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ABSTRACT

This study has examined the relative energetics of nine stationary points associated with the three different radical isomers generated by
removing a H atom from ethanol at the O atom (ethoxy, CH3CH,O0), the « C atom (CH3CHOH), and the 8 C atom (CH,CH,OH). For the
first time, CCSD(T) geometry optimizations and harmonic vibrational frequency computations with the cc-pVTZ and aug-cc-pVTZ basis
sets have been carried out to characterize two unique minima for each isomer along with three transition state structures with C; symmetry.
Explicitly correlated CCSD(T) computations were also performed to estimate the relative energetics of these nine stationary points near the
complete basis set limit. These benchmark results were used to assess the performance of various density functional theory (DFT) and wave
function theory methods, and they will help guide method selection for future studies of alcohols and their radicals. The structures generated
by abstracting H from the a C atom have significantly lower electronic energies (by at least 7 kcal mol™') than the CH3;CH, O and CH,CH,OH
radicals. Although previously reported as a minimum on the ground-state surface, the 2A” C; structure of the ethoxy radical was found to be
a transition state in this study with MP2, CCSD(T), and a number of DFT methods. An implicit solvation model used in conjunction with
DFT and MP2 methods did not qualitatively change the relative energies of the isomers, but the results suggest that the local minima for the
CH3CHOH and CH,CH,OH radicals could become more energetically competitive in condensed phase environments, such as liquid water
and ethanol.

Published under an exclusive license by AIP Publishing.

I. INTRODUCTION Furthermore, increased HER levels are linked to lipid peroxidation,
thus being a contributor to hepatic steatosis, or “fatty liver,” which
occurs frequently in users exhibiting heavy alcohol use.

This family of ethanol-derived radicals, denoted here as

C2H50]°, is also of keen interest regarding their applications in the

Oxidative degradation of ethanol in the human liver leads to
production of a series of reactive oxygen species as byproducts
of lipid peroxidation. These include highly reactive C,HsO radi-
cals, such as the hydroxyethyl radicals (HERs), CH3CHOH («) and

CH,CH,O0H (b), as well as the ethoxy radical, CH;CH,O (O).

Oxidation of ethanol to acetaldehyde is performed by three major
classes of degradative enzymes, alcohol dehydrogenases, catalases,
and cytochromes. Specifically, cytochrome P450 2E1 (CYP2EIL),
which is present in microsomes of hepatic cells, has been implicated
in the formation of the harmful HERs under study here.” ” Chronic
ethanol exposure causes the upregulation of CYP2EI1, which is
responsible for the production of HERs in vivo, via abstraction of
a hydrogen atom from ethanol. Increased concentrations of
HERs in the blood are found to correlate with liver-related injuries
as well as generating autoimmune responses that attack hepatocytes.

combustion of ethanol, as well as atmospheric chemistry and pol-
lution control. Bioethanol is a common gasoline additive. The
autoignition and oxidation of ethanol occur through a variety of
pathways, of which the reaction of ethanol with halogens or reac-
tion of O + C;Hs and OH + C,Hy produces hydroxyethyl rad-
icals as intermediates. The role of hydroxyalkyl radicals in
ethanol combustion has been implicated by the discovery that the
enol tautomers of aldehydes are significant intermediates in ethanol
combustion.”” A number of previous studies elucidated reaction
mechanisms and kinetics of the autoignition of ethanol, involving

the reactions of C,HsOl® isomers with NO,* O,, and H,0.
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Although CH; CHOH is the lowest-energy isomer, the CH,CH,OH
isomer exhibits a geometry favorable for internal abstraction, yield-
ing the lowest dissociation pathway of the C;HsO!* isomers to
produce OH and C,Hy as products.™

Curtis et al. previously investigated the energies of various
C,H50!* and C,Hs0]" isomers.”” They performed MP2/6-31G*
geometry optimizations and G2 computations on seven confor-
mations of the three C2H5O]° isomers, with the lowest energy
corresponding to the CH;CHOH isomer. Two conformations of
CH;3;CHOH were identified. They differed only in the orientation of
the hydroxyl hydrogen (anti vs gauche), with anti-CH3; CHOH being
slightly lower in energy (0.3 kcal mol™). Additionally, they reported
three stationary points of CH,CH,OH, again differing in the orien-
tation of the hydroxyl hydrogen (anti vs gauche), with a second anti-
CH,;CH,OH minimum identified exhibiting C, symmetry. How-
ever, these structures were reported to be ~8 kcal mol™ higher in
energy than the CH; CHOH isomers. Finally, two minima were iden-
tified for the ethoxy isomer (CH3CH,O), one for the 2 A" electronic
state and the other for the 2A” electronic state. Both were deter-
mined to be ~10 kcal mol™ higher in energy than the CH; CHOH
isomers.”” Similar results have been obtained for the relative ener-
getics of the CH;CHOH, CH,CH,OH, and/or CH3CH,O isomers
from other theoretical studies examining the decomposition and iso-
merization of C2H501° with ab initio electronic structure methods,
such as CBS-QB3, CCSD, CCSD(T), and QCISD(T).”¢2 3

A total of nine C,HsO!® structures are characterized here
with full geometry optimizations and harmonic vibrational fre-
quency computations. Given the biochemical significance of HERs,
this work examines the energetics of those CZHSO]' isomers
in an aqueous environment with an implicit solvation model.
CCSD(T) computations on the isolated radical species (in vacuo)
are used to calibrate less demanding methods that are subsequently
used to assess condensed phase effects on the energetics of this
system.

Il. THEORETICAL METHODS

Full geometry optimizations and corresponding harmonic
vibrational frequency computations are performed on the C; min-
imum energy structure of ethanol, CH3CH,OH, using density
functional theory (DFT) and wave function theory (WFT) tech-
niques, specifically the B3LYP, B3LYP-D3,” ** M06-2X, M06-2X-
D3,10414 ¢»-B97XD,*** »-B97,"° w-B97X,*® B2PLYP-D,*"** DSD-
PBEP86,"*" PW6B95-D3,04151 M06-L, M06-L-D3,*4152 MP2,>
and CCSD(T)** methods. All computations for CH;CH,OH uti-
lize a spin-restricted closed-shell reference function, denoted by the
“r” prefix, and are performed with Dunning’s correlation consistent
triple-( basis sets with and without diffuse functions, aug-cc-pVTZ
and cc-pVTZ, abbreviated here as aTZ and TZ.7>°°

Full geometry optimizations and corresponding harmonic
vibrational frequency computations are performed on the nine

C2H50]' stationary points with the aforementioned methods and
a spin-unrestricted reference function for the doublet electronic
state of these radicals, denoted by the “u” prefix. All computations
are performed with the aTZ and TZ basis sets. To examine poten-
tial effects from the choice of spin reference function, additional

B3LYP, M06-2X, and w-B97XD computations were performed with
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a spin-restricted open-shell reference function (denoted by the “ro”
prefix).

A series of single point energy computations were per-
formed on the uCCSD(T) structures optimized with the TZ
and aTZ basis sets. These spin unrestricted and partially spin
restricted coupled-cluster energy computations employed a high-
spin restricted Hartree-Fock (RHF) reference wave function. The
canonical CCSD(T) computations are denoted by RHF-uCCSD(T)
and RHF-rCCSD(T), and they were carried out with the standard
and augmented correlation consistent basis sets (cc-pVXZ and aug-
cc-pVXZ, abbreviated here as XZ and aXZ, where X = D, T, Q).
A suffix of either “~F12a” or “~F12b” is appended to denote the
ansatz adopted for the corresponding explicitly correlated compu-
tations that employed the analogous cc-pVXZ-f12 basis sets, where
X =D, T, and Q (abbreviated XZ-f12).”” The spin-projected MP2
(pMP2)>¢-%" energies are also reported for the corresponding uMP2
optimized structures.

To investigate the potential of solvents to affect the molec-
ular structure and energetics, the Polarized Continuum Model
(PCM)°1? is employed with water, ethanol, and n-hexane. PCM
is performed exclusively with DFT and MP2 methods employing
the TZ and aTZ basis sets. The Gaussian 16 software package®’ is
employed for the DFT and MP2 computations. The CCSD(T) opti-
mizations and harmonic vibrational frequency computations are
performed with the CFOUR software package®*® using the avail-
able analytic gradients and Hessians. The canonical and explicitly
correlated RHF-uCCSD(T) and RHF-rCCSD(T) single point energy
computations were performed with the morrro program.®®°” These
energy computations utilized the default f12 auxiliary basis sets,
and the triples contributions to the CCSD(T)-F12 energies were not
scaled in this investigation. The numerical integration grids, conver-
gence criteria, and PCM solvent parameters employed herein were
the default options provided for DFT methods in Gaussian 16.

lll. RESULTS AND DISCUSSION
A. Optimized structures

The uCCSD(T)/TZ optimized molecular structures of the nine
C,H50!* stationary points identified in this study are presented in
Fig. 1. The uCCSD(T)/aTZ optimized structures are given in Fig. S1
of the supplementary material. Some redundant geometric para-
meters are reported for the Cs structures for consistency. The num-
ber of imaginary frequencies, nj, for each structure is provided in
the first row of Table I, and the corresponding uCCSD(T) harmonic
vibrational frequencies can be found in the supplementary material.
For comparison, the CCSD(T)/TZ and aTZ optimized structures
and harmonic vibrational frequencies for ethanol, CH3CH,OH, are
also provided in the supplementary material.

Abstraction of a hydrogen atom from ethanol at the « C (C1)
produces two CH3CHOH conformations, denoted here as anti-
CH3CHOH [Fig. 1(a)] and gauche-CH3CHOH [Fig. 1(b)], which
are predicted to be the lowest-energy structures by all of the DFT
and WFT methods employed. Furthermore, the two « isomer con-
formations have rather similar electronic energies, with our best
estimates of the CCSD(T) complete basis set (CBS) limit predict-
ing anti-CH;CHOH to be about 0.3 kcal mol™" lower in energy
than gauche-CH3CHOH. See Sec. 111 B for a detailed discussion of
energetics. The changes in the C1-C2 and C1-0O bond lengths, AR,
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(2)

anti-CH;CHOH-[C,,2A] gauche-CH;CHOH-[C,,24] anti-CH,CH,OH-[C,,2A]

0C,C,=113.7° C,C,H,=112.0° OC,C,=118.5° C,C,H=111.0° OC,C,=108.6° H,0C,=107.5°
H,0C,=108.2° C,C,H,=110.4° H,0C,=107.9° C,C,H,=112.2° H.C,C,=110.0° C,C,H,=120.3°
H,C,C,=120.6° C,C,H=110.3° H,C,C,~120.8° C,C,H=1104" H,C,C,=110.0° C,C,H,=119.3°

(d) (e)

0.962

®

H,
B 1.082

1.082

C,-anti-CH,CH,0H-[C,24] gauche-CH,CH,OH-[C,,24] C,-gauche-CH,CH,OH-[C,,24"]

0C,C,=108.7° H.OC,=106.9° OC,C,=112.7° H,0C=106.7° OC,C,~112.4° H,0C,=106.7°
H.C,C,=109.8° C,C,H,=120.3° H.C,C,~110.2° C,C,H,~121.0° H.C,C,~110.3° C,C,H,~120.6"
H,C,C,=109.8° C,C,H,=120.3° H,C,C,=110.8° C,C,H,=119.0° HyC,C,=110.3° C,C,H,=120.7°

(€9) (h)

C,-CH;CH,0-[C,,24"] C,-CH,CH,0-[C,,24"] C,-CH,CH,0-[C,,24]

0C,C,=114.9° C,C,H~=110.3° OC,C,=106.0° C,C,H;=110.2° OC,C,=114.6° C,C,H,=110.3"
H.C,C~=111.7" C,C,H=110.3° H.C,C,=108.8° C,C,H,=110.2° HC,C,=112.1° C,C,H,=110.3"
H,C,C,=111.7° C,C,H~=110.7" H,C,C,=108.8° C,C,H~=108.7 H,C,C,=110.8° C,C,H~110.6"

FIG. 1. uCCSD(T)/TZ optimized structures of (a) anti-CH;CHOH, (b) gauche-CH3CHOH, (c) anti-CH,CH,OH, (d) Cs-anti-CH,CH,OH, (e) gauche-CH,CH,OH, (f)

Cs-gauche-CH,CH,0H, (g) Cs-CH3CH,0-2A”, (h) Cs-CH3CH,0-2A’, and (i) C4—CH3CH,0-?A. Bond lengths are presented in &ngstroms and bond angles in
degrees.
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TABLE I. Relative electronic energies, AE (in kcal mol~"), predicted with both canonical and explicitly correlated CCSD(T) energy computations for each CCSD(T)/TZ optimized

energetic minimum. CCSD(T)/TZ optimized relative energies are included for reference.

CH3;CHOH CH,CH,OH CH;3CH,0

Method anti [*A] gauche [*A] anti [*A] Cs-anti[*A’] gauche [*A] Cs-gauche [PA'] Cs-[PA"] Cs-[*A’] Ci-[2A]
n' 0 0 0 1 0 1 1 0 0
uCCSD(T)/TZh 0 0.24 8.50 9.37 7.44 9.02 9.68 10.15 9.66
RHF-uCCSD(T)/TZ" 0 0.24 8.51 9.38 7.44 9.02 9.70 10.17 9.68
RHF-uCCSD(T)/QZ° 0 0.30 8.35 9.26 7.45 8.88 10.63 11.09 10.61
RHF-uCCSD(T)/aTZ“ 0 0.32 8.18 9.01 7.33 8.63 10.13 10.55 10.11
RHF—uCCSD(T)/aQZl’ 0 0.32 8.30 9.21 7.47 8.84 10.90 11.35 10.88
RHF—uCCSD(T)—F12b/DZ—f12h 0 0.32 8.39 9.27 7.53 8.95 10.73 11.23 10.72
RHF—uCCSD(T)—F12b/TZ—f12h 0 0.33 8.39 9.30 7.54 8.93 10.97 11.45 10.96
RHF—uCCSD(T)—Fle/QZ—leb 0 0.33 8.39 9.32 7.55 8.94 11.10 11.59 11.09
uCCSD(T)/aTZ" 0 0.32 8.17 8.98 7.32 8.61 10.12 10.54 10.11
RHF-uCCSD(T)/TZ* 0 0.24 8.52 9.39 7.45 9.04 9.69 10.16 9.67
RHF-uCCSD(T)/QZ* 0 0.30 8.35 9.26 7.45 8.88 10.63 11.09 10.62
RHF-uCCSD(T)/aTZ* 0 0.32 8.17 8.99 7.32 8.62 10.14 10.55 10.12
RHF-uCCSD(T)/aQZ’ 0 0.32 8.30 9.20 7.47 8.83 10.91 11.36 10.89
RHF-uCCSD(T)-F12b/DZ-f12° 0 0.32 8.39 9.26 7.53 8.94 10.74 11.23 10.72
RHF-uCCSD(T)-F12b/TZ-f12° 0 0.32 8.39 9.30 7.54 8.93 10.98 11.46 10.96
RHF-uCCSD(T)-F12b/QZ-f12° 0 0.32 8.39 9.32 7.55 8.94 11.11 11.60 11.10

*Number of imaginary vibrational frequencies from the analytic Hessians available for the uMP2, uCCSD(T), and various spin-unrestricted DFT methods with the TZ and aTZ
basis sets. All frequencies are reported in the supplementary material for readers interested in the different values of n; obtained with the default numerical integration grids and

convergence criteria for certain functionals and/or basis sets.
®uCCSD(T)/TZ optimized geometry.
“uCCSD(T)/aTZ optimized geometry.

induced by dehydrogenation for the lowest-energy conformation of
each isomer class are provided in Tables S4 and S5, i.e., deviations
relative to ethanol. All of the DFT and WFT methods predict both
the C1-C2 and C1-O bond lengths to contract by 0.031 + 0.003 and
0.050 + 0.004 A, respectively, when H is removed from the « C of
ethanol to form anti-CH;CHOH. Interestingly, the lowest-energy
CszO]' isomer, anti-CH3CHOH, exhibits the greatest overall geo-
metric changes from ethanol (large contractions in both the C1-C2
and C1-0 bonds).

Four CH,CH,OH structures [Figs. 1(c)-1(f)] were found upon
abstraction of a hydrogen atom from ethanol at f C (C2), all
~8 kcal mol™" higher in energy than anti-CH;CHOH. All DFT and
WFEFT computations indicate that the lowest-energy conformation of
the 8 isomer corresponds to gauche-CH,CH,OH [Fig. 1(e)]. Our
uCCSD(T) harmonic vibrational frequency computations with the
TZ and aTZ basis sets show that two of the § structures charac-
terized here correspond to transition states, Cs-anti-CH,CH,OH
and Cs-gauche-CH,CH,OH, as shown in Figs. 1(d) and 1(f), respec-
tively. Although uMP2/6-31G”* frequencies indicated that the for-
mer was a minimum (#; = 0),>® our characterization of that station-
ary point is consistent with the detailed study of the CH,CH,OH
radical by Karpichev et al, indicating that this particular struc-
ture is a transition state possessing a single imaginary vibrational
mode (n; = 1) at the CCSD/6-311+G(d,p) level of theory.”* Both
C, transition state structures of the CH,CH,OH radical connect
equivalent forms of the corresponding minima (mirror images
of anti- and gauche-CH,CH,OH). The electronic barrier heights

associated with this conformational transition states are on the
order of 1 kcal mol ™. Additionally, Liu et al. identified a confor-
mational transition state (TS4/4’) between the anti- and gauche-
CH,CH,OH minima, lying ~0.6 kcal mol~! above the former based
on QCISD(T)/6-311G(2df,p) single point energy computations with
B3LYP/6-311G(d,p) optimized structures. All of the DFT and WFT
methods predict the C1-C2 bond length to contract by 0.031
+ 0.004 A when H is removed from the § C of ethanol to form
gauche-CH,CH,OH. Unlike the « isomer, the C1-O bond length
in the § isomer remains practically unchanged from that of ethanol,
depending on the method, at 0.000 + 0.001 A (Tables $4 and S5).
Finally, abstraction of the hydrogen atom from the oxygen
atom in ethanol leads to the highest-energy isomer, CH3CH,O,
with AE around 11 kecal mol™ near the CCSD(T) CBS limit. When
the CH3CH,O isomer has C; symmetry, the electronic energies
reported in Table I indicate that the A’ electronic state lies only
~0.5 kcal mol™" above the *A” state. Although the higher-energy
%A’ stationary point is a minimum, the lower-energy 2A” optimized
structure has one imaginary frequency according to analytic Hes-
sians computed with the uMP2, uCCSD(T), and several DFT meth-
ods using both the TZ and aTZ basis sets. Interestingly, QCISD/6-
311++G(d,p) frequencies obtained by finite difference procedures
did yield a single imaginary vibrational mode for the 2A” Cs struc-
ture of the ethoxy radical.”® However, B3LYP/6-311++G(d,p) fre-
quencies computed analytically in that same study indicated that
it was a minimum (#; = 0). When the symmetry of the 2A" struc-
ture is relaxed, a nearly isoenergetic C; minimum is identified from
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subsequent uMP2, uCCSD(T), and other geometry optimizations
that deviates slightly from the Cs symmetry with an O-C1-C2-H,
torsional angle near 178°. All methods consistently predict a slight
elongation of the C1-C2 bond length (0.008 + 0.002 A) and the
largest observed contraction overall in the C1-O bond length (0.056
+ 0.009 A) when moving from ethanol to the lowest-energy O elec-
tronic state, C;-2A (Tables S4 and S5). This is opposite to the behav-
ior exhibited by the 8 isomer, which exhibits large contractions in
the C1-C2 bond length and virtually no change in the C1-O bond
length.

B. Energetics

Table I provides the relative electronic energies, AE, for a selec-
tion of the canonical and explicitly correlated uCCSD(T) energy
computations performed on the uCCSD(T)/TZ and uCCSD(T)/aTZ
optimized structures. The full set of relative energies predicted by the
canonical and explicitly correlated CCSD(T) energy computations is
presented in the supplementary material, Tables S6 and S7. Use of an
unrestricted vs restricted open-shell reference function with the DFT
and MP2 methods results in virtually the same AE for the C,HsO!*
isomers. Similarly, the maximum absolute deviation (MaxAD) for
AE between RHF-uCCSD(T) and RHF-rCCSD(T) is 0.11 kcal mol™
for both canonical and explicitly correlated results. The differences
between the results obtained with the a vs b ansatz for the F12 energy
computations were even smaller, with a MaxAD in AE of 0.04 kcal
mol~" when employing the TZ-f12 and QZ-f12 basis sets. There is
very little basis set dependence for AE with H abstraction from the
C atoms. The canonical and F12 results are within ~0.01 kcal mol ™
for AE obtained with any quadruple-( basis set. AE for the O isomer
conformations is more sensitive to the choice of basis set, as the same
metric grows to ~0.5 kcal mol ™.

The QZ-f12 results in Table I are near our best estimates of
the CCSD(T) CBS limit and are thus used to discuss AE for the
C2H50]' isomers, and those AE values do not change by more
than 0.01 kcal mol™! when the uCCSD(T)/aTZ optimized struc-
tures are used instead. Clearly, the anti-CH3 CHOH conformation of
the « isomer has the lowest energy, residing 7.55 kcal mol™" below
gauche-CH,CH,OH and 11.10 kcal mol ™! below the C;-24 O iso-
mer. The other conformation of the « isomer, gauche-CH;CHOH,
is predicted to lie only 0.33 kcal mol™" higher in energy than anti-
CH3CHOH. The gauche conformation of the  isomer is confirmed
to be the lowest-energy, with the anti-local minimum only 0.84 kcal
mol™" higher in energy. The QZ-f12 results in Table I indicate that
AE is 211.10 kcal mol™" for all O isomer structures and that the A’
minimum is only 0.50 kcal mol~! above the C; minimum on the
ground state surface of CH;CH,O.

A detailed analysis of the CH,CH,OH isomer by Karpichev
et al. also provided relative energies near the CCSD(T) CBS limit
from TZ/QZ extrapolations that are virtually identical (within
0.04 kcal mol™!) to those obtained here for that subset of struc-
tures with Ref. 34. Our results presented in Table I are also consis-
tent with published relative energetics from CCSD(T), QCISD(T),
and other computations for select structures of these radical iso-
mers,”®*>%°% many of which are tabulated in the supplementary
material for convenience.

The RHF-uCCSD(T)-F12b/QZ-f12 relative electronic energies
in Table I are employed as the reference to assess the accuracy of

ARTICLE scitation.org/journalljcp

a series of DFT and WFT methods. Table II presents the devia-
tions from those reference AE values for each optimized stationary
point in kcal mol™! computed with the selected methods and the TZ
basis set. The average absolute deviation (AvgAD) and maximum
absolute deviation (MaxAD) from the reference values are also pre-
sented. The full table of AE computed with the selected DFT and
WFT methods and the TZ and aTZ basis sets is provided in the
supplementary material, Table S6. The AvgADs and MaxADs com-
puted with the aTZ basis set are also provided in Table S7. Although
zero-point vibrational energies are not discussed here, they can be
assessed from the harmonic vibrational frequencies reported in the
supplementary material.

Overall, deviations from the CCSD(T) CBS limit for the DFT
methods are somewhat smaller when the basis set includes diffuse
functions (aTZ vs TZ); however, this trend reverses for the uMP2
and pMP2 ab initio methods. Based on the results in Table II,
it is clear that most methods struggle to quantitatively reproduce
the relative energies of the three different isomers (CH3;CHOH,
CH,CH,0H, and CH3H,0). The double-hybrid functional, DSD-
PBEPS86, outperforms all other methods when compared to the
RHF-uCCSD(T)-F12b/QZ-f12 energies with an AvgAD of 0.39 kcal
mol™" and MaxAD of 0.58 kcal mol™". The second double-hybrid
functional B2PLYP-D also performs well compared to the other
selected methods, confirming B2PLYP-D’s previously described
good performance in computing the energetics of small carbon-
centered radicals at a reduced cost.”” The Minnesota hybrid func-
tional, M06-2X, and each of its variants are also among the most
accurate, with uM06-2X providing an AvgAD of 0.51 kcal mol™
and MaxAD of 0.91 kcal mol™". The two methods based on second-
order Moller-Plesset perturbation theory provide accurate energet-
ics when considering the CH3;CHOH and CH,CH,OH isomers but
begin to break down when investigating the varying electronic states
of the CH3CH,O isomer. In fact, uMP2/TZ exhibits one of the high-
est MaxAD’s of 3.70 kcal mol™!. Likewise, the pure functionals,
MO06-L and M06-L-D3, performed worse in computing the relative
energies of the C2H50]' isomers, with an AvgAD of 2.23 kcal mol~!
and MaxAD of 4.51 kcal mol™".

C. Implicit solvation effects

In an effort to determine how solvation affects the energet-
ics of the C;H50!* isomers, implicit solvation computations were
performed using the Polarized Continuum Model (PCM) and three
different solvents, ranging in their polarity and dielectric constants:
water, ethanol, and n-hexane. Overall, these solvent models induced
fairly small changes to the relative energies of the nine different
C,H50!* structures characterized in this investigation, generally on
the order of a few tenths of a kcal mol™".

The H,O solvent model induces the largest changes to the rel-
ative energies (Table 111), ranging from ~—0.4 to +0.8 kcal mol ™',
but the effects from ethanol are quite similar. Hexane consistently
produced the smallest changes to AE, typically less than +0.1 kcal
mol~! but reaching ~+0.2 kcal mol™! for CH3;CH,O. The values
obtained with the TZ basis set tend to be slightly larger in magni-
tude than those computed with the aTZ basis set. The changes to
AE for the ethanol and hexane solvent models are tabulated in the
supplementary material along with the aTZ results for water.
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TABLE II. Deviations (in kcal mol~") from the RHF-uCCSD(T)-F12b/QZ-f12 relative electronic energy (AE) values for the selected DFT and WFT methods with the TZ basis set.

CH3;CHOH CH,CH,OH CH;3CH,;0O
anti  gauche  anti  Cs-anti  gauche  Cs-gauche
Method Al [*A] P4l [2A"] [2A] 24" Cs-[PA"]  Cs-[*A’]  Ci-[*A] AvgAD MaxAD
uMO06-L 0.00 +0.13 +1.10 +1.36 +1.16 +1.37 —4.51 -3.73 —4.49 2.23 4.51
uMO06-L-D3 0.00 +0.13  +1.11  +1.37 +1.17 +1.39 —4.50 -3.71 —4.48 2.23 4.50
uB3LYP 0.00 -0.01 +1.33  +1.59 +1.10 +1.32 -2.52 -2.00 -2.51 1.55 2.52
roB3LYP 0.00 -0.01 +1.43  +1.64 +1.16 +1.42 -2.18 -1.69 -2.16 1.46 2.18
uB3LYP-D3 0.00 -0.11 +1.17 +1.47 +0.89 +1.16 -2.71 -2.31 -2.70 1.56 2.71
uMo06-2X 000 -011 +0.43 +0.40 +0.18 +0.35 -0.91 -0.80 -0.90 0.51 0.91
roM06-2X 0.00 -0.11 +0.52 +0.46 +0.25 +0.48 -0.79 -0.71 -0.78 0.51 0.79
uMO06-2X-D3 0.00 -0.10 +043  +0.40 +0.19 +0.36 -0.90 -0.78 -0.89 0.51 0.90
uwB97XD 0.00 -011 +1.44 +1.79 +1.28 +1.59 -2.07 -1.55 -2.05 1.49 2.07
rowB97XD 0.00 -0.11 +1.55  +1.86 +1.36 +1.73 -1.75 -1.23 -1.73 1.42 1.86
uwB97 0.00 -0.03 +1.34 +1.72 +1.28 +1.56 -2.61 -2.08 —-2.60 1.65 2.61
uwB97X 0.00 -0.02  +1.37 +1.77 +1.28 +1.60 -2.34 -1.77 -2.33 1.56 2.34
uPW6B95-D3 000 -011 +1.87 +2.31 +1.62 +1.93 -2.59 -2.20 —-2.58 1.90 2.59
uB2PLYP-D 0.00 -0.09 +0.85 +0.98 +0.63 +0.92 -1.15 -1.01 -1.15 0.85 1.15
uDSD-PBEP86 0.00 -0.06 +0.38 +0.43 +0.20 +0.47 —-0.58 -0.44 -0.58 0.39 0.58
uMP2 0.00 -0.01 +0.14  +0.07 -0.01 +0.28 +3.70 +3.64 +3.69 1.44 3.70
pMP2 0.00 -0.02 -0.01 -0.03 -0.12 +0.09 +3.46 +3.41 +3.44 1.32 3.46
uCCSD(T) 0.00 -0.09 +0.10 +0.05 -0.11 +0.07 -1.43 -1.44 -1.43 0.59 1.44
RHF-uCCSD(T)-F12b  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 e e

For the gauche structures of both the CH3CHOH and
CH,CH,OH isomers, none of the solvent models induce changes
of more than +0.1 kcal mol™" at any level of theory with the TZ basis
set. In contrast, the AE of the anti-conformation of CH,CH,OH
consistently decreases by ~0.4 kcal mol™" with the water and ethanol
solvent models. The largest energetic effects of implicit solvation

are always associated with H abstraction from the O atom, with AE
increasing by ~0.5 to 0.7 kcal mol™" when using the methods that
most reliably reproduced the CCSD(T) energetics as discussed in
Sec. 111 B (e.g., M06-2X and DSD-PBEP86).

These results can be used to estimate the relative energetics of
the isomers near the CCSD(T) CBS limit in an aqueous environment

TABLE IIl. Shifts of the relative electronic energies (in kcal mol~") for each optimized stationary point from isolation to an implicit aqueous environment, computed with PCM

and the TZ basis set.

PCM-water CH;CHOH CH,CH,OH CH3;CH,0

Method anti [2A] gauche Al anti[PA] Cs-anti[*A'] gauche [2A] Cs-gauche Al GC-[PA"] Ce-[*4A'] Ci-[*4]
uMo6-L 0.00 -0.10 -0.36 -0.35 +0.06 +0.02 +0.19 +0.38 +0.19
uMo06-L-D3 0.00 -0.10 -0.36 -0.35 +0.06 +0.02 +0.19 +0.38 +0.19
uB3LYP 0.00 -0.09 -0.39 -0.41 +0.05 0.00 +0.32 +0.41 +0.31
uB3LYP-D3 0.00 —-0.09 -0.39 -0.41 +0.02 -0.01 +0.31 +0.41 +0.31
uMo06-2X 0.00 —-0.08 -0.41 -0.42 +0.06 0.00 +0.55 +0.65 +0.55
uMo06-2X-D3 0.00 —0.08 -0.41 -0.42 +0.06 0.00 +0.55 +0.65 +0.55
uwB97XD 0.00 —-0.08 -0.37 —-0.40 +0.06 +0.04 +0.43 +0.55 +0.42
uwB97 0.00 -0.07 -0.37 -0.43 +0.02 0.00 +0.48 +0.61 +0.48
uwB97X 0.00 —-0.08 -0.37 -0.42 +0.04 +0.02 +0.47 +0.60 +0.47
uPW6B95-D3 0.00 -0.07 -0.38 -0.40 +0.07 +0.05 +0.35 +0.45 +0.35
uB2PLYP-D 0.00 -0.10 -0.40 -0.43 +0.01 -0.04 +0.48 +0.55 +0.48
uDSD-PBEP86 0.00 -0.09 -0.39 -0.41 +0.03 -0.03 +0.62 +0.70 +0.62
uMP2 0.00 -0.10 -0.42 -0.43 -0.01 —-0.08 +0.69 +0.76 +0.69
pMP2 0.00 -0.10 -0.39 -0.44 0.00 -0.06 +0.68 +0.75 +0.68
Average 0.00 -0.09 -0.39 -0.41 +0.04 0.00 +0.45 +0.56 +0.45
Maximum 0.00 -0.10 -0.42 -0.44 +0.07 -0.08 +0.69 +0.76 +0.69
Minimum 0.00 -0.07 -0.36 -0.35 0.00 0.00 +0.19 +0.38 +0.19
Range 0.00 0.03 0.06 0.09 0.07 0.07 0.50 0.39 0.50
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by combining the QZ-f12 results from Table I with the DSD-PBEP86
PCM shifts from Table I11. The anti-conformation of CH;CHOH
still has the lowest energy of the nine structures, but the gauche form
is only about 0.2 kcal mol™" higher in energy in an aqueous envi-
ronment. AE for the gauche minimum of the CH,CH,OH isomer
remains +7.6 kcal mol™', whereas the relative energy for the anti-
minimum decreases slightly in the water solvent model to +8.0 kcal
mol ™" near the CCSD(T) CBS limit. The analogous estimate for the
C; minimum of the CH3CH,O isomer still yields a large relative
energy of +11.7 kcal mol™" in an aqueous environment.

IV. CONCLUSIONS

Nine conformations of the C2H501° isomers generated by the
abstraction of a hydrogen atom from ethanol at the « carbon (Cl1),
B carbon (C2), or oxygen (O) atom have been characterized in isola-
tion (in vacuo) with a range of DFT and WFT methods. Two minima
have been identified for each isomer from CCSD(T) geometry opti-
mizations and harmonic vibrational frequency computations with
the TZ and aTZ basis sets, along with three transition state structures
having the Cs symmetry.

RHF-uCCSD(T)-F12b/QZ-f12 computations have confirmed
that the CH3;CHOH radical isomer has the lowest energy, with the
gauche local minimum having an electronic energy roughly 0.3 kcal
mol™" higher than anti-CH;CHOH. Four stationary points have
been identified for the CH,CH,OH radical isomer. The gauche-
CH,CH,OH structure has the lowest electronic energy of these four
conformations, all of which lie at least 7.5 kcal mol™" higher than
anti-CH3CHOH according to CCSD(T) electronic energies near the
CBS limit. Three CH3CH,O isomer structures have been reported,
each with AE > +11 kcal mol™ according to our RHF-uCCSD(T)-
F12b/QZ-f12 single point energy computations. The *A” C struc-
ture of the CH3CH, O radical was found to be a transition state with
the MP2, CCSD(T), and most DFT methods, which led to the iden-
tification of a C; minimum on the doublet ground state surface that
deviates only slightly from the 2A” transition state structure.

Analysis of the accuracy of a selection of DFT and WFT meth-
ods has revealed that M06-2X and the double-hybrid functionals
(uB2PLYP-D and uDSD-PBEP86) outperform the other DFT and
WFEFT methods employed here in reliably computing relative ener-
getics of the CszO]' isomers when compared to the benchmark
AE values. The effects of solvation on the energetics and molec-
ular geometries of the C,H50!* isomers have also been investi-
gated with PCM computations employing the default solvent para-
meters for water, ethanol, and hexane. Although no large, qualita-
tive changes were observed in the C,H50!* energetics when moving
from isolation to an implicit solvent model, the local minima of the
CH3;CHOH and CH;CH,OH isomers became more energetically
competitive in water and ethanol. A subsequent study is planned to
investigate this effect in greater detail by explicitly solvating these
radical isomers with water and ethanol molecules to form a diverse
set of clusters spanning a wide range of sizes and hydrogen bonding
topologies.

SUPPLEMENTARY MATERIAL

The relative energies obtained with the DFT methods men-
tioned above and the TZ and aTZ basis sets can be found in the

ARTICLE scitation.org/journalljcp

supplementary material along with the harmonic vibrational fre-
quencies computed with all levels of theory. The deviations in ener-
gies and geometries induced by implicit solvation models in ethanol
and hexane are presented to support our conclusion. The Cartesian
coordinates for the nine CzHSO]' structures examined in this study
are also provided.
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