Volume 23
Number 16

28 April 2021
Pages 9615-10134

PCCP

Physical Chemistry Chemical Physics

rsc.li/pccp

ISSN 1463-9076

ROYAL SOCIETY bAPER
OF CH EMISTRY Andras B. Nacsa and Gabor Czakd

Benchmark ab initio proton affinity of glycine




Open Access Article. Published on 30 March 2021. Downloaded on 6/22/2026 6:47:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

o ROYAL SOCIETY
PP OF CHEMISTRY

Advances

At the heart of open access for
the global chemistry community

Editor-in-chief

Russell J Cox
Leibniz Universitat Hannover, Germany

We stand for:

Breadth We publish work in all
ﬂ areas of chemistry and reach a
global readership

Quality Research to advance the
chemical sciences undergoes
rigorous peer review for a trusted,

society-run journal

Submit your work now
rsc.li/rsc-advances

Registered charity number: 207890

S

A%,

View Article Online
View Journal | View Issue

Affordability Low APCs, discounts
and waivers make publishing open
access achievable and sustainable

Community Led by active
researchers, we publish quality
work from scientists at every
career stage, and all countries

@RSC_Adv


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1CP00376C
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023016

View Article Online

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

PAPER

) Check for updates Benchmark ab initio proton affinity of glycine

Cite this: Phys. Chem. Chem. Phys., Andras B. Nacsa and Gabor Czakd *

2021, 23, 9663
A systematic conformational search reveals three N- (amino) and eight O- (carbonyl) protonated glycine
conformers with benchmark equilibrium(adiabatic) relative energies in the 0.00-7.51(0.00-7.37) and
25.91-31.61(24.45-30.28) kcal mol™! ranges, respectively. Benchmark ab initio structures of the glycine
conformers and its protonated species are obtained at the CCSD(T)-F12b/aug-cc-pVTZ level of theory

Received 26th January 2021, and the relative energy computations consider basis-set effects up to aug-cc-pVQZ with CCSD(T)-F12b,

Accepted 29th March 2021 electron correlation up to CCSDT(Q), core correlation corrections, scalar relativistic effects, and zero-point
energy contributions. The best predictions for Boltzmann-averaged 0(298.15) K proton affinities and

[298.15 K gas-phase basicities] of glycine are 211.00(212.43)[204.75] and 186.38(187.64)[180.21] kcal mol™*
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|. Introduction

Proton affinity of molecules plays an important role in chemistry
and biochemistry. The fragmentation pathways of protonated pep-
tides and proteins can be followed by mass spectrometry experi-
ments and the proton affinity (PA) as well as the related gas-phase
basicity (GB) values of the protonation sites may control the out-
come of these fragmentation processes."” Numerous theoretical
and experimental studies investigated the PA and GB of amino acids
in the past couple of decades.”® However, even for the simplest
amino acid, glycine, only the use of low-level electronic structure
theories such as density functional theory (DFT) and second-
order Mgller-Plesset perturbation (MP2) methods with double-
and triple-zeta basis sets was feasible in the 1990’s and
2000’8, >>7911L1417:18.2527 The highest-level theoretical studies used
B3LYP or MP2 with the 6-311++G** basis for geometry optimiza-
tions and QCISD(T) or CCSD(T) with 6-311+G** for single-point
energy computations.'>"*** Even in 2008 it was still not viable to
perform geometry optimizations using the gold-standard CCSD(T)
method with a reasonably large basis set for amino acids; there-
fore, high-level benchmark ab initio PA studies focused on few-
atom systems such as CO,*® NH;,>* and H,CO.*® Thanks to the
method and computational hardware developments during the
last decade, quantum chemistry has arrived to a stage where high-
level explicitly-correlated CCSD(T)-F12 geometry computations are
affordable for amino-acid-size molecules.

Following recent theoretical work on glycine and our high-
level explicitly-correlated ab initio study on its dehydrogenated
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for N- and O-protonation, respectively, in excellent agreement with experiments.

radicals,®® here we report benchmark PA and GB values for
glycine. The present study aims to move beyond previous work
from both qualitative and quantitative points of view. Qualita-
tively, we plan to perform a comprehensive and systematic con-
formational search for protonated glycine isomers considering
different protonation sites, thereby possibly revealing new con-
formers, which were not considered in former studies. Quantita-
tively, we report the first CCSD(T)-F12 structures and vibrational
frequencies for protonated glycine conformers and consider
energy effects of the large aug-cc-pVQZ basis set, post-CCSD(T)
electron correlation up to CCSDT(Q), core-core and core-valence
correlation, and scalar relativity for glycine and its protonated
species, thus providing benchmark absolute PA and GB values for
the simplest amino acid, which may be utilized in mass spectro-
metry experiments where usually relative PA values can be deter-
mined. Besides the benchmark data for glycine, the present study
shows the magnitude and assesses the importance of the above-
mentioned auxiliary energy corrections, thereby guiding future ab
initio investigations for larger systems.

[I. Computational details

A. Conformers of protonated glycine isomers

Our first goal is to determine all the conformers of the protonated
glycine isomers. First of all, we check the possible protonation sites
on the amino acid. One may assume three variations, "HzN-CH,~
COOH, H,N-CH,-C'(OH),, and H,N-CH,-CO(OH,), corres-
ponding to the protonation of the amino, carbonyl, and hydroxyl
groups, respectively. To test these chemically predicted struc-
tures, we take the eight known conformers of the glycine
molecule®” and attach one extra proton to the above mentioned
sites separately. For the amino group, we arrange the new atom

Phys. Chem. Chem. Phys., 2021, 23, 9663-9671 | 9663
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60°

Fig. 1 Sketches describing the internal rotations of the N-protonated (A)
and O-protonated (B) glycine isomers.

to get an approximately tetrahedral structure around the nitro-
gen atom and create two sets of inputs - in the second one the
NH;" group is rotated by 60°. There are also two sets of initial
structures for the protonation of the carbonyl and the hydroxyl
groups. In the former case, the newly formed O-H group can be
in cis or trans arrangement relative to the other O-H, while in the
latter case, the two O-H bonds are either in the N-C-C plane or not.
We optimize these initial structures and compute the harmonic
frequencies using the MP2 method*® with the correlation-consistent
aug-cc-pVDZ basis set.** We note in advance that we find that the
protonation of the hydroxyl group does not result in stable
conformers.

To map the complete conformational space of the proto-
nated glycine, we execute a systematical mapping starting from
the simplest cases, the N- (amino) and O- (carbonyl) protonated
lowest-energy conformer of the amino acid (Ip). For the two isomers
we produce different initial geometries based on the description of
the torsional motions belonging to the N-protonated {NH3, COOH,
OH} groups and the O-protonated {NH,, C(OH),, and two OH}
groups as shown in Fig. 1. The variation of the corresponding
torsional angles by 60° steps (six step, since 0°and 360° are
equivalent) leads to 6° = 216 and 6" = 1296 N- and O-protonated
arrangements, respectively, which may be reduced by recognizing
symmetry. For the optimizations we use the MP2/aug-cc-pVDZ level
of theory, we assign the results to different conformers and we also
perform harmonic frequency computations to determine whether
they are minima (all real frequencies) or saddle points (one
imaginary frequency).

B. Benchmark structures and energies

We further optimize the conformers (minima) of glycine and its
protonated counterparts by the explicitly-correlated coupled-cluster
singles, doubles, and perturbative triples method (CCSD(T)-F12b)*
using the aug-cc-pVDZ (geometry and frequency), aug-cc-pVIZ
(geometry), and aug-cc-pVQZ (energy) basis sets.** We deal with
the following additive energy corrections obtained at the best
(CCSD(T)-F12b/aug-cc-pVTZ) geometries:

- Coupled-cluster triples*' (8T) and perturbative quadruples*?
(8(Q)) corrections are determined using the 3-21G,*’ 6-31G,** and
cc-pvVDZ?® basis sets and the best estimates are obtained as

0T = CCSDT/cc-pVDZ — CCSD(T)/cc-pVDZ; (1)

3(Q) = CCSDT(Q)/cc-pVDZ — CCSDT/cc-pVDZ.  (2)
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- To include all-electron (AE) corrections, AE and frozen-core
(FC) energies are computed at the CCSD(T)-F12b/cc-pCVTZ-F12
level of theory’®*® and the core correlation correction is
defined as

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

The standard FC computations only correlate the electrons on
the valence shells, whereas AE methods correlate the 1s”
electrons of the C, N, and O atoms as well.

- We also compute second-order Douglas-Kroll (DK)*® rela-
tivistic energies using the AE-CCSD(T) method*” with the aug-
cc-pwCVTZ-DK basis set*® to determine the scalar relativistic
effects:

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

- Zero-point energy corrections (4,pg) are based on the
CCSD(T)-F12b/aug-cc-pVDZ harmonic frequency results.

Finally, one can obtain the benchmark electronic (equili-
brium) and adiabatic (ZPE corrected) energies by the expres-
sions in order:

E. = CCSD(T)-F12b/aug-cc-pVQZ + 8T + §(Q) + Acore + Arel;

()

H, = CCSD(T)-F12b/aug-cc-pVQZ + 8T + §(Q) + Acore + Arel + Azpe-

(6)

The MP2, CCSD(T)-F12b, AE-CCSD(T)-F12b, AE-CCSD(T),
and DK-AE-CCSD(T) computations are carried out using
the Morpro program package’® and the CCSD(T) and
CCSDT(Q) computations are performed with MRCC***" inter-
face to Morpro. For CCSD(T)-F12b and AE-CCSD(T)-F12b the
default auxiliary basis sets are used as implemented in
MoLpro.

C. Proton affinity and gas-phase basicity computations

Consider the following gas-phase reaction:

BH(y) — B + Hfy), (R1)

where BH' is a protonated conjugate acid, B is the corres-
ponding gaseous base and H' is a free proton. The enthalpy
change (AH) of this reaction is equal to PA of B, while the Gibbs
free energy change (AG) is the GB. Combining ab initio compu-
tations with the rigid rotor and harmonic oscillator models,
one can get PA and GB values with temperature corrections via
standard statistical mechanics expressions for the transla-
tional, vibrational, and rotational enthalpies and entropies.
To calculate the population of the conformers we use the
Boltzmann-distribution:

_AGrcl.r
e RT
e AG:el.j (7)
> e RT

This journal is © the Owner Societies 2021
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where x; is the relative population of the i-th conformer and
AGrel i
conformer relative to the most stable conformer.

is the molar standard Gibbs free energy of the i-th

lll. Results and discussion
A. Conformers of the protonated glycine

The eight minima of the glycine amino acid are well known at
different levels of theory;***”> these can be seen in Fig. 2. The
nomenclature follows the traditional notation®” by increasing
roman numbers with increasing energies (except for IIIn and
IVn) with the p and n letters referring to planar (Cs) (only three
of them) and non-planar (C,;) symmetry, respectively.

By chemical intuition, we predict three possible sites for the
protonation of glycine: the amino, the carbonyl, and the
hydroxyl group. As mentioned in Section II, we validate this
by connecting a proton to these groups of the eight known
conformer, one by one, and run geometry optimizations at the
MP2/aug-cc-pVDZ level of theory. The investigations show that
the protonation of the amino and carbonyl group leads to stable
minima and transition states. For the hydroxyl site, the compu-
tations, even if there is convergence in 100 steps, end in an
amino/carbonyl protonated structure or a cation-water complex
with elonged C-O bond,>'® hence we can categorize the con-
formers into N- (amino) and O- (carbonyl) protonated ones.

The systematic conformational search based on 216 initial
geometries for the N-protonated conformers emerges into 15
cases where there is no convergence (NC), 15 structures that are
(three distinct) transition states (TS), which can be produced by
simple internal rotations of the minima, and three different
conformers with the occuring ratio of 48:69:69 (~2:3:3) as
shown in Fig. 3. The structures of the three N-protonated con-
formers can be seen in Fig. 4 with the notation of roman numbers
increasing with the increase of the CCSD(T)-F12b/aug-cc-pVQZ
energies, the p refers to C; symmetry and subscript-index N means
N-protonated conformer. All of them have Cy symmetry and have
close relationship with the original glycine minima. The Ipyx
structure, which has the lowest energy, can be derived from the
global minimum of the amino acid by simply attaching a proton
to the amino group and rotating it 60°, otherwise we achieve a

o3
¢

Vn

Vip

Fig. 2 Conformers of glycine, p and n denote planar (Cs) and non-planar (C;) symmetry.
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transitional state. This structural change allows the formation of a
hydrogen bond between a hydrogen atom and a lone electron pair
of the oxygen atom. The situation is the same in the case of the
[Ipy and VIp structures. IIpy can be paired with the IIIn mini-
mum, but there is no possibility to form an intramolecular
hydrogen bond, thus the amino group is altered by 60° in respect
of the previous two conformers.

Approximately half of the 1296 O-protonated initial geometries
converges to two of the N-protonated minima (Fig. 3), which
indicates that the O-protonated structures have higher energies.
The absence of IIpy conformer can be explained by the trans
arrangement of the carbonyl and the protonated amino groups in
IIpy. 50 geometries end up with no convergence and 20 in four
different transition states. We find eight distinct minima obtained
131:83:33:132:99:57:3:29 times from the 1296 initial geome-
tries as seen Fig. 3. The structures of the eight O-protonated
glycine conformers are shown in Fig. 5. The notation of roman
numbers inreases with increasing CCSD(T)-F12b/aug-cc-pVQZ
energies, p and n refers to planar (C) (only two of them) or
non-planar (C;) symmetry and subscript O means O-protonated
conformer. Four of them (Ing, IIpo, IVne, and VIpg) are resem-
bling the original glycine conformers, and the protonated-
carboxylic group is in the main plane of the molecule (N-C-C
plane), differing in the relative orientation of the hydroxyl and
amino groups. The rotation of the hydroxyl-group by 180° on the
side of the amino group would lead to either Ipy or Ilpy
minimum. The other four structures (Illno, Vne, VIIng, and
VIIIny) have their protonated-carboxylic group tilted (almost)
perpendicularly to the N-C-C plane, these are not resembling
much to the original amino acid conformers and have smaller
occurrences (except Vng) than the others.

B. Benchmark energies

The computed relative energies at different levels of theory can
be seen in Table 1 for the conformers of glycine and its pro-
tonated analogue forms. Comparing the MP2 and CCSD(T)-F12b
methods with same aug-cc-pVDZ basis set one can see an impressive
agreement with an average difference of 0.14 kcal mol ™', the only
outlier is the IIpy minimum, which has significantly deeper energy
(with approximately 0.6 kcal mol "), according to the MP2 method.

2l
24

IlIn
VHIn

>

VIIp

Phys. Chem. Chem. Phys., 2021, 23, 9663-9671 | 9665
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o lp, Ilng 1Vn, Vng Vip, Vlin VIIin TS NC

Fig. 3 Analysis of the systematic conformational search for N-protonated (left panel) and O-protonated (right panel) glycine showing the number of
initial structures from the total of 216 (N) and 1296 (O) relaxed into a given conformer at the MP2/aug-cc-pVDZ level of theory. TS stands for transition

states whereas NC means no convergence in 100 steps.

©

MIp,

Ip,,

Fig. 4 The conformers of N-protonated glycine, p denotes planar (Cy)
symmetry and N stands for N-protonation.

Also we can notice, that there are two changes in the energy
order with the increasing theoretical level of the methods, see
IVno/Vne and VIpe/VIIne, where the gap between the second
pair further increases using larger basis sets. Investigating the
convergence of the CCSD(T)-F12b method with different basis
sets we can say that the average difference between the aug-cc-
pVDZ and aug-cc-pVTZ relative energies is 0.05 kcal mol *, with

by, f P

o o Vip,

the highest value of 0.09 kcal mol™" in the case of the VIp,
conformer. Further increasing the basis to aug-cc-pVQZ results
in an average difference of only 0.01-0.02 kcal mol™* with no
outliers, showing the fast basis-set convergence of the explicitly-
correlated CCSD(T)-F12b method.

We have also conducted computations for different corrections
to get an idea what is the degree of accuracy one can achieve by
further increasing the theoretical level and what is the magnitude
of error by neglecting various effects. The coupled-cluster post-(T)
(full triples and perturbative quadruples) correction with the
cc-pVDZ basis set shows that their contributions are between
0.00 and 0.08 kcal mol™". We cannot say general conclusions
about the T terms separately, but the (Q) terms are always negative
or 0.00 keal mol " and applying the sum of the two terms results
in a smaller relative energy except for IVno which goes up in energy
by 0.01 kecal mol ™, and the relative energy of three conformers
(namely IVn, IIpo, VIpo) does not change within 0.00 kecal mol *

VHnO

Fig. 5 The conformers of O-protonated glycine, p and n denote planar (Cy) and non-planar (C;) symmetry, respectively, and O stands for

O-protonation.
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Table 1 Relative equilibrium energies (kcal mol™Y), their auxiliary corrections (kcal mol™?), 0 and 298.15 K relative enthalpies (kcal mol™), and 298.15 K
relative Gibbs free energies (kcal mol™?) of the glycine and protonated-glycine conformers

MP2 CCSD(T)-F12b
avDz®  avDz?  avrz® avQz?  oT° 3(QY Aeor® Aot AE} Ay AHY  AHys!  AG,o™
Ip 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00  +0.00 0.00 0.00 0.00
IIn 0.54 0.66 0.68 0.72 —0.02  —0.04  —0.03  +0.01 0.64  +0.24 0.87 0.22" 1.82"
IIn 1.59 1.73 1.73 1.73 +0.00 —0.01  +0.01 +0.00 1.73  +0.04 1.77 1.77 1.20
IVn 1.25 1.23 1.23 1.24 +0.00 +0.00 —0.01  +0.00 1.24 —0.02  1.22 1.17 1.43
A% 2.43 2.59 2.62 2.65 +0.00 —0.01  +0.01 +0.00 2.65 +0.08 2.74 2.66 2.90
VIp 4.86 4.79 4.80 4.81 —0.03  +0.00 +0.02 +0.00 4.80 —0.17  4.63 4.68 4.65
VIIp 6.06 5.92 5.89 5.91 —0.03 —0.03  —0.03  +0.01 5.84 —0.10  5.74 5.64 6.02
VIIIn 6.25 6.05 6.06 6.08 —0.03  +0.00 +0.00 +0.00 6.06 —0.14  5.93 5.90 6.16
Ipn 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00  +0.00 0.00 0.00 0.00
TIpy 4.36 4.94 4.97 4.99 —0.01 —0.02  +0.02 —0.01  4.97 —0.01  4.96 4.50" 6.17"
Ipy 7.55 7.49 7.51 7.52 —0.03 —0.01  +0.02 +0.00 7.51 —0.13  7.37 7.31 8.08
Ino 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00  +0.00 0.00 0.00 0.00
1Ipo 0.62 0.70 0.67 0.67 +0.00 +0.00 +0.00 +0.00 0.67  +0.02 0.69 0.58 0.88
Ine 1.86 2.00 2.00 2.00 —0.01 —0.07  +0.04 +0.00 1.96  +0.34 2.31 2.15 2.66
IVno 3.98 3.86 3.80 3.79 +0.01 —0.01  +0.02 +0.00 3.82 —0.31  3.51 3.61 3.12
Vno 3.94 3.95 3.90 3.91 +0.02 —0.04  +0.04 +0.00 3.94  +0.12 4.06 4.01 4.39
VIpo 5.20 5.15 5.06 5.06 +0.01 —0.01  +0.02 +0.00 5.08 —0.25  4.83 4.75 5.03
VIIng 4.95 5.18 5.18 5.17 —0.02  —0.06  +0.04 +0.00 513  +0.32 5.45 5.33 5.66
VIIn,  5.67 5.78 5.72 5.72 +0.01 —0.09  +0.06 —0.01 570  +0.13 5.82 5.68 6.28

¢ 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-pVTZ geometries.
¢ CCSD(T)-F12b/aug-cc-pVQZ relative energies obtained at CCSD(T)-F12b/aug-cc-pVTZ geometries. ¢ 5T correction obtained by CCSDT ~ CCSD(T)
with cc-pVDZ at CCSD(T)-F12b/aug-cc-pVTZ geometries. / §(Q) correction obtained by CCSDT(Q) — CCSDT with cc-pVDZ at CCSD(T)-F12b/aug-cc-
PVTZ geometries. ¢ Core-correlation correction obtained as the difference between AE-CCSD(T)-F12b/cc-pCVTZ-F12 and FC-CCSD(T)-F12b/cc-
PCVTZ-F12 relative energies at CCSD(T)-F12b/aug-cc-pVTZ geometries. " Relativistic correction obtained as the difference between Douglas-Kroll
AE-CCSD(T)/aug-cc-pwCVTZ-DK and non-relativistic AE-CCSD(T)/aug-cc-pwCVTZ relative energies at CCSD(T)-F12b/aug-cc-pVIZ geometries.
' Benchmark relative equilibrium energy obtained by CCSD(T)-F12b/aug-cc-pVQZ + 8T + 8(Q) + Acore + 4rer- 7 Zero-point energy correction obtained
at CCSD(T)-F12b/aug-cc-pVDZ. * Benchmark adiabatic relative energy obtained as AE, + Azpg. ' Relative enthalpy at 298.15 K. ™ Relative Gibbs free
energy at 298.15 K. " The uncertainty of the thermal corrections is above average for these two conformers caused by the accuracy of low-frequency

vibrations.

precision. The post-CCSD(T) corrections can be accurately
obtained using a small basis, since the effects on the relative
energies are usually the same within 0.01 kcal mol " utilizing the
3-21G, 6-31G, and cc-pVDZ basis sets (Table 2). The outcome of
considering the core electron correlation is a relative energy
change by 0.02 kecal mol ™" in average. The sign of this change is
mixed for the glycine conformers, but for the protonated forms it
is positive in all cases. The second-order Douglas-Kroll relativistic
effect has a very negligible improvement, in most of the confor-
mers it is way below 0.01 kcal mol ", In summary, the computa-
tions done on the simplest amino acid show that the sum of these
corrections does not go beyond 0.1 kcal mol ?, in average the
cumulative auxiliary correction is 0.03 kcal mol !, and the most
significant value is —0.08 kcal mol™" for IIn and VIIp. Further-
more, it is comforting that the small corrections do not change
the order the conformers, as seen in Table 1. The ZPE corrections
have much higher significance than the previous ones, their
average is 0.15 kcal mol " with varying signs, but they reach over
0.3 keal mol ™" for several O-protonated forms, although this effect
also does not cause a change in the order of the energies (Table 1:
AH, values). The neglected anharmonicity, which may be computed
by second-order vibrational perturbation theory and/or by hindered
rotor analysis for the low-frequency modes as was done in ref. 31-33
for glycine and in ref. 53 for threonine, may have an effect on the
ZPE corrections in the range of 0.01-0.10 kcal mol *.***

This journal is © the Owner Societies 2021

To obtain the AH,qg values we need to calculate the thermal
contributions of the internal energies based on statistical
thermodynamics. However, the thermal corrections are very
sensitive to the low-frequency vibration modes, thereby these
computations might not have sub-chemical accuracy. In general,
the relative enthalpies at 298.15 K are slightly lower than at 0 K,
except for four conformers. Small increase can be observed at
VIp (0.04 keal mol™*) and IVne (0.1 keal mol %), this is caused by
the vibrational thermal corrections affected by the uncertainty of
the CCSD(T)-F12b/aug-cc-pVDZ low frequencies. IIn and IIpy
have much higher (0.5-0.6 kcal mol ') changes, whereas using
the frequencies obtained at the MP2/aug-cc-pVDZ level, the
results fit into the trends, with the difference of approximately
0.1 kcal mol ™. The reason behind this is also the uncertainty of
the Morrro™ low-frequency computations, which may be more
problematic at the CCSD(T)-F12b level, where both the first and
second differentiations are done numerically.

Upon the calculation of the Gibbs free energy at 298.15 K an
extra subtraction of a TS term is needed. The difference
between the entropy (S) of the conformers origins from the
different rotational and vibrational contributions. The former
is due to the variation of the rotational constants and the latter
is caused by the different vibrational modes. In general the
relative Gibbs free energy values differ by 4(0.2-0.8) kcal mol "
from the corresponding AH,qs values, while we again have two
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Table 2 Basis-set convergence of the post-CCSD(T) correlation corrections (kcal mol™) on the relative energies of the glycine and protonated-glycine

conformers as well as proton affinities of glycine

5T 3(Q)? 3T + 8(Q)
3-21G 6-31G VDZ 3-21G 6-31G VDZ 3-21G 6-31G vDZ
Ip +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
IIn —0.03 —0.03 —0.02 —0.03 —0.03 —0.04 —0.06 —0.05 —0.06
IIn +0.00 +0.00 +0.00 —0.01 —0.01 —0.01 —0.01 —0.01 —0.01
IVn +0.01 +0.00 +0.00 —0.01 +0.00 +0.00 +0.00 +0.00 +0.00
A% +0.01 +0.01 +0.00 —0.01 —0.01 —0.01 +0.00 +0.00 —0.01
VIp —0.04 —0.04 —0.03 +0.00 +0.00 +0.00 —0.03 —0.04 —0.03
VIIp —0.04 —0.04 —0.03 —0.02 —0.02 —0.03 —0.06 —0.06 —0.06
VIIIn —0.03 —0.04 —0.03 —0.01 +0.00 +0.00 —0.04 —0.04 —0.03
Ipn +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
TIpy —0.02 —0.02 —0.01 —0.01 —0.03 —0.02 —0.03 —0.04 —0.03
IIpy —0.04 —0.04 —0.03 —0.01 +0.00 —0.01 —0.04 —0.05 —0.04
Ino +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
IIpo —0.01 +0.00 +0.00 +0.00 +0.00 +0.00 —0.01 +0.00 +0.00
IIne +0.00 +0.01 —0.01 —0.06 —0.07 —0.07 —0.06 —0.06 —0.08
IVno +0.02 +0.02 +0.01 —0.01 —0.01 —0.01 +0.01 +0.02 +0.01
Vno +0.03 +0.04 +0.02 —0.04 —0.03 —0.04 +0.00 +0.01 —0.02
VIpo +0.00 +0.01 +0.01 —0.01 —0.01 —0.01 +0.00 +0.01 +0.00
VIIng —0.01 —0.01 —0.02 —0.06 —0.07 —0.06 —0.07 —0.07 —0.08
VIIIne +0.02 +0.03 +0.01 —0.08 —0.09 —0.09 —0.07 —0.06 —0.08
Ip - Ipy —0.04 —0.02 +0.01 +0.05 +0.00 —0.01 +0.01 —0.02 +0.00
Ip - Ing +0.04 +0.06 +0.06 —0.07 —0.15 —0.16 —0.03 —0.09 —0.11
Average N° —0.04 —0.02 +0.01 +0.05 +0.01 —0.01 +0.01 —0.02 +0.00
Average O° +0.04 +0.06 +0.06 —0.07 —0.15 —0.16 —0.03 —0.09 —0.11

“ 8T correction obtained by CCSDT - CCSD(T) with the 3-21G, 6-31G, and cc-pVDZ (VDZ) basis sets at CCSD(T)-F12b/aug-cc-pVTZ geometries. * §(Q)
correction obtained by CCSDT(Q) - CCSDT with the 3-21G, 6-31G, and cc-pVDZ (VDZ) basis sets at CCSD(T)-F12b/aug-cc-pVTZ geometries.
¢ Corrections for proton affinities corresponding to N- and O-protonation of glycine obtained by Boltzmann-averaged mixtures of the conformers.

outliers, the IIn and IIpy which have a difference of 1.59 and
1.68 kecal mol ', respectively. Upon calculating the relative
Gibbs free energies utilizing the MP2/aug-cc-pVDZ frequencies,
these conformers will cease to have outlier values. This finding
can be traced back again to the high low-frequency mode
sensitivity and uncertainty.

C. Proton affinity and gas-phase basicity

The proton affinity and gas-phase basicity results can be found in
Table 3. To employ these quantities in practice, we need to convert
the 0 K values to a finite temperature, 298.15 K. We obtained PA

and GB values for the protonation of different initial structures
into different protonated geometries. The separation of the two
protonation sites is a must, since the relative energies of the
N-protonated ones are much lower, thus the O-protonation would
be neglected via Boltzmann averaging. We pair the global mini-
mum of the glycine and its N- or O-protonated counterpart and we
also perform calculations for the mixture of glycine conformers
and the mixture of the N- or O-protonated minima, where the
population of the structures are calculated by the Boltzmann-
distribution. The PA and GB values are also calculated considering
the different auxiliary corrections. The post-(T) (full T and (Q))

Table 3 Proton affinities (kcal mol™) at 0 and 298.15 K, their auxiliary corrections (kcal mol™), and gas-phase basicities (kcal mol™) at 298.15 K of

glycine

AEQZa BTb 6(Q)C Acore Arele AEef AZPEg AI_Iohk AH298ik AGZQSjk
Ip - Ipx 219.73 +0.01 —-0.01 +0.11 —0.02 219.82 —-9.14 210.68 212.14 204.90
Ip - Ing 194.04 +0.06 —0.16 +0.04 —0.06 193.91 —7.69 186.22 187.49 180.22
Average NI 220.04 +0.01 —0.01 +0.11 —0.02 220.13 —-9.13 211.00 212.43 204.75
Average o' 194.18 +0.06 —0.16 +0.04 —0.06 194.06 —7.68 186.38 187.64 180.21

% CCSD(T)-F12b/aug-cc-pVQZ equilibrium proton affinities obtained at CCSD(T)-F12b/aug-cc-pVTZ geometries. ? 8T correction obtained by CCSDT
- CCSD(T) with cc-pVDZ at CCSD( )-F12b/aug-cc-pVIZ geometries. © 3(Q) correction obtained by CCSDT(Q) - CCSDT with cc-pVDZ at CCSD(T)-
F12b/aug-cc-pVTZ geometries. ¢ Core-correlation correction obtained as the dlfference between AE-CCSD(T)-F12b/cc-pCVTZ-F12 and FC-CCSD(T)-
F12b/cc-pCVTZ-F12 proton affinities at CCSD(T)-F12b/aug-cc-pVTZ geometries. ¢ Relativistic correction obtained as the difference between Douglas—
Kroll AE-CCSD(T)/aug-cc-pwCVTZ-DK and non-relativistic AE-CCSD(T)/aug-cc-pwCVTZ proton affinities at CCSD(T)-F12b/aug-cc-pVIZ geometries.

/ Benchmark equilibrium proton affinities obtained by CCSD(T)-F12b/aug-cc-pVQZ + 8T + 8(Q) + Acore + Arel- ¢ Zero- pomt energy correction on proton

affinities obtained at CCSD(T)-F12b/aug-cc-pVDZ. Benchmark 0 K proton affinities obtained as AE, + Azpg. ' Benchmark proton affinities at
298.15 K.” Benchmark gas-phase basicities at 298.15 K. * The uncertainty caused by the accuracy of the low-frequency vibrations is much smaller,
than for the individual molecules, but it is still present. ' The population of the conformers were calculated by Boltzmann-distribution.
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corrections have the opposite sign in pairs, and for the amino
protonation they cancel each other, whereas for the carbonyl
protonation the sum retains a value of —0.11 kcal mol *. As
Table 2 shows, here the basis-set dependence is more significant
than in the case of the relative energies of the conformers. For
N-protonation the 3-21G 8T and 3(Q) corrections differ from the
6-31G and cc-pVDZ values by 0.05-0.06 kcal mol ™", whereas the
sum of 3T and 3(Q) is the same within 0.03 keal mol ' using any
of the above basis sets. The overall basis-set effect is somewhat
larger for O-protonation, since the 8T correction is well con-
verged, i.e., {+0.04, +0.06, +0.06} kcal mol " with {3-21G, 6-31G,
cc-pVDZ}, whereas the §(Q) effect varies as {—0.07, —0.15,
—0.16} kcal mol™", resulting in a cumulative correction of
{~0.03, —0.09, —0.11} kcal mol . It is worth noting that the
6-31G basis significantly improves the 3-21G results, providing
post-(T) corrections in very good agreement with the cc-pvDZ
values at a substantially less computational cost. The core
correction terms are positive while the relativistic ones are
negative in all cases. In the case of the amino-site protonation
(either minima or mixture) the core correction is more relevant,
the final value increases by 0.1 kcal mol !, whereas for the
carbonyl-site protonation the absolute relativistic correction is
larger and the corrected PA value decreases by 0.02 kcal mol ™"
after adding the two effects. The sum of all these small correc-
tions causes a PA change of 0.09 kcal mol " for N-protonation
and 0.12 kcal mol " for O-protonation.

The equilibrium PA values (AE.) can be obtained by calcula-
tion the difference of the benchmark equilibrium energies of
the molecule and its protonated form. Further improving the
results, adding the ZPE correction gives the enthalpy change of
the protonation at 0 K. One can observe a substantial change of
about —10 kcal mol " for every case. At finite temperature we
need to take into account the translational enthalpy of the
proton (1.48 kcal mol ™" at 298.15 K), as well as the vibrational
and rotational thermal corrections. After considering these correc-
tions, we obtain the proton affinity at 298.15 K, resulting in a
~1.5 keal mol " increase for the amino site and a ~1.3 kcal mol *
increase for the carbonyl site, showing that the vibrational-
rotational thermal effects are small besides the enthalpy of the
proton. Finally, adding the entropy correction we get the gas-
phase basicity (AG,og) at 298.15 K, and this lowers the PA values
by 7.4 kcal mol " in average, which effect is close to the
difference of the enthalpy and Gibbs free energy of the proton,
ie, 1.48 - (—6.27) = 7.75 kcal mol~". The computed thermo-
dynamic values for the protonation of the two sites are signifi-
cantly different. For AE, the difference is the highest, 26 kcal mol "
for both the differences between the two minima and the mixture
of minima. The difference for the AH,, AH,q5, and AG,qg thermo-
dynamical values are slightly lower, ~24.7 kcal mol ™" in average.
Calculating with mixtures instead of two minima and taking the
population into account increase the AE. and the enthalpy (both
at 0 K and 298.15 K) by 0.3 kcal mol ™" for the N-protonation and
by 0.15 kcal mol ™" for the O-protonation. The exception is the
gas-phase basicity where this mixture-effect has negative sign
and lower absolute value of 0.15 kcal mol " for the amino
protonation and 0.01 kcal mol " for the carbonyl protonation.
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These results show that while the global minimum is the
most populated energy level, the other ones might not be
negligible.

The final proton affinity results (global minima (mixtures))
are 212.14(212.43) keal mol™" for the amino protonation and
187.49(187.64) kcal mol™" for the carbonyl protonation at
298.15 K. For the gas-phase basicities we obtained
204.90(204.75) kecal mol " for the N-protonated forms and
180.22(180.21) keal mol™" for the O-protonated forms also at
298.15 K. It is important to note, that using the energies and
frequencies obtained at MP2/aug-cc-pVDZ level causes a serious
error of several kcal mol " for the thermodynamic values, whereas
calculating with the benchmark energies combined with either the
MP2/aug-cc-pVDZ or the CCSD(T)-F12b/aug-cc-pVDZ frequencies
results in the same values within 0.10 kcal mol " for the PA (both
at 0 K and 298.15 K) and 0.50-0.55 kcal mol " for the GB of the
amino and 0.20-0.25 kcal mol ™" for the GB of the carbonyl site.

In the literature Hunter and Lias* published a voluminous
review and database on the gas-phase basicities and proton
affinities for 1700 molecules based on critical evaluation of the
literature. For the PA of glycine, their recommended value is
211.9 kecal mol ™, while for the GB it is 203.7 kcal mol™*.* Two
years later, Alfonso et al.® published an article on measuring the
PA of the commonly occurring r-amino acids by using electro-
spray ionization-ion trap mass spectrometry, resulting in
212.28 + 0.05 kcal mol ™" for glycine. A more recent article in
2004 was published by Bouchoux and co-workers® revising the
protonation thermochemistry of seven amino acids by carrying out
electrospray ionization mass spectrometry and collision-induced
dissociation tandem mass spectrometry and evaluating the results
by different methods. For the PA value of glycine, they suggested
212.0 keal mol " based on a simple kinetic method, while using an
extended kinetic method, the PA is 211.8 + 0.7 kcal mol ' and the
GB is 204.4 + 0.9 kcal mol ', To achieve the most relevant
comparison, we should use the results for the amino protonation
with conformer mixtures. Our thermodynamic values have an
excellent agreement with all of previously mentioned experi-
mental results* ® with the maximum deviation of 0.5 kcal mol ™"
for the PA and 1 kcal mol " for the GB (which has the highest
uncertainty) while comparing with the most recent experimental
PA(GB) results of 211.8 + 0.7(204.4 + 0.9) kcal mol > obtained
with the extended kinetic evaluation method, our computed
values, 212.43(204.75) kcal mol ™", are within the experimental
error bars.

We should note that previous theoretical studies
using mostly lower level of theory, ie., MP2 or DFT methods with
small basis sets, for the N-protonation and considering only the
global minima or just some of the conformers, resulted in PA
values in good agreement with the present high-level benchmark
values. It is also interesting to compare the amino and carbonyl PA
values with those of ammonia and carbon-monoxide. In 2008 one
of the present authors determined these at 298.15 K, for NH; the
PA is 203.78 = 0.07 keal mol ' and it is 141.59 =+ 0.05 keal mol !
for the CO molecule.”® The difference roughly 10 kcal mol™* for
the amino-ammonia pair and 40 kcal mol " for the carbonyl-CO.
The reason behind this is that the chemical environment

3,7-14,17-19,24,27
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(electrophilicity and partial charge) of the carbonyl group is
drastically changed compared to a CO molecule and this effect
is much smaller in the case of the amino group.

IV. Summary and conclusions

We have performed a systematic conformational search for
protonated glycine revealing 3 N-protonated and 8 O-pro-
tonated conformers. The N-protonated conformers were known
in the literature,” in the case of O protonation, we have found 3
new conformers, namely Vno, VIIne, and VIIIne. The N-protonated
conformers have Cg symmetry and their benchmark equilibrium-
(adiabatic) relative energies are 0.00(0.00), 4.97(4.96), and
7.51(7.37) keal mol " for Ipy, Ipy, and Illpy, respectively. The
lowest-energy O-protonated glycine conformer is above Ipy by
25.91(24.45) keal mol™" and the 8 conformers span a roughly
6 kcal mol " relative energy range. Our high-level benchmark
computations show that the CCSD(T)-F12b/aug-cc-pVQZ relative
energies are usually converged within 0.01 kcal mol " and the
post-CCSD(T), core correlation, and scalar relativistic effects are
usually in the range of 4(0.00-0.10) kcal mol™" and these
auxiliary corrections often cancel or partially cancel each other.
Thus we estimate that the uncertainty of the present benchmark
relative electronic energies is less than 0.05 kcal mol . The zero-
point energy corrections of +(0.00-0.34) kcal mol ' are more
significant than the above small corrections. The thermal correc-
tions for relative enthalpy and Gibbs free energy of the con-
formers are usually 0.1 and £(0.3-0.6) keal mol~" moving from
0 to 298.15 K. The present benchmark energies are the most
accurate predictions for protonated glycine conformers and also
for the 8 known conformers of glycine improving and confirming
several previous work.>*?”>>

The above described high-level ab initio energies of the conformers
of glycine and protonated glycine provide benchmark proton affinity
and gas-phase basicity values for glycine. Considering the Boltzmann
population of the conformers, the best 0(298.15) K proton affinity of
glycine is 211.00(212.43) kcal mol™' for N protonation and
186.38(187.64) kcal mol~ ' for O protonation. The corresponding
gas-phase basicity values are 204.75 and 180.21 kecal mol * at
298.15 K, respectively, showing significant entropy effects of around
—(7-8) keal mol ', whereas the thermal correction for enthalpy is
only +1.2-1.5) kecal mol™", close to the translational enthalpy of
proton (1.48 kcal mol '), as seen in the case of the proton affinity
values. For the proton affinities the CCSD(T)-F12b/aug-cc-pVQZ
results are converged within 0.1 keal mol ™", the post-CCSD(T), core,
and relativistic corrections are £(0.02-0.11) kcal mol ™ resulting
in a cumulative correction of +0.09/—0.12 kcal mol " for N-/O-
protonation. The ZPE corrections are substantial, decreasing the
proton affinities of minima(mixtures) by 9.14(9.13)/7.69
(7.68) kecal mol *. We estimate that our benchmark equilibrium
proton affinities have small uncertainties around +0.1 keal mol %,
the 0 and 298.15 K values have somewhat larger error bars of
+0.3 keal mol ™" due to the uncertainty of the harmonic ZPE and
thermal (vibrational enthalpy) corrections, and the gas-phase basicity
is the least accurate with estimated error bars of 1 keal mol ™"
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owing to the large uncertainty of the vibrational entropies caused by
the uncertainties of the low frequencies. Thus, we can conclude
that anharmonic (hindered rotor) and/or analytical frequency
computations may improve the accuracy of the gas-phase basi-
city values, nevertheless, the present sub-chemically accurate
absolute proton affinities may serve as benchmark reference for
future theoretical and experimental studies.
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