fig. 9 Predicted conformers of 2-methyl-2-butanol with respective harmo-
nically zero-point-corrected relative energy, uncorrected harmonic OH
stretching wavenumber and Raman activity obtained at PBEO-D3 level. For
results of the other methods see the ESI.¥ All shown conformers except Tt
have an enantiomer with all dihedrals reversed in sign.

within about 1 k] mol " by all employed methods and can there-
fore be expected to be populated in a jet expansion. For the
simulation of the spectrum we again assume a uniform conforma-
tional temperature of 100 K. This might underestimate the popu-
lation of the higher energetic Tg and Tt conformers, because
analogous to 1-propanol the torsion about the C-C bond is
expected to have a higher relaxation barrier compared to the one
about the C-O bond. This simplification should have only limited
impact because the differences in energy (and also in Gibbs energy
at room temperature) are predicted to be small.

For the five conformers the predicted sequences of OH
stretching wavenumber and energy are very similar between
all four methods. Minor changes are a spectral switch between
Tg and Ggpom at SCS-LMP2 and LCCSD(T*) level (within 1.5 cm™*
for all methods) and an energetic switch from Ggi,on, to Gt as the
global minimum at SCS-LMP2 level (within 0.2 k] mol™" for all
methods). The good agreement between simulation and obser-
vation (Fig. 10) makes the assignments (Table 6) relatively
straightforward.

With the transitions of Tg and Ggnom predicted by all four
methods within 1.5 ecm™", a spectral overlap in the intense
band at 3637 cm ™' would be plausible. Clusters are observed
between 3506 and 3487 cm ™, and are likely also responsible
for some spectral intensity in the 3535-3525 cm ™' region.
Because we cannot exclude an alternative assignment of Tg to
one of these features, we conservatively allocate only the lower
energetic Ggpom to the signal at 3637 ecm™'. The full mono-
chromator range (3830-3390 cm ') is available in the ESL¥

In an FTIR study®' of the vapor at 100 °C a broad band with
two maxima at 3645 and 3641 cm ™' was observed. To the former
the Gt and Ggpee and to the latter the other three conformers
were assigned. This is in reasonable agreement with our results,
considering the spectral overlap and thermal effects at these
conditions.

This journal is © the Owner Societies 2021
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Table 7 Performance of different models using harmonic or anharmonic
results of different quantum chemical methods in combination with proposed
empirical corrections for the prediction of OH stretching fundamentals. Listed
are the respective number of adjusted parameters np, number of conformers
nc in the data set (up to 46 conformers of 24 alcohols) as well as mean (MAE)
and maximum absolute errors (MAX). For 4 parameter models one is adjusted
independently for each substitution class of alcohol (methanol, primary,
secondary, tertiary), for 6 parameter models in addition trans and gauche
conformers of primary and secondary alcohols are treated separately. The
2 parameter model interconnects parameters as described in the ESI. 1
parameter models are a global fit for all alcohol conformers. For comparison
also the performance of 1D and 3D local mode models without or with a
single adjusted parameter is listed. All parameter values are available in the ESI

Gg Tt Gg,
Gt het hom

Tg

Fig. 10 Raman jet spectrum of 2-methyl-2-butanol in comparison with a
simulation. For the latter the PBEO-D3 harmonic wavenumbers are cor-
rected as proposed by our model and a Lorentzian broadening of FWHM =
1.5 cm™t is applied. A Boltzmann distribution at 100 K is assumed.

Table 6 Assignments, experimental band positions and deviations of
the predictions for the OH-stretching fundamentals of conformers of
2-methyl-2-butanol

1 1

Conformer Method v/em™ (0 + K — Deyp)lem™
Gghet Experiment 3648

Gghet B3LYP-D3 3652 4
GShet PBE0-D3 3648 0
Gghet SCS-LMP2 3653 5
Ghet LCCSD(T*) 3652 4
Gt Experiment 3646

Gt B3LYP-D3 3647 1
Gt PBEO-D3 3647 1
Gt SCS-LMP2 3644 -2
Gt LCCSD(T¥) 3644 -2
Tt Experiment 3642

Tt B3LYP-D3 3642 0
Tt PBEO-D3 3642 0
Tt SCS-LMP2 3641 -1
Tt LCCSD(T¥) 3641 -1
GZhom Experiment 3637

GShom B3LYP-D3 3639 2
Gghom PBE0-D3 3638 1
Gghom SCS-LMP2 3638 1
GShom LCCSD(T¥) 3637 0
Ty Experiment Not assigned

Tg B3LYP-D3 3639

Tg PBEO0-D3 3638

Tg SCS-LMP2 3639

Ty LCCSD(T*) 3639

3.3.4 Test summary. With cyclohexanol and isopinocam-
pheol we investigated two additional secondary alcohols, which
are detailed in the ESI{ The spectral positions of the two
respectively three assigned conformers were predicted by the
B3LYP-D3, PBEO-D3 and SCS-LMP2 models with a maximum
deviation of 4 cm™ ™.

Confirming its good performance for the training set, plausible
predictions are made by the model based on PBE0-D3 for the

spectral positions of all 11 newly assigned conformers in the test

This journal is © the Owner Societies 2021

Method np ne MAE/cm ™! MAX/cm™*
B3LYP-D3 4 46 1.7 4
PBE0-D3 4 46 1.3 3
SCS-LMP2 6 46 1.5 6
LCCSD(T¥) 6 19 1.0 4
B3LYP-D3 2 46 1.8 4
PBE0-D3 2 46 1.3 3
B3LYP-D3 1 46 3.9 14
PBE0-D3 1 46 2.6 8
SCS-LMP2 1 46 4.6 14
LCCSD(T¥) 1 19 2.8 5
CCSD(T) 1D*° h. 1 11 1.2 2
CCSD(T) 1D*° anh. 1 11 1.1 2
B3LYP 1D* anh. 0 11 3.0 9
CCSD(T) 1D*¢ anh. 0 11 10.5 13
CCSD(T) 3D anh. 0 11 2.6 6

set with a maximum error of 3 cm™". Deviations for B3LYP-D3
tend to be slightly larger up to 4 cm ™, also similar to the training
set. Despite using a larger set of corrections, the predictive quality
of SCS-LMP2 is found to be lower than anticipated with errors up
to 8 cm™". Due to the high computational costs LCCSD(T*) could
only be tested on conformers of propargyl alcohol and 2-methyl-2-
butanol with deviations up to 4 cm ™.

By merging the training and test set and reevaluating the
corrections the model can be improved for future predictions.
Updated values of x differ from the initial ones at most by
1 em Y, except for SCS-LMP2 in case of trans conformers of
secondary alcohols, whose spectral positions in the test set were all
overestimated by the initial correction. Correlation graphs, correc-
tions as well as sample inputs for further use of the model are
available in the ESL{ In Table 7 the mean and maximum absolute
deviations for the whole updated data set and the different evaluated
variants of the model are listed. Comparison with the results of
alternative single parameter joint regressions show the gain in
accuracy from partitioning of the data set according to chemical
properties as suggested by us. Also listed are the performances of
local mode models discussed in the introduction. For the CCSDT(T)
1D model the empirical correction of calculated fundamentals is
only marginally superior to the correction of calculated harmonic
wavenumbers, reflecting the very uniform diagonal anharmonicity.

In the future, the search for further alcohols with large
discriminatory power between the theoretical models can be
intensified. For this purpose two bulky alcohols, 2,3,3-trimethyl-
butan-2-ol and tri-tert-butylcarbinol, for which the methods in
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our model make conflicting predictions, have been identified.
This is elaborated in the ESL.}

3.4 Limitations of the model

The model was trained and tested with transitions observed
under jet conditions. Applying it to predict band maxima of
alcohols in stationary gas phase at room or elevated temperature
is possible, but deviations are expected to increase due to
thermal excitation of rotational and low-lying vibrational modes.
No predictive quality is expected for OH stretching wavenumbers
of alcohols in solution or matrices as they are known to strongly
downshift due to environmental effects, with the additional
possibility of site splittings in matrices. Empirical prediction of
shifts from gas to solution phase was, however, attempted.®*

How tunneling splittings can lead to deviations from the
predictions of this model was already covered in Section 3.3.1 for
the example of propargyl alcohol. For this case and for methanol
the cause could be readily identified because only a single (energe-
tically relevant) diastereomeric conformer was expected and large
ground state splittings were already characterized beforehand with
high-resolution spectroscopy. For less well-investigated alcohols
with multiple conformers spectral tunneling splittings can
seriously complicate assignments of vibrational spectra. We
will discuss an especially puzzling example in future work. Ab
initio predictions for the size of tunneling splittings are mathe-
matically complex and computationally demanding because a
large part of the potential energy surface needs to be considered
at a high level of theory. In future work another semi-empirical
model will be presented to estimate the size of tunneling splittings,
again making use of fast routine calculations and similarities
between alcohols.

Another major challenge for theory is the prediction of the
downshift induced in the OH stretching fundamental when a
hydrogen bond is formed. Both the diagonal anharmonicity”>°>*®
as well as the coupling with other modes, including the inter-
molecular modes in complexes,***”*® have been found to depend
on the acceptor type. After initial explorative calculations we
decided to exclude intramolecular cases from the data set. The
presented model derived from and for non-hydrogen-bonded
conformers is tested in the ESLf for a selection of hydrogen-
bonded structures reported in the literature with «, N, O, F and Cl
acceptors. Briefly, the performance of the model for hydrogen-
bonded conformers is very dependent on the acceptor type and
the used underlying method. It seems to profit in some cases from
error cancellation and a rough estimation of the spectral position
can be expected, but it is far less reliable than for non-hydrogen-
bonded conformers. It will thus be challenging, but also rewarding,
to develop similarly accurate models for hydrogen-bonded
alcohols®®**° and other hydrogen bond donors.”®%%'!

4 Conclusions

In this article we investigated the possibility of predicting
experimental absolute OH stretching fundamental wavenumbers
for gas phase alcohols by empirical correction of those calculated
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in the harmonic approximation. In the correlation between these
two quantities we identified different patterns for hybrid density
functional (B3LYP-D3 and PBE0-D3) and wave-function based
methods (SCS-LMP2, LCCSD(T*) and CCSD(T) 1D). Only harmo-
nically approximated CCSD(T) 1D predicts the spectral shifts
from selective H — C substitution at the alpha carbon with good
accuracy in all tested cases. Available experimental and theoretical
data indicate that this is likely for the right reason due to almost
uniform anharmonicities for the considered alcohols, but further
confirmation is needed. The concept of the presented model is to
exploit the observed error regularities of the more affordable
methods in predicting spectral shifts between alcohols with
different H/C substitution patterns, including conformational
differences for SCS-LMP2 and to a lesser extent LCCSD(T*).
Interestingly, shifts from substitution and conformational
changes in B-position are predicted more robustly by all tested
methods, leading to small sets of empirical correction parameters.
Using these, the predictive accuracy of broadly affordable methods
can be greatly improved in comparison to conventional uniform
scaling. With the best performing method for this purpose, PBEO-
D3 combined with a reasonably saturated but still economic basis
set, a mean absolute error of 1.3 cm™ ' and a maximum absolute
error of 3 em™ " is achieved for 46 conformers of 24 alcohols in a
60 cm ' range. This facilitates identification of the most stable
conformers with a combination of Raman jet spectroscopy and
computationally inexpensive routine calculations, as demon-
strated for a number of alcohols. The superior performance of
the PBE0O-D3 based model should, however, not be interpreted as a
superior description of the OH stretching potential by this func-
tional. Indeed, it fails in predicting substitution shifts between
methanol, primary and secondary alcohols and, as comparison
with high-level calculations shows, its harmonic spring constant is
far too stiff. However, it provides the best base for empirical
correction, which may be related to its minimal empirical content
in the first place. The performance of the model is found to
deteriorate for spectral positions of alcohol conformers with
intramolecular hydrogen bonds, whose anharmonicity is far more
multifaceted. Still, we see the success and insight from such simple
models for alcohols as an essential prerequisite for any more
ambitious modeling attempts in more complex environments.

Our analysis also rationalizes the empirical success and popu-
larity of density functionals, notably B3LYP(-D3), in the OH
vibrational assignment of alcohol conformations (not necessarily
their energy difference), which was often found to be superior to
that of affordable wavefunction methods.">"”7**>'% within a
given chemical constitution, the DFT deficiency does not interfere
with the assighment purpose.
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