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We perform a systematic search in the transition-state (TS) and product-channel complex (MIN) regions of
the multi-channel OH + glycine —» H>O + HN-CH-COOH (CH)/HN-CH,-COOH (NH)/H,N-CH,-COO
(COOH) reactions. Geometry optimizations reveal {7, 3, 3} CH-TS, {2, 2, 2} CH-MIN, {17, 10, 5} NH-TS, {35,
19, 19} NH-MIN, and {6, 5, 5} COOH-TS conformers at the {MP2/3-21G, MP2/aug-cc-pVDZ, CCSD(T)-F12b/
aug-cc-pVDZ} levels of theory as well as 2 additional CH-TSs based on chemical intuition. The benchmark
relative energies of the TS, MIN, and product conformers are obtained by considering basis set effects up to
aug-cc-pVQZ using the explicitly-correlated CCSD(T)-F12b method, post-(T) correlation up to CCSDT(Q),
core correlation, scalar relativistic effects, spin—orbit coupling, and zero-point energy corrections. All the CH
[AEc(AHo) = —38.54(—38.61) kcal mol™Y, NH [AE.(AHo) = —16.72(—17.98) kcal mol™Y, and COOH [AE, =
—4.98 kcal mol™ reactions are exothermic and proceed via shallow, usually negative, classical(adiabatic)
barriers of —0.37(—0.95), —1.91(—2.48), and 1.02(~0.57) kcal mol™?, respectively. In the entrance channel
MRCl/aug-cc-pVTZ computations reveal several complexes with reactive(non-reactive) arrangements and
binding energies of 1.0, 1.6, 3.3, (5.2 and 5.9) kcal mol™?, stabilized by CH---OH, NH---OH, COOH---OH,
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|. Introduction

The reactions of the hydroxyl radical (OH) with different
organic molecules have attracted significant attention due to
two main reasons.’™” On the one hand, the kinetics and
dynamics of the OH + methane (CH,) and ethane (C,Hsg)
reactions were investigated by several experimental and theo-
retical studies to uncover the fundamental rules of chemistry
regarding reactivity, mechanisms, bond cleavage and for-
mation, vibrational and rotational mode specificity, energy
transfer, etc.'™ On the other hand, reactions of the OH radical
with large bio-molecules such as proteins and DNA were
studied to gain an atomic and molecular level understanding
of the process of oxidative stress.’®” UV radiation may pro-
duce free radicals in the human body, among which OH is one
of the most harmful, which may react with proteins, lipids, and
DNA, thereby damaging them and causing various severe
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(OH---O=C and OH- - -N) hydrogen bonds, respectively.

diseases.">'*" In the present study we aim to investigate the
mechanism of the reaction of the OH radical with the simplest
amino acid, glycine (H,N-CH,-COOH), in the gas phase, thereby
connecting to the above-mentioned two different research direc-
tions. First, we plan to extend the fundamental studies of the
OH + CH,/C,H; reactions'™ by replacing the alkane molecule with
glycine, which has three different functional groups, methylene,
amino, and carboxyl, all of which can react with OH. The main
reaction channel of the above processes is hydrogen abstraction
leading to H,O and a dehydrogenated alkane (CH;/C,Hs) or
glycine radical. However, unlike for OH + CH,/C,Hs, in the case
of the OH + glycine reaction three competitive hydrogen-
abstraction pathways can be studied due to the above-
mentioned three different functional groups of glycine. Second,
due to the fact that glycine is one of the building blocks of
proteins, the OH + glycine reaction is the simplest model of
oxidative stress caused by the damage of proteins by the OH radical.
Of course, in order to perform realistic simulations for biochemical
processes, one should also consider that such reactions occur in
aqueous environments and the amino acids form peptide bonds in
proteins. As we study the OH + glycine system in the gas phase, our
main goal is to advance our fundamental knowledge of chemical
reactivity in multi-channel reactions, and to uncover the role of
several bio-chemically relevant functional groups in the reaction with
a free radical without the effect of a solvent.
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Fig.1 Conformers of glycine obtained at the CCSD(T)-F12b/aug-cc-
pVDZ level of theory.?>?”

It is well established that gaseous glycine has 8 conformers
and the lowest-energy conformer has Cg point-group symmetry
as shown in Fig. 1."*®” The OH radical can abstract a hydrogen
atom from the CH,, NH,, and COOH groups forming dehydro-
genated glycine radicals, H,N-CH-COOH, HN-CH,-COOH,
and H,N-CH,-COO, respectively. Following several incomplete,
low-level electronic structure studies,”®” in 2020 we reported a
high-level explicitly-correlated coupled-cluster- and multi-
reference configuration interaction-based comprehensive map-
ping of the conformational space of the dehydrogenated glycine
isomers revealing 4, 7, and 4 conformers for the above radicals,
in order (see Fig. 2).>> Thus, the reactants and the products of
the OH + glycine reaction are well characterized in the
literature,®® however, little is known about the transition states
(TSs) and complexes connecting them.”>*> In 2001 Alvarez-
Idaboy and co-workers®® investigated the C-H abstraction
channel using density functional theory (DFT) and the MP2
method with double- and triple-zeta Pople-type basis sets,
reporting a pre-reaction complex and a transition state. In
2010 Li and co-workers*® studied two minimum energy path-
ways of the H-abstraction process from the carbon center using
various DFT functionals as well as HF and MP2 methods with
the 6-311++G** basis set. In the latter study® the CCSD(T)
method was also utilized for a few single-point relative energy
computations. Previous work only considered the transition
state of C-H abstraction and the conformational space at the TS
as well as pre- and post-reaction complexes was not character-
ized. In the present work, we investigate hydrogen abstraction
from all three functional groups and report a multi-reference
ab initio description of the entrance-channel spin-orbit poten-
tials as well as a detailed mapping of the conformational
potentials in the transition-state and post-reaction complex
regions of the OH + glycine system using the explicitly-
correlated CCSD(T)-F12b method®® considering post-(T), core
correlation, scalar relativistic, and spin-orbit effects, thereby
providing benchmark barrier heights, binding energies, and
reaction enthalpies for the title reaction. The benchmark
stationary-point properties determined in the present study
allow the prediction of the mechanism of the OH + glycine
multi-channel reaction and guide future global potential energy
surface developments and reaction dynamics simulations. We
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Fig. 2 Conformers of the H,N-CH-COOH, HN-CH,-COOH, and H,N-
CH,-COO radicals obtained at the CCSD(T)-Fi12b/aug-cc-pVDZ,
CCSD(T)-F12b/aug-cc-pVDZ, and MRCl/aug-cc-pVDZ levels of theory,
respectively.?®

describe the computational details in Section II, the results are
presented and discussed in Section III, and the paper ends with
summary and conclusions in Section IV.

[I. Computational details

In the first place, we search for the stationary points by
chemical intuition using the second-order Meoller-Plesset per-
turbation theory (MP2)***° combined with the 3-21G basis
set.*! According to from which functional group the hydrogen
atom is abstracted, we distinguish 3 different reaction path-
ways, denoted as CH, NH, and COOH. After finding at least one
minimum (except COOH) and one saddle point for each reac-
tion channel, we perform a systematic mapping to determine
the conformers of the stationary points. The method of the
systematic search is presented in Fig. 3. We generate 6* = 1296
initial geometries by modifying 4 torsion angles between 0° and
360° with 60° steps of the lowest-energy conformer of each
saddle point and minimum obtained previously and perform
geometry optimizations at the MP2/3-21G level of theory. (Note
that a smaller step of 30° resulted basically in the same
conformers as the 60-degree rotations in the case of cysteine
as our recent study shows.*?) After that, we use the MP2 method
with the aug-cc-pVDZ basis set*® to optimize each different
MP2/3-21G conformer. Furthermore, the CCSD(T)-F12b/aug-cc-
pVDZ level of theory*®*? is used for further optimizing the MP2/
aug-cc-pVDZ structures. We also compute the harmonic vibra-
tional frequencies at the two most accurate levels of theory.

This journal is © the Owner Societies 2023
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Fig. 3 Generation of the initial 1296 structures by rotating the geometries around 4 axes by 60 degree steps.

Furthermore, we perform CCSD(T)-F12b single-point energy
computations with two different basis sets, aug-cc-pVIZ and
aug-cc-pvVQZ, at the CCSD(T)-F12b/aug-cc-pVDZ geometries,
whose Cartesian coordinates and the corresponding vibrational
frequencies are given in the ESL.

In order to reach higher chemical accuracy, five energy
corrections are taken into consideration with single-point
computations using the best geometries determined at the
CCSD(T)-F12b/aug-cc-pVDZ level of theory. CCSD(T),** CCSDT,*
and CCSDT(Q)*® methods with the 6-31G basis set*” are utilized to
calculate the post-CCSD(T) correlation corrections, which are
obtained using the following equations:

8[T] = CCSDT/6-31G — CCSD(T)/6-31G (1)
3[(Q)] = CCSDT(Q)/6-31G — CCSDT/6-31G. (2)

All-electron (AE) and frozen-core (FC) computations are
performed using the CCSD(T)-F12b method with the cc-
pCVTZ-F12 basis set.*® The difference between the AE and FC
calculations provides the core-correction as

Acore = AE-CCSD(T)-F12b/cc-pCVTZ-F12 — FC-CCSD(T)-F12b/
cc-pCVTZ-F12. (3)

Taking into account the scalar relativistic effects, second-
order Douglas-Kroll (DK)* relativistic energies are calculated
at the AE-CCSD(T)/aug-cc-pwCVTZ-DK level of theory® and for
the non-relativistic energies the computations are performed
at the AE-CCSD(T)/aug-cc-pwCVTZ level. The difference between
the two energies provides the scalar relativistic correction:

Arel = DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK — AE-CCSD(T)/
aug-cc-pwCVTZ. (4)

Spin-orbit (SO) corrections are computed utilizing the Breit-
Pauli Hamiltonian in the interacting-states approach® using
the Davidson-corrected®® multi-reference  configuration
interaction®® (MRCI+Q) method with the aug-cc-pVTZ basis
set. For the MRCI calculations the active space contains 49
electrons which take place in 25 spatial orbitals keeping the 1s*
core electrons of the 3 oxygen, the 2 carbon, and the nitrogen
atoms frozen. The spin-orbit correction comes from the differ-
ence between the SO;-ground-state and the non-SO;-ground-
state energies as

Aso = SO;(MRCI+Q/aug-cc-pVTZ) — non-SO;(MRCI+Q/
aug-cc-pVIZ). (5)

This journal is © the Owner Societies 2023

To describe the entrance channel, we also perform MRCI
computations along different inter-atomic coordinates, keeping
the geometries of the reactants fixed at their equilibrium
structures, using the 3-21G, aug-cc-pVDZ, and aug-cc-pVTZ
basis sets and the same active space as mentioned above.
Furthermore, the SO and non-SO ground- and excited-state
entrance-channel potential curves are also determined at the
MRCI+Q/aug-cc-pVDZ level of theory.

To calculate the benchmark classical energies, we use the
most accurate single-point energies and all of the above energy
corrections. The following expression defines the benchmark
classical energies:

CCSD(T)-F12b/aug-cc-pVQZ + §[T] + 3[(Q)] + Acore + Arel + As0s
(6)

except in a few cases where any of the above terms cannot be
obtained due to convergence issues. The benchmark adiabatic
relative energies are the sums of the benchmark classical
energies and the zero-point energy corrections (4zpg) as

CCSD(T)-F12b/aug-cc-pVQZ + 3[T] + 3[(Q)] + Acore + Arel
+ Aso + Azpr, (7)

where the zero-point energy corrections are obtained at the
CCSD(T)-F12b/aug-cc-pVDZ level.

Note that the unrestricted Hartree-Fock (UHF)* reference is
used at MP2' and post-CCSD(T) correction computations,
whereas CCSD(T)-F12b, AE-CCSD(T), and DK-AE-CCSD(T) meth-
ods utilize the restricted open-shell Hartree-Fock (ROHF)” refer-
ence. MP2, CCSD(T)-F12b, MRCI, DK, and SO computations are
executed using the Morpro program package.’® The frozen-core
CCSD(T), CCSDT, and CCSDT(Q) energies are determined using

Mrcc®”*® within Movpro.

I1l. Results and discussion

The number of initial structures that converged to a given
conformer labeled by the CCSD(T)-F12b/aug-cc-pVDZ geometry
is shown in Fig. 4. In the case of the CH saddle points, we
determine 7 different conformers, located in a 4 kcal mol™*
relative energy region, with the systematic mapping at the MP2/
3-21G level, which leads to 3 conformers at the CCSD(T)-F12b/
aug-cc-pVDZ level of theory. Furthermore, we identify two
additional CH saddle points, III¢y; and Vi, by searching
based on chemical intuition. We obtain 3 + 2 different CH
saddle points by optimizing the MP2/3-21G geometries at the

Phys. Chem. Chem. Phys., 2023, 25, 5271-5281 | 5273
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MP2/aug-cc-pVDZ level of theory, which is equal to the number
of CCSD(T)-F12b/aug-cc-pVDZ conformers labeled with roman
numbers reflecting their energy order. The structures of the
CCSD(T)-F12b/aug-cc-pVDZ CH saddle points are visualized in
Fig. 5 with increasing classical CCSD(T)-F12b/aug-cc-pVDZ
energy. We can see that the lowest-energy structure (I¢y;) has
the most intermolecular stabilizing effects, ie., the trans-
conformation of the carboxyl group and the two H-bond inter-
actions between the amino-N and the carboxyl-H as well as
between the carboxyl-O and the hydroxyl-H. The second CH
saddle point (IIcy;) has a higher benchmark classical (adiabatic)
energy by 0.37 (0.86) kcal mol ™", because of the cis conforma-
tion of the carboxyl group. III¢y; has also a cis-carboxyl group,
but in that case the amino group is in a different position,
which causes an increase in energy. The carboxyl group of IV{y
has also a cis configuration, but here the carbonyl-side of the
carboxyl group is closer to the attacking hydroxyl group, simi-
larly to the lowest-energy CH saddle point. The V&y; conformer
has the most inconvenient arrangement with 3.32 (3.05) keal mol ™"
classical (adiabatic) energy relative to Igy;, because of the cis-
carboxyl conformation and the different position of the H of
the hydroxyl group that is closer to the amino group in this
case. It is important to note that at the MP2/6-311G** level of
theory, as shown in ref. 29, a conformer similar to Vy is
obtained, but with a carboxyl group rotated by about 180°.
We have also found this carbonyl-O- - -HN bonded conformer
using the MP2/3-21G level of theory. However, further optimi-
zation at the MP2/aug-cc-pVDZ level results in a fifth-order
saddle point; therefore, we do not report this CH TS conformer,
which may only be obtained without diffuse functions. In
comparison with the conformers of glycine (Fig. 1), it is declar-
able that I¢;; is most similar to the IIn glycine conformer and
II¢E corresponds to the lowest-energy Ip glycine conformer. The
most similar CH saddle-point conformer to the lowest-energy
product conformer is IIgy;. In the case of the CH minima, the
systematic mapping results in only 2 different conformers with
similar probability and the number of these stationary points
does not decrease with further optimizations. There is around
8.2 keal mol ! between the two MP2/3-21G minima as shown in
Fig. 4, whereas the benchmark classical (adiabatic) energy
difference is 5.08 (4.81) kcal mol . The CCSD(T)-F12b/aug-cc-
pVDZ structures of the CH minima can be seen in Fig. 6.
The difference between the two CH minima is in the conforma-
tion of the carboxyl group. Interestingly, the cis-isomer has the
lower energy. Ighy is mostly similar to the IVn glycine confor-
mer and IItq; is mostly alike the VIIIn glycine conformer.
Considering the conformers of the products, the structure of

the Incy conformer is mostly identical to Igf" and Ilncy is

similar to TN,

With the systematic search we determine 17 different NH
saddle points that lead to 10 different MP2/aug-cc-pVDZ geo-
metries. Finally, with the CCSD(T)-F12b/aug-cc-pVDZ optimiza-
tion we obtain 5 different NH saddle points (see Fig. 4). The NH
saddle points extend in an energy range of 15.2 kcal mol™ " at
the MP2/3-21G level of theory. The benchmark CCSD(T)-F12b/
aug-cc-pVDZ geometries of the NH saddle points are shown in

This journal is © the Owner Societies 2023
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Fig. 5 Transition-state structures for H-abstraction from the CH, group of glycine obtained at the CCSD(T)-F12b/aug-cc-pVDZ level of theory.

IMIN
CH

N

Fig. 6 Structures of the product-channel complexes for H-abstraction
from the CH, group of glycine obtained at the CCSD(T)-F12b/aug-cc-
pVDZ level of theory.

Fig. 7. In this case, the NH saddle points with cis-carboxyl
groups are more stable than the trans-isomers. It can be
explained by the further position of the C-hydrogens and the
carboxyl-hydrogen. The Vg conformer is definitely the highest-
energy saddle point above In; by 10.66 (10.00) kcal mol ™~ * based
on the benchmark classical (adiabatic) data, because of the lack
of any stabilizing effect, whereas the first four TSs are stabilized
by a H-bond between the reactant-OH and the carbonyl O. The
two lowest-energy NH saddle points are similar to the Ip glycine
conformer and correspond to the Ipyy and IVpny conformers
of the products. It is clear that IIIy; and IVay saddle points are
mostly identical to the VIp and VIIIn glycine isomers, respec-
tively. Furthermore, these two TSs are mostly alike the two
highest-energy product conformers based on the conformation
of the carboxyl group. The highest-energy NH TS is similar to
VIp and VIIIp glycine conformers, but the amino group of the
saddle point is changed compared to glycine. According to
the position of the outgoing H and the conformation of the
carboxyl group it is declarable that the highest-energy NH
saddle point is mostly comparable with the VIIpyy conformer
of the products. Most conformers are found in the case of the
NH minima. With the help of the systematic mapping at the
MP2/3-21G level of theory we identify 35 different structures.
The further optimizations result in 19 different conformers in

2y
< <

TS TS
lNH IINH

g

the cases of MP2/aug-cc-pvVDZ and CCSD(T)-F12b/aug-cc-pVDZ
levels of theory. The highest-energy MP2/3-21G NH minimum is
at 20.9 kcal mol ' relative to the lowest-energy conformer,
whereas this classical energy gap is only around 9.8 kcal mol "
at the benchmark level. The CCSD(T)-F12b/aug-cc-pVDZ con-
formers of the NH minima can be seen in Fig. 8. In these cases,
the evolving H,O molecule is not always near the amino group,
like at the structure of the lowest-energy NH minimum (IN%),
where the H,O molecule connects to the OH-side of the
carboxyl group with a H-bond interaction. The H,O molecule
near the carboxyl group instead of the dehydrogenated
amino group provides a more stable structure. The two
lowest-energy NH minima, IN{* and IINT, are mostly similar
to the IVn/IVpyy and Vn/Vnyg conformers of glycine/pro-
duct, respectively.

In the carboxyl region we determine 6 different saddle
points with the systematic search at the MP2/3-21G level of
theory, which span an energy range of 8.6 kcal mol " as seen in
Fig. 4. Using these geometries, we obtain 5 different confor-
mers with two more accurate levels of theory, whose bench-
mark classical (adiabatic) relative energies are within a range of
2.23 (3.82) keal mol~'. The CCSD(T)-F12b/aug-cc-pVDZ struc-
tures of the COOH saddle points can be seen in Fig. 9. In the
geometry of the lowest-energy conformer the hydrogens of the
CH,-group are near the hydroxyl-O, which can produce an extra-
stabilizing effect over the H-bond between the amino-H and
one of the carboxyl oxygens. In the structures of the COOH
saddle points the H-bond interaction is always between the
amino-H and that of the carboxyl oxygens; there are no geome-
tries, where the hydrogen of the reactant OH radical connects to
the amino-N. It can be observed that the IIggoy saddle point is
similar to the lowest-energy glycine conformer and the IVipon
saddle point is mostly alike the Vn glycine conformer. Due to
the position of the amino group one can predict that IIZon
leads to the Ipcoo product isomer. Product-channel complexes
for COOH abstraction are not found due to serious UHF
convergence issues in this region. This is consistent with our

¢ (%

AT i

Fig. 7 Transition-state structures for H-abstraction from the NH, group of glycine obtained at the CCSD(T)-F12b/aug-cc-pVDZ level of theory.
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Fig. 9 Transition-state structures for H-abstraction from the COOH group of glycine obtained at the CCSD(T)-F12b/aug-cc-pVDZ level of theory.

previous work, where the carboxyl dehydrogenated glycine
radicals could only be described using the MRCI method.>®
The energetics of the OH + glycine H-abstraction reaction is
shown in Fig. 10 with the help of the lowest-energy conformers
indicating the benchmark classical and adiabatic relative ener-
gies. The reaction is exothermic via every reaction pathway. The
lowest-energy product channel is the one when a hydrogen
atom leaves the glycine from the carbon atom and joins the
OH radical to form a H,0 molecule. This CH-abstraction
channel (AE. = —38.54 kcal mol™") is followed by the
amino-dehydrogenation reaction (AE, = —16.72 kcal mol %),
and the carboxyl-dehydrogenation product channel (AE. =
—4.98 keal mol ") with increasing energy. The global minimum
of the PES corresponds to the product complex of the CH-
abstraction pathway (Igh1). If we just look at the classical
energies, we can see that the O-dehydrogenation pathway has
a small barrier (1.02 kcal mol™"), but taking the zero-point
energies into account, the transition states of all the reaction
channels are below the reactants in energy. Interestingly, the
energy order of the transition states and product-like minima
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are inverted via the reaction, so the lowest-energy transition
state is N-dehydrogenated, the next one is C-dehydrogenated,
and the highest-energy transition state is O-dehydrogenated,
though their energy difference is less than 2 kcal mol ™. Thus,
under thermodynamic control CH abstraction is strongly
favored, however, there is no clear kinetic preference between
the different pathways.

The entrance channel is studied separately because of the
spin-orbit effect. In this case, we present one-dimensional
potential energy curves using MRCI/3-21G, MRCI/aug-cc-
pVDZ, and MRCI/aug-cc-pVTZ computations at 7 different
orientations of the reactants as shown in Fig. 11. We examine
cases, where the OH radical approaches the glycine molecule
with its H-side, because it has the possibility to form a H-bond
with the N or O atoms of glycine. Furthermore, we study
attacks with the O-side of OH to map the potentials along the
H-abstraction pathways. All of the one-dimensional potentials
show a minimum except two orientations: where the O-side of
the OH radical moves toward the O atom of the carbonyl group
or the N atom in the glycine molecule. This phenomenon can
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Fig. 10 Schematic potential energy surface of the OH(?IIs,,) + glycine abstraction reaction showing the most accurate classical (adiabatic) relative
energies of the lowest-energy conformers of the stationary points along the different reaction pathways.

be interpreted considering the repulsion between the non-
bonding electrons of the O and O/N atoms. In five cases, where
(1) the O of the OH radical approaches the CH, group, (2) the N
atom of the glycine molecule is approached by the H-side of the
OH radical, (3) the amino-H of the glycine molecule is
approached by the O-side of the OH radical, (4) the O-side of
the OH radical moves near the carboxyl-OH, and (5) the H-side
of the OH radical moves toward the O of the carbonyl group, the
minima are around the H-bond lengths in the range of 2-2.5 A.
Using the small 3-21G basis set with the MRCI method leads to
substantially deeper minima than the computations performed
at the higher MRCI/aug-cc-pVDZ and MRCI/aug-cc-pVTZ levels
of theory, which are basis-set converged. In the reactive cases,
when the O-side of the OH radical approaches the CH, NH, and
COOH groups, the well depths are 1.0, 1.6, and 3.3 kcal mol ™,
respectively, at the highest MRCI/aug-cc-pVTZ level of theory.
However, in the non-reactive H-side attack orientations,
the minima are significantly deeper with depths of 5.9 and
5.2 keal mol ™" due to the formation of N---HO and carbonyl-
O---HO hydrogen bonds, respectively, that may steer the reac-
tants from a reactive orientation, making the reaction indirect.
The right side of Fig. 11 shows the potential curves corres-
ponding to the lowest two SO and non-SO electronic states of
the OH + glycine system in the entrance channel. The
experimentally-determined 0.2 kcal mol ™' SO effect between
the SO, and non-SO; states, which can be deduced from the
measured SO splitting of the OH radical, and which is
0.18 keal mol " at the MRCI+Q/aug-cc-pVDZ level, can be easily
seen when the distance between the reactants is large. As the

This journal is © the Owner Societies 2023

reactants approach each other this effect decreases and
vanishes at short interfragment distances, where the SO, and
non-SO, potentials merge. Due to the small magnitude of SO
splitting, its effect on the above-discussed entrance-channel
properties is not significant.

The detailed numerical results of the computations can be
seen in Table 1 for the saddle points and minima and in Table 2
for the product channels. It is easily noticeable that MP2
computations give very different energies in comparison with
coupled-cluster theory, especially in the case of the TSs. For
example, in some cases the MP2 method overestimates the
energies of the more accurate CCSD(T)-F12b method even with
5 kecal mol '. Nevertheless, for the relative energies of the
products MP2 is usually accurate within 0.5-1.0 kcal mol .
The energy differences between the CCSD(T)-F12b com-
putations using different basis sets are characteristically
smaller than 1 kcal mol™' and the aug-cc-pVQZ results
are usually basis-set converged within 0.1-0.2 kcal mol . The
8[T] and §[(Q)] corrections are always negative having similar
magnitudes and in most of the cases together they provide
0.2-0.3 kcal mol™" decrease in relative energy. In the case of
the carboxyl TSs we can observe larger absolute values,
for example, the 8[(Q)] correction is —0.57 kcal mol™" for the
IMIgyon conformer. The core correlation and scalar relativistic
corrections have only a few hundredths, in some cases a few
tenths, of kcal mol™! effect; the most substantial corrections
are found for the products of the CH abstraction channel and
for the corresponding product complexes. The spin-orbit cor-
rection is always 0.19 kcal mol™" for every stationary point,
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Fig. 11 Entrance-channel potential energy curves of the OH + glycine
system obtained at the MRCI/3-21G, MRCl/aug-cc-pVDZ, and MRCl/aug-
cc-pVTZ levels of theory while the structures of the glycine and OH units
are kept frozen at their equilibrium geometries. SO; and SO, denote the
spin—orbit ground and excited states, whereas non-SO; and non-SO,
are the non-relativistic ground and excited electronic states, respectively,
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obtained at the MRCI+Q/aug-cc-pVDZ level of theory. The insets show
the distance dependence of the spin—orbit corrections obtained as the
difference between the SO; and non-SO; energies.

which is in excellent agreement with the experimental value of
0.20 kecal mol . Here it is important to note that in the case of
the OH radical the spin and orbital angular momenta can also
couple to the rotational angular momentum resulting in an
energy shift by +0.09 kcal mol '.>° If we assume that this
rotational coupling becomes negligible when OH interacts with
glycine, this so-called rotational ZPE of OH decreases all the
relative energies by 0.09 kcal mol '. These rotational ZPE
corrections (presumably —0.09 kcal mol™') are not incorpo-
rated into our final benchmark relative energies. Moreover, to
get experimentally observable energies the vibrational ZPE
corrections have to be taken into consideration. These ZPE
corrections are usually 1-2 kcal mol™'. Interestingly, every
minimum in the product channel has a positive 4,pg value
and both the products and saddle points have negative ZPE
corrections. Taking into account the ZPE correction the energy
order of some conformers changes in a few cases. We can
unambiguously declare that the I&j]" conformer corresponds to
the global minimum of the potential energy surface.

Based on the data presented in Tables 1 and 2, we can
estimate the uncertainty of the final classical and adiabatic
relative energies. Considering (a) basis set errors beyond
CCSD(T)-F12b/aug-cc-pVQZ (0.1-0.2 keal mol %), (b) uncertain-
ties of the computed T(Q), core, scalar relativistic, and SO
corrections (~0.1 keal mol™"), (c) electron correlation
beyond (Q) (<0.1 kcal mol™", considering the magnitude of
the T(Q) corrections), (d) non-Born-Oppenheimer effects like
the diagonal BO correction (DBOC)* (<0.1 kcal mol™?, as
DBOCs are usually less than the scalar relativistic effects),
and (e) the neglected anharmonicity, which may be less than
0.1 kcal mol™%, i.e., 5% of the ZPE corrections of 1-2 kcal mol™?,
results in an uncertainty of about 0.4 kcal mol ' for both the
classical and adiabatic relative energies.

V. Summary and conclusions

Following our previous high-level ab initio studies on the
conformers of amino acid, glycine and its dehydrogenated
species,”>?” we have characterized the entrance channel, tran-
sition state region, and product channel of the OH + glycine H-
abstraction reaction. In the literature only two pre- and post-
reaction complexes and two TSs can be found for the CH
abstraction channel determined at a relatively low level of
theory. In the present study we consider H abstraction from
all three functional groups of glycine and perform a systematic
conformational search in the TS and product-complex regions.
Geometry optimizations are initiated from 1296 structures at
the MP2/3-21G level, followed by further optimizations at the
MP2/aug-cc-pVDZ and CCSD(T)-F12b/aug-cc-pVDZ levels of the-
ory revealing {7, 3, 3} CH-TS, {2, 2, 2} CH-post-minimum, {17,
10, 5} NH-TS, {35, 19, 19} NH-post-minimum, and {6, 5, 5}
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Table 1 Energies (kcal mol™) and additional corrections (kcal mol™) of the saddle points and minima of the OH + glycine (Ip) abstraction reaction
relative to the reactants at different levels of theory

MP2 CCSD(T)-F12b
Stationary point ~ DZ° DZ? TZ¢ Qz° 3[T]° QY Acore Aol Ago’  Classical  Agps®  Adiabatic!
15 3.00 —0.66 —0.40 -0.27 —0.12 —0.18  —0.02 0.03 0.19 —0.37 —0.58 —0.95
i 3.34 —0.19 — — — — — — 0.19 0.00™ —0.09 —0.09
IS 4.88 1.29 1.50 1.62 —013 —0.11 —0.04 0.03 0.19 1.56 —0.66 0.90
Vi 6.00 2.45 2.67 2.77 —012 —0.15 —0.03 —0.21  0.19 2.45 —1.09 1.36
A 5.82 2.61 2.87 2.98 —011 —0.13  —0.01 0.03 0.19 2.95 —0.85 2.10
jperl —49.53  —48.19 —48.20 —4826 —0.14 —0.21 —0.45 0.20 0.19 —48.67 2.26 —46.41
N —44.05 —43.05 —43.07 —43.11 —023 —0.21 —0.43 0.20 0.19 —43.59 1.99  —41.60
I 3.06 ~-1.71 — — —0.14  —0.25 — — 0.19 ~1.91" —0.57 —2.48
IS 6.30 1.37 — — — — — — 0.19 1.56™ —1.17 0.39
sy 7.90 3.11 — — —-0.18 —0.25 — — 0.19 2.87" —0.97 1.90
IV 11.71 6.77 — — — — — — 0.19 6.96™ -1.23 5.73
Vi 13.74 8.56 — — — — — — 0.19 8.75™ ~1.23 7.52
Ny —24.92  —24.50 —24.25 —24.16 —0.07 —0.10 0.00 0.07 019  —24.07 1.01  —23.06
N —24.66  —24.24  —24.01 —23.89 —0.06 —0.10 —0.01 0.07 019 —23.80 113 —22.67
iiRCE —24.54  —24.08 —24.93 —23.84 —0.11 —0.11  —0.05 0.07 0.19 —23.85 1.53  —22.32
vy —23.90 —23.28 —23.11 —23.05 —0.07 —0.11  —0.03 0.06 0.19 —23.01 0.54  —22.47
VMIN —22.82 —22.86 —22.57 —22.41 —0.18 —0.17 0.00 0.07 019  —22.50 1.76  —20.74
VING —22.85 —22.56 —22.28 —22.14 —0.14 —0.13 —0.04 0.08 0.19 —22.18 1.10 —21.08
VIINGY —23.00 —22.54 —22.32  —22.22 —0.07 —0.09 0.01 0.06 019 —22.12 0.78 —21.34
VIIINGY —22.05 —22.17 —21.91 —21.75 —0.19 —0.17 0.00 0.08 019 —21.84 1.64  —20.20
XN —22.24  —21.88 —21.62 —21.49 —0.13 —0.12 —0.04 0.08 0.19 —21.51 0.83  —20.68
XNIN —21.82 —21.14 —20.82 —20.70 —0.11 —0.11  —0.02 0.06 0.19 —20.69 0.27  —20.42
XIMIN —21.70 —21.00 —20.81 —20.74 —0.09 —0.12  —0.01 0.06 019 —20.71 0.60 —20.11
XIINEY —21.38  —20.78 —20.53 —20.45 —0.08 —0.10 0.00 0.05 019 —20.39 0.44  —19.95
XIIINag —20.98 —20.12 —19.82 —19.72 —0.07 —0.10 0.03 0.05 0.19 —19.62 0.38  —19.24
XIVNEY —20.31  —19.65 —19.39 —19.30 —0.08 —0.11 0.00 0.05 019 —19.25 0.48 —18.77
XV -19.56  —19.09 —18.87 —18.77 —0.10 —0.15 0.06 0.04 019 —18.73 1.00 —17.73
XVIMIN -19.81 —18.98 —18.64 —18.52 —0.07 —0.11 0.03 0.05 0.19 —18.43 0.12 —18.31
XVIIv -19.31 —18.74 —18.54 —18.47 —0.11 —0.11  —0.01 0.06 0.19 —18.45 0.51 —17.94
XVIIINGY -15.63 —14.83 —14.46 —14.32 —0.13 —0.10 0.04 0.05 019 —14.27 0.27  —14.00
XIXNH -15.27 —14.77 —14.,51 —14.42 —0.12  —0.10 0.02 0.05 0.19 —14.38 0.49 —13.89
I8 on —2.72 1.51 1.52 1.61 —0.13 —0.56 —0.21 0.12  0.19 1.02 —1.59 —0.57
I&dou 7.77 1.57 1.48 1.62 — — 0.04 —0.01 0.19 1.84° —0.10 1.74
IS on —2.29 2.07 2.09 219 -0.14 —0.57 —0.20 0.12  0.19 1.59 —1.67 —0.08
IV&oou 8.91 2.62 2.53 2,70 —0.35 —0.56 0.04 —0.01 0.19 2.01 0.09 2.10
Vidon 9.23 2.96 2.86 3.03 — — 0.04 —0.01  0.19 3.25° 0.00 3.25

¢ MP2/aug-cc-pVDZ relative energies obtained at MP2/aug-cc-pVDZ geometries. > CCSD(T)-F12b/aug-cc-pVDZ relative energies obtained at
CCSD(T)-F12b/aug-cc-pVDZ geometries. © CCSD(T)-F12b/aug-cc-pVTZ relative energies obtained at CCSD(T)-F12b/aug-cc-pVDZ geometries.
¢ CCSD(T)-F12b/aug-cc-pVQZ relative energies obtained at CCSD(T)-F12b/aug-cc-pVDZ geometries. © CCSDT ~ CCSD(T) obtained with the 6-31G
basis set at CCSD(T)-F12b/aug-cc-pVDZ geometries./ CCSDT(Q) -~ CCSDT obtained with the 6-31G basis set at CCSD(T)-F12b/aug-cc-pVDZ
geometries. ¢ Core-correlation correction obtained as the difference between all-electron and frozen-core CCSD(T)-F12b/cc-pCVTZ-F12 relative
energies at CCSD(T)-F12b/aug-cc-pVDZ geometries. " Scalar relativistic effect obtained as the difference between DK-AE-CCSD(T)/aug-cc-pwCVTZ-
DK and non-relativistic AE-CCSD(T)/aug-cc-pwCVTZ relative energies at CCSD(T)-F12b/aug-cc-pVDZ geometries. ' Spin-orbit (SO) corrections
obtained as the difference between the SO and non-SO ground-state MRCI+Q/aug-cc-pVTZ relative energies at CCSD(T)-F12b/aug-cc-pvVDZ
geometries.” Benchmark classical relative energy obtained as CCSD(T)-F12b/aug-cc-pVQZ + [T] + 3[(Q)] + Acore + Arel + Aso. ¥ ZPE corrections
obtained at CCSD(T)-F12b/aug-cc-pvVDZ. ! Benchmark adiabatic relative energy obtained as Classical + Ap;. ™ Benchmark classical relative energy
obtained as CCSD(T)-F12b/aug-cc-pVDZ + 4o, because the other energy computations do not converge. ” Benchmark classical relative energy
obtained as CCSD(T)-F12b/aug-cc-pVDZ+ §[T] + 8[(Q)] + 4so, because the other energy computations do not converge. ° Benchmark classical
relative energy obtained as CCSD(T)-F12b/aug-cc-pVQZ + Acore + 4rert 4so, because the other energy computations do not converge.

COOH-TS conformers at the above three levels of theory, in
order. For the CH abstraction TS two additional conformers are
also found based on chemical intuition. As seen, the potential

conformers, except in the NH-TS region, as MP2 if the aug-cc-
pVDZ basis is used.
The benchmark relative energies of the TS and post-

energy surface is more structured with the small 3-21G basis, as
MP2/3-21G provides the most conformers in every region. In
most cases the more accurate MP2/aug-cc-pVDZ computations
significantly decrease the number of the conformers and the
CCSD(T)-F12b method usually gives qualitatively the same

This journal is © the Owner Societies 2023

minimum conformers are computed using a high-level compo-
site approach utilizing the CCSD(T)-F12b/aug-cc-pVQZ level of
theory and additive corrections of post-(T) correlation, core
correlation, scalar relativity, spin-orbit effect, and zero-point
energy. The benchmark ab initio results show that H
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Table 2 Energies (kcal mol™) and additional corrections (kcal mol™? of the products of the OH + glycine (Ip) abstraction reaction relative to the
reactants at different levels of theory

MP2 CCSD(T)-F12b

Stationary point ~ DZ* Dz? TZ¢ Qz° 3T QY Aeor® Aol Aso’  Classical!  Agpg’ Adiabatic!
H,0 + Incy —38.35 —-37.75 —37.90 —38.11 —0.21 —0.20 —0.39 0.18 0.19 —38.54 —0.07 —38.61
H,0 + IIncy —36.04 —36.23 —36.33 —36.54 —0.26 —0.21 —0.38 0.18 0.19 —37.02 —0.09 —-37.11
H,0 + Incy —32.56 —32.49 —32.64 —32.84 —0.31 —0.21 —0.37 0.17 0.19 —33.37 —0.29 —33.66
H,0 + IVnch —26.51 —27.98 —28.05 —28.20 —0.39 —0.22 —0.29 0.15 0.19 —28.76 —0.20 —28.96
H,O + Ipnu —17.06 —16.74 —16.70 —16.75 —0.10 —0.12 0.02 0.04 0.19 —16.72 —-1.26 —17.98
H,0 + IIpnu —16.25 —15.99 —15.92 —15.96 —0.23 —0.15 —0.01 0.05 0.19 —16.11 —0.98 —17.09
H,0 + IInyyg —15.28 —14.84 —14.77 —14.81 —0.08 —0.11 0.05 0.04 0.19 —14.72 —1.11 —15.83
H,O + IVpnu —14.07 —13.49 —13.35 —13.41 —0.11 —0.11 0.04 0.04 0.19 —13.36 —1.48 —14.84
H,0 + Vpnu —13.98 —13.44 —13.31 —13.35 —0.07 —0.10 0.05 0.04 0.19 —13.24 —1.36 —14.60
H,0 + VIpnu —-12.03 —11.77 —11.70 —11.74 —0.16 —0.13 0.04 0.04 0.19 —11.76 —1.46 —13.22
H,0 + VIIpnu —8.05 —7.58 —7.43 —7.47 —0.16 —0.11 0.07 0.03 0.19 —7.45 —1.66 —9.11
H,0 + Ipcoo™ — — —4.80 —493 — — —0.22  —0.02 0.19 —4.98 — —
H,0 + IMgoo™ — — — — —0.68 —0.65 — — 0.19 — — —
H,0 + Ipcoo™ — — — — — — — 0.02 0.19 — — —
H,0 + IVnceoo™ — — — — — — — — 0.19 — — —

¢ MP2/aug-cc-pVDZ relative energies obtained at MP2/aug-cc-pVDZ geometries. > CCSD(T)-F12b/aug-cc-pVDZ relative energies obtained at
CCSD(T)-F12b/aug-cc-pVDZ geometries. © CCSD(T)-F12b/aug-cc-pVTZ relative energies obtained at CCSD(T)-F12b/aug-cc-pVDZ geometries.
4 CCSD(T)-F12b/aug-cc-pVQZ relative energies obtained at CCSD(T)-F12b/aug-cc-pVDZ geometries. ° CCSDT - CCSD(T) obtained with the 6-31G
basis set at CCSD(T)-F12b/aug-cc-pVDZ geometries./ CCSDT(Q) -~ CCSDT obtained with the 6-31G basis set at CCSD(T)-F12b/aug-cc-pVDZ
geometries. ¢ Core-correlation correction obtained as the difference between all-electron and frozen-core CCSD(T)-F12b/cc-pCVTZ-F12 relative
energies at CCSD(T)-F12b/aug-cc-pVDZ geometries. " Scalar relativistic effect obtained as the difference between DK-AE-CCSD(T)/aug-cc-pwCVTZ-
DK and non-relativistic AE-CCSD(T)/aug-cc-pwCVTZ relative energies at CCSD(T)-F12b/aug-cc-pVDZ geometries. * Spin-orbit (SO) corrections
obtained as the difference between the SO and non-SO ground-state MRCI+Q/aug-cc-pVTZ relative energies at CCSD(T)-F12b/aug-cc-pvVDZ
geometries.” Benchmark classical relative energy obtained as CCSD(T)-F12b/aug-cc-pVQZ + 3[T] + 8[(Q)] + Acore + Arert Aso- © ZPE corrections
obtained at CCSD(T)-F12b/aug-cc-pVDZ. ' Benchmark adiabatic relative energy obtained as Classical + Azpg. ™ For these product radicals MRCI/

aug-cc-pVDZ geometries are used and the energy computations do not converge in many cases.

abstraction is an exothermic process from every functional
group and thermodynamically CH abstraction is strongly pre-
ferred over NH and the least-favored COOH abstraction. The
adiabatic barriers, relative to the reactants, are slightly negative
in all cases, and the kinetic preference is in the NH, CH, and
COOH order. In the entrance channel H-bonded minima exist
with depths of 5-6 kcal mol™" corresponding to non-reactive
OH---N and OH---O—C arrangements, whereas the reactive
CH- - -OH, NH- - -OH, and COOH- - -OH complexes have weaker
binding energies of 1.0, 1.6, and 3.3 kcal mol ™", respectively.
The above findings indicate that H abstraction can occur from
all three functional groups at low collision energies, where the
H-bond donor character of the OH radical may steer the
reactants into a non-reactive orientation, thereby making the
reaction indirect. Furthermore, the little difference between
the TS energies predicts that the three channels may become
competitive even if the CH abstraction is thermodynamically
strongly preferred. Moreover, the kinetically least preferred
COOH abstraction has the deepest entrance-channel minimum
along the reactive approach, which may facilitate H abstraction
from this group. The present study will guide future global
potential energy surface developments and dynamics simula-
tions for the OH + glycine system, which can uncover the role of
the stationary points in the mechanism and outcome of this
multi-channel reaction.
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