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Accurate Interaction Energies of CO, with the 20 Naturally

Occurring Amino Acids

Amarachi G. Sylvanus™ and Konstantinos D. Vogiatzis*"”

We have performed a series of highly accurate calculations
between CO, and the 20 naturally occurring amino acids for the
investigation of the attractive noncovalent interactions. Differ-
ent nucleophilic groups present in the amino acid structures
were considered (a-NH,, COOH, side groups), and the stronger
binding sites were identified. A database of accurate reference
interactions energies was compiled as computed by explicitly-
correlated coupled-cluster singles-and-doubles, together with

Introduction

Carbon dioxide (CO,) is the prime greenhouse gas produced
mainly from transportation, power plants, chemical plants, and
other industrial processes, and has become a major concern
across the globe as a prime cause of extreme climate changes."
CO, capture and separation comprise several technologies that
capture, store and transport CO, at various stages from point
sources” On an industrial scale, amine-based solvents are
largely used for CO, capture via chemisorption, which is an
energy-intensive and prone to corrosion process.”! This is an
outcome of the high cost of solvent regeneration, the corrosive
nature of the byproducts, while the high vapor pressure of the
solvent leads to release of toxic amine gases into the
atmosphere upon heating. In addition, the high energy required
to remove the adsorbed CO, and break the carbamide bond
formed between the CO, and the amine defeats the whole
purpose of carbon reduction, towards mitigating climate
change. This has propelled several researchers to seek alter-
natives to the capture of CO, via conventional chemisorption
processes. These alternative methods range from the use of
membrane,” porous materials as adsorbents such as zeolites
and metal-organic frameworks (MOFs),” carbon molecular
sieves,®” cryogenic methods,® and ionic liquids.”! These
techniques are mostly used to capture CO, from post-
combustion industrial sources. Although there are different
methodologies for CO, capture, the challenge remains to find a
balance between sustainable, cost-effective, and environmen-
tally friendly technologies. Several studies have proposed the
use of bio-inspired materials for the selective capture of CO,,
where amino acids (AAs), the building blocks of enzymes, can
effectively bind CO, as suitable alternatives to conventional
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perturbative triples extrapolated to the complete-basis-set limit.
The CCSD(F12)(T)/CBS reference values were used for compar-
ing a variety of popular density functionals with different basis
sets. Our results show that most density functionals with the
triple-zeta basis set def2-TZVPP align with the CCSD(F12)(T)/CBS
reference values, but errors range from 0.1 kcal/mol up to
1.0 kcal/mol.

amine-based solvent capture.'™' Another experimental study
explored the adsorption of CO, on solid AAs inside a thermal
reactor.” In addition, AAs have low toxicity"” are non-
volatile,"® have high resistance to degradation,"” and could be
produced from various bio-sources.’?*?"

The 20 naturally occurring AAs are the building blocks of
enzymes that catalyze biochemical reactions. They are com-
posed of a carboxylic acid group and an amino group while
they differ by their side groups (R) which can contain among
others alkyl, aromatic, hydroxy, amine, or carboxylic acid
groups. The presence of nucleophilic side chains makes AAs
promising units for selective interactions with CO,. The
formation of weak, noncovalent interactions would eliminate
the high regenerative cost of separating CO, from the conven-
tional capture media that requires stronger carbamide bonds
with CO,. Also, the variety of nucleophilic groups on AAs offer
synergistic binding with 2:1 ratio between AAs and one CO,
molecule, which further increases the efficacy of the physisorp-
tion process. These AAs-based separation techniques can be
used in post-combustion processes (high composition of CO,),
like amine solvents, or in direct air capture (DAC) processes by
physisorption. The DAC can be used to capture CO, from
smaller-scale and mobile sources like transportation media.
DAC also bypasses the problem of storage and transportation
of CO, and therefore can be incorporated into technologies
that directly use CO, as feedstock.?>*

Although there are numerous reports on amino acid-
functionalized MOFs,**>" amino acid salts and amino acid ionic
liquids,"®*? there are limited available theoretical data on the
interaction strength of isolated AAs with CO,. Hussain et al.
reported the strength of the covalent and non-covalent
interactions of the 20 naturally occurring AAs with CO, at
various interaction sites.®¥ This computational study utilized
density functional theory (DFT) with the MO05-2X exchange-
correlational functional. A more recent work illustrated how the
introduction of an extra carboxylate group on the AAs can
increase their interaction with CO,B¥ A combination of
spectroscopic methods and quantum chemical calculations

© 2023 Wiley-VCH GmbH
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demonstrated how these groups could reduce the negative
inductive effect of an amino group and accelerate the
interaction of the molecule with CO,. Another computational
study focused on the chemisorption of CO, on amino acid ionic
liquids using molecular dynamics (MD) simulations and DFT
calculations performed with the M06-2X functional >

In this work, the non-covalent interaction energies of the
CO,—AA molecular systems are explored with accurate quantum
chemical methods. For this purpose, we have computed
reference interaction energies using highly accurate explicitly
correlated coupled-cluster singles-and-doubles with perturba-
tive triples (abbreviated as CCSD(F12)(T)) at the complete basis
set (CBS) limit.”**” We have explored a variety of possible CO,
binding sites per AA and the generated reference data are used
for benchmarking common density functionals. The theoretical
methods used in this study are presented in Section “Computa-
tional Methods”, while Section “Results and Discussion” intro-
duces the CCSD(F12)(T)/CBS reference results. A detailed
discussion for the CO,—serine system is presented, followed by
the analysis of the full CO,—AA molecular dataset and the DFT
benchmark study. Conclusions are provided in the last Section
which will serve as the basis for future computational examina-
tion of biologically inspired macrostructures and materials for
AA-based CO, separations. Our intention is to establish with this
study an accurate computational procedure that can be applied
on future studies between CO, and small oligopeptides for
cooperative CO, binding.

Computational Methods

Geometry Optimizations

Initial structures were generated with the OPLS-AA force field in a
periodic box at 200 K in the NVT ensemble with a Nosé-Hoover
thermostat using a 1.0 ps time constant and a 1.0 fs time step.*® All
the force-field inputs were generated using the LigParGen
software.” The simulation was carried out using the Large Atomic/
Molecular Massively Parallel Simulator (LAMMPS)“” software pack-
age in 10,000 iterative steps. The 30 most stable conformations
were selected and optimized using DFT. The PBEO functional™®” with
Grimme's dispersion correction (D3),“? the Becke-Johnson (BJ)
damping function, the resolution of identity (RI) approximation,”
and the def2-TZVPP™¥ basis set were used. All DFT calculations
were performed with the TURBOMOLE 7.2.1% quantum chemical
program package. This hybrid MD/DFT scheme allows the gen-
eration of molecular structures without user intervention and bias,
it significantly enhances the probability to obtain the most stable
conformer for a given supersystem, while it has been tested and
successfully applied in previous studies on noncovalent interactions
between CO, and a variety of organic molecules.***”

To further assess the optimized DFT geometries, we selected four
cases (arginine, asparagine, methionine, tyrosine) and we per-
formed a scan along the AA—CO, coordinate. We selected the
distance R, prr between the alpha nitrogen atom (a-NH,) of these
four AAs and the carbon atom C(CO,) of CO,, and we reoptimized
the full AA—CO, supersystem for Rqper£0.02 A, Regprr£0.04 A, and
Req,orr 1+ 0.06 A, by keeping the position of a-NH, and C(CO,) atoms
fixed (5 calculations for each AA—CO, case). These constrained
geometry optimizations were performed at the PBEO-D3(BJ)/def2-
TZVPP level, and verified the optimized unconstrained DFT geo-
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metries that were used for the reference CCSD(F12)(T) calculations
(vide infra).

Explicitly Correlated Coupled-Cluster Calculations

The conventional CCSD(T) method has a strong basis set depend-
ence, leading to slower convergence with increasing basis set size.
Slow convergence can be addressed by using F12 methods, which
include terms in the wavefunction that explicitly depend on the
interelectronic distance r,,.**>% The CCSD(F12)(T) calculations were
performed using the cc-pVXZ-F125"*? basis sets (X=D, T) and the
corresponding complementary auxiliary basis sets (CABS). The cc-
pPVXZ-F12 auxiliary basis sets were used to fit the F12 and electron-
repulsion integrals (CBAS) as well as the two-electron contributions
to the Fock matrix (JKBAS). The 2B ansatz was used in all F12
calculations.®¥ The aug-cc-pVXZ basis sets® (X=D, T) with the
corresponding CABS, CBAS and JKBAS auxiliary basis sets were
tested for one molecular system (serine + CO,).

The perturbative triples (T) energy term was computed from both
conventional CCSD(T) amplitudes, which is abbreviated as (T)., in
our analysis, and explicitly-correlated CCSD(F12)(T) amplitudes,
which we will refer as (T)g,. For the estimation of the (T) at the CBS
limit, we have applied the two-point formula of Helgaker and co-
workers® (Eq. (1)):

OEm, X’ — O v’
X3 _ Y3

OE 1), /cas =

where (T); is either (T)n OF (T)gr2-

The reference electronic energies for all molecular structures were
computed by summation of the terms shown on Eq. (2):

Ecesorrz)myces = Ewrprz + OEcgs sz + 6ECCSD(F12)/TZ +

(2)
OF 1),., /cos

where Eyer; is the Hartree-Fock (HF) energy while the JF terms
represent electron correlation energies. The term “CABS §S”
represents the CABS singles correction to the HF energy.”® The cc-
pVDZ-F12 and cc-pVTZ-F12 basis sets are abbreviated by their
cardinal numbers X=2 and Y=3, respectively. All CCSD(F12)(T)
calculations were performed with the TURBOMOLE 7.2.1% software
package.

DFT Benchmarking Calculations

DFT geometry optimizations for all 20 AA—CO, supersystems, AA
monomers, and isolated CO, were performed using TURBOMOLE®!
7.2.1 software package with the D3(BJ) dispersion correction, and
the Rl approximation. In this study, 13 density functionals were
tested and the obtained interaction energies (E;,) were compared
to the highly accurate reference CCSD(F12)(T)/CBS energies. The
density functionals used in the study are: PBE,”” BP86,"® BLYP,>*!
TPSS,®" PW6B95, BHLYP,®? PBEO,*" TPSSH,®® B3LYP” B97D,*
B973 C,* M06"” and M06-2X.®” The geometry optimizations were
performed with each of these functionals, using the def2-TZVPP,
def2-TZVP, and def2-SVP basis sets and the m4 grid.***® The
interaction energies were computed as the difference in the energy
of the optimized supersystem and the energies of the optimized
AA and CO, geometries.

For assessing the accuracy of the selected density functionals, we
have computed the mean absolute error (MAE):

© 2023 Wiley-VCH GmbH
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Mean absolute error (MAE) = =

(©)

where y; is the CCSD(F12)(T)/CBS reference energies, x; is the DFT
energy for each AA per density functional, and n is the number of
AAs (n=20). The root mean square error (RMSE) is defined as:

4

Root mean square error (RMSE) =

where y; is the CCSD(F12)(T)/CBS reference energies, x; is the DFT
energy for each AA per density functional, and n is the number of
AAs (n=20). We are also reporting the maximum error (MAX) per
functional.

Results and Discussion
Correlation Effects: Serine—CO, as a Test Case

Serine has been selected in this study as a representative
example of the different electron correlation term contributions
to the CO, interaction energies. In this analysis, we will
abbreviate the two basis sets selected for these calculations (cc-
pVDZ-F12 and cc-pVTZ-F12) as DZ and TZ, respectively. A short
comparison with the aug-cc-pVDZ and aug-cc-pVXZ basis sets
(abbreviated as aVDZ and aVTZ, respectively) is given at the
end of this section since it is still unclear which of these two
families of basis sets (cc-pVXZ-F12 and aug-cc-pVXZ) provide
higher accuracy for noncovalent interactions.’”""

The slow convergence to the complete basis sets limit, an
effect that originates from the poor description of the electron
cusp when a truncated basis is used in post-HF calculations,”
is addressed by the introduction of explicitly-correlated terms

(F12). Since it is known that coupled-cluster methods require
large basis sets to provide highly accurate results, we wanted to
analyze the individual electron correlation terms on the
interaction energy of a representative molecular system before
we consider the full AA database. For that purpose, we have
selected serine—CO,, one of the simplest AA, and we have
performed a detailed analysis of the individual electron
correlation terms (Table 1). For this analysis, the most stable
geometry of the serine—CO, supersystem was used, which
involves a CO, weakly bound on the COOH site of the AA.

The HF/TZ interaction energy is —2.10 kcal/mol, while the
CABS singles correction to HF with the same basis is positive
(0.02 kcal/mol). The CCSD correction to the HF interaction
energy with the double- and triple-zeta basis sets is —2.22 and
—2.34 kcal/mol, respectively, while the CCSD(F12)/TZ converges
to —2.36 kcal/mol. Note that the CCSD(F12) energy term
computed with the smaller basis set (DZ, —2.34 kcal/mol) is
identical to the conventional CCSD with the larger triple-zeta
basis. Thus, the gain from the explicit correlation becomes
evident since the CCSD(F12)/DZ calculation requires less
computational effort than a conventional CCSD calculation with
a triple-zeta basis set. The perturbative triples (T) correction
term contributed about 0.5 kcal/mol to the CCSD method,
which corresponds to ~19% of the total correlation energy of
the CO,—serine interaction. Note that the (T) energy term
computed from the CCSD(F12)(T) level of theory (shown as
(T)gq, in Table 1) differs from the conventional CCSD(T) (shown
as (T)en in Table 1) since the computed ¢/ and t,.”j" amplitudes
have different values when the explicit correlation is included in
the coupled-cluster projected equations. However, both ex-
trapolated (T).,/DT and (T),,/DT terms from Eq. 1 are identical
(—0.56 kcal/mol), which means that both approaches converge
to the same CBS limit. For that reason, we have used the (T);,/
DT term for the computation of the reference values of the 20
AA—CO, supersystems (see below). Addition of the (T),./DT to
the 8Eccsprrymz (—2.36 keal/mol) provides the best estimate for

Table 1. Individual energy contributions to the interaction energy of CO, with serine. OF represents the interaction energy contribution of the different
correlation terms (corrections to HF) and AE;,; represents the total interaction energy (HF + corrections).

METHODS OF [kcal/mol] AE; [kcal/mol]
cc-pVDZ-F12 cc-pVTZ-F12 cc-pVDZ-F12 cc-pVTZ-F12

HF 0.00 0.00 —2.06 —2.10

CABS S 0.00 0.02 —2.06 —2.08

CCsD —2.22 —2.34 —4.29 —4.43
CCSD(F12) —2.34 —2.36 —4.40 —4.44

(Meon —0.49 —0.54

CCSD(T) —2.72 —2.87 —4.78 —4.97

M1z —0.48 —0.53

CCSD(F12)(T) —2.82 —2.89 —4.88 —4.97
(Meon/DT —-0.56

(Te1,/DT —0.56

CCSD(F12) 4 (T)/DT —2.87 —291 —4.95 —4.99
METHODS OF [kcal/mol] AE; [kcal/mol]

aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ

HF 0.00 0.00 —2.49 —2.24

CABS S 0.35 0.15 —2.14 —2.09
CCSD(F12) —2.38 —243 —4.52 —4.52
(Me2/DT —0.54

CCSD(F12) 4 (T)/DT —2.92 —2.96 —5.06 —5.05
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the total correlation energy to the CBS (—2.91 kcal/mol).
Interestingly, extrapolation of the total correlation energies
computed at CCSD(F12)(T)/DZ and CCSD(F12)(T)/TZ levels by
applying Eq. 1 provides a 0Fccspizmyces = —2.92 kcal/mol, which
is almost identical (difference of 0.01 kcal/mol) with the energy
term computed from the separate extrapolation of the CCSD
via explicit correlation and (T) via the two-point Helgaker
formula. Addition of the HF energy and the first-order
correction from CABS Singles provides the best estimate
(—4.99 kcal/mol) for the interaction energy between serine and
CO,.

The second half of Table 1 contains the contributions to the
serine—CO, interaction energy from the aug-cc-pVXZ basis sets
(X=D, T), abbreviated as aVXZ. Surprisingly, the conventional
HF energies from aVDZ and aVTZ (—2.49 and —2.24 kcal/mol,
respectively) significantly deviate from the equivalent values
from the cc-pVXZ-F12 basis sets (—2.06 and —2.10 kcal/mol). On
the contrary, both families of basis sets converge to the same
HF limit upon addition of the first-order correction from CABS
Singles (—2.08 and —2.09 kcal/mol for TZ and aVTZ, respec-
tively). The OEccspiiy COrrelation energy terms are in reasonable
agreement (—2.36 and —2.43kcal/mol for TZ and aVTZ,
respectively), while the (T),,/DT extrapolated energies converge
to almost the same value (—0.56 and —0.54 kcal/mol for DZ/TZ
and aVDZ/aVTZ, respectively). Overall, the best estimates for the
total interaction energies of serine—CO, system are in fair
agreement (—4.99 and —5.05 kcal/mol).

In the next section, the sum of Eccsprmz+ Emyor is used for
the generation of a balanced set of accurate reference energies
for the interaction of CO, with the 20 naturally occurring AAs.
For sake of simplicity, we will refer to these energies as
CCSD(F12)(T)/CBS.

An isolated AA has three potential sites that can form weak
interactions with CO,; the alpha amine (a-NH,), the carboxylic
group (COOH), and the side group R that is unique for each AA.
For the purpose of this study, and for providing a complete
dataset of highly accurate reference values, we have computed
at the CCSD(F12)/TZ+ (T)/DT level the CO, interaction energies
for all 20 AAs and for all three different sites (a-NH,, COOH, side
group R). All reference data for the interaction energies and
optimal atom distances between CO, and the AA atom closest
to the carbon atom of CO, are included in Table 2, while all
energies are shown graphically as a plot in Figure 1. Figure 2
shows the optimized geometries of the strongest interaction
site for all the AA—CO, supersystems. For AAs with non-polar
side groups, DFT geometry optimizations were not trapped on
local minima, but they converged to molecular geometries
where CO, resides closer to more polar sites. For these cases,
the CO,-side group interaction is indicated on Table 2 with a
dash (—).

For almost all AAs, the interactions of CO, with the
carboxylic acid (about —4.0 to —5.0 kcal/mol) are stronger than
the interaction with the a-NH, group (about —2.5 to —3.5 kcal/
mol). There is an exception to this with arginine, where the CO,
interaction with the o-NH, group is further stabilized by
interactions between O(CO,) and H(side chain —NH,), and
C(CO,) and N(side chain NH,). Although CO, primarily interacts

ChemPhysChem 2023, e202300027 (4 of 8)

Table 2. CCSD(F12)(T)/CBS reference interaction energies (E,, in kcal/mol)
and interatomic distances (in A) of the 20 naturally occurring AAs and CO,
(in alphabetical order). Bold font indicates the most preferable interaction
site. A dash (-) indicates that no favorable interaction was found between
CO, and the side groups (e.g., the methyl group of alanine).
a-NH, COOH Side Group
AA E\nt RN...C Elnt RO..AC Elnt RX...C
Ala —2.55 3.058 —3.89 2.834 - -
Arg —5.24 3.553 —4.46 2.838 —6.12 2.804
Asn —245 3.054 —3.37 2.951 —6.08 2.791
Asp —2.36 3.065 —4.05 3.492 —5.53 2.881
Cys —2.59 3.024 —3.93 2.866 —3.62 3.540
Glu —2.58 3.018 —-5.19 2911 —3.89 2.809
GIn —2.67 3.003 —4.46 2.884 —4.85 2.796
Gly —2.36 3.040 —3.84 2.830 - -
His —2.58 3.045 —4.55 2.784 —4.75 2.836
lle —242 3.079 —4.20 2.845 - -
Leu —2.89 3.112 —6.17 2.859 - -
Lys —243 3.060 —4.05 3.307 —-4.14 3.025
Met —2.44 3.046 —4.16 2.815 —2.78 3.296
Phe —3.08 3.120 —4.60 2.835 - -
Pro —4.19 2.878 —4.43 3.096 - -
Ser —2.65 3.014 —4.99 2.810 —4.00 2.805
Thr —2.61 3.020 —4.61 2.845 —4.37 2.785
Trp —3.39 3.120 —3.92 2.993 —4.26 3.175
Tyr —2.54 3.044 —5.28 2.835 —4.66 3.751
Val —243 3.066 —4.15 2.847 - -
4
3,8
< 36
3
5 34 ] ) )
k) W Primary amine
E 3,2 Carboxylic
E Side chain
T 3]
2
[
=28
2,6
7 6 5 -4 3 2

CCSD(F12)/CBS energy (kcal/mol)

Figure 1. CCSD(F12)(T)/CBS interaction energies and the respective intera-
tomic distances of the 20 naturally occurring AAs and CO, at different
interaction points

with the a-NH, group, this cooperative effect further enhances
the CO, affinity of arginine.

Leucine (Leu—CO,) exhibits the strongest interaction energy
(—6.17 kcal/mol) in the entire series (Table2), where CO,
preferably interacts with the COOH group. This can be
attributed to the dipole-induced dipole interactions between
the C(CO,) and the O(COOH) as well as additional stabilizing
hydrogen bonding interactions that are absent in other
AAs.>7 These arise from the interactions of H atoms located
on the side chain methyl groups and the oxygen atoms of CO,.
This interaction is also present in isoleucine-structural isomer of
leucine, but in a form of head-on interaction compared to the
parallel position of CO, next to leucine. Arginine (Arg—CO,) has
the second strongest interaction energy (—6.12 kcal/mol) with
CO, interacting with the side chain that has three amine groups.
This rich nucleophilic center results in the observed interaction

© 2023 Wiley-VCH GmbH
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2.881 } Z.BGEf

(1) Ala-CO, (2) Arg-CO, (3) Asn-CO, (4) Asp-CO, (5) Cys-CO,
1_91_1§ 2.830 § 2._8325
(6) Glu-CO, (8) Gly-CO, (9) His-CO, (10) Ile-CO,

¢ )
2.859,

(1) Leu-CO,

(12) Lys-CO,

Y

2.810 2.845

(16) Ser-CO, (17) Thr-CO,

(13) Met-CO,

(18) Trp-CO,

ﬁ 3L§s§

2.835,
(14) Phe-CO,

§ :?; §

2.835

(15) Pro-CO,

(19) Tyr-CO, (20) Val-CO,

Figure 2. Optimized geometries of the 20 naturally occurring AAs and CO, (in alphabetical order). The most preferable interaction site with CO, is shown.

energy with CO,. In addition, there is a stabilizing hydrogen
bonding between the O(CO,) and the H(primary NH,). Aspar-
agine (Asn—CO,) has the third strongest interaction energy
(—6.08 kcal/mol) where CO, is in close proximity to the side
chain amide group. This dipole-induced dipole interaction is
stabilized by hydrogen bonding. Asparagine has also one of the
shortest interatomic distances with CO, with a value of 2.791 A.
For all other AAs, the reported interactions energies are
between —2.36 kcal/mol to —5.53 kcal/mol (Table 2). Most of
the AAs interacted preferentially with CO, through the primary
carboxyl group, with an average interaction energy of
—4.43 kcal/mol and an average interatomic distance of 2.92 A.
On the other hand, interactions at the a-amine groups
displayed the weakest energies (average E,;=—2.73 kcal/mol)
and longest interatomic distances (average Ry ¢(coy=3.09 A).in
a few cases, we found an intramolecular interaction between
the H(COOH) and N(a-NH,) on the AA backbone, which
competes with the CO,—N(a-NH,) and eventually reduces the
strength of the CO, interaction.

Discussion on Leucine, Isoleucine and Valine Interacting with
co,

In this section, the differences and similarities of the interaction
energies between CO, and leucine, isoleucine and valine are
discussed. These three AAs have similar, non-polar side groups,
but their computed interaction energies with CO, show
significant deviations (Figure 3(a)). While leucine has one of the
strongest CO, interaction energies (—6.17 kcal/mol at the
CCSD(F12)(T)/CBS level), isoleucine and valine found to have a
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significantly weaker interaction with CO, (—4.20 and —4.15 kcal/
mol at the CCSD(F12)(T)/CBS level, respectively).

All three systems are stabilized with dipole-induced dipole
interactions between C(CO,) and O(COOH) (~2.86 A for all three
cases), while weak “hydrogen bonding interactions” between
H(methyl) and O(CO,) provide additional stability. For all three
cases, the closest O(CO,)...H(methyl) distance is ~2.67 A.
However, the orientation and angular placement of CO, in the
leucine supersystem differ from the isoleucine and valine cases.
In particular, the absence of a methyl group in beta position
from the COOH group in leucine creates less steric repulsion
and allows CO, to be in close proximity to the AA. This is shown
in Figure 3(b), and it is also validated by the measured distance
between the second O(CO,) that its distance from the AA is
~3.0 A. On the contrary, the presence of the beta methyl group
in isoleucine and valine (shown in dashed red circle in
Figure 3(b)) introduces steric repulsion to CO, (Figure 3(d)), and
the distance of the second O(CO,) exceeds the 3.5 A from the
AA (both isoleucine and valine).

Screening of Different Density Functionals

The stable conformers from the classical mechanics simulations
were further optimized with different density functionals (PBE,
BP86, BLYP, TPSS, PW6B95, BHLYP, PBEO, TPSSH, B3LYP, B97D,
B973C, M06, and M06-2X) and basis sets (def2-SVP, def2-TZVP,
and def2-TZVPP). The performance of each of these density
functionals was evaluated with respect to the CCSD(F12)(T)/CBS
reference energies. For this analysis, we considered only the
supersystem geometries with the strongest interaction energies

© 2023 Wiley-VCH GmbH
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Figure 3. (a) Interaction energies of leucine, isoleucine, and valine with CO, calculated at the CCSD(F12)(T)/CBS limit. (b) Molecular structures of the three AAs.
(c) Optimized geometries at the PBE0-D3(BJ)/def2-TZVPP level (top view) and (d) rotated by 90° (side view).

of Table 2. This analysis would identify which density func-
tionals quntitatively describe to a considerable degree the
noncovalent interactions of CO, and AAs. The MAE, RMSE, and
MAX error values of the different density functionals with def2-
TZVPP basis sets are shown in Table 3. Detailed tables
containing results with all the density functionals and basis sets
combinations used in this study are included in the Supporting
Information, together with the corresponding statistical analysis
of their errors (Sections S1-S3, Tables S1-S7).

The MAE for the interaction energy (kcal/mol) and intera-
tomic distances (A) of the different functionals and def2-TZVPP
and def2-TZVP basis sets are presented in Figure 4. Of all the
functionals used in this study, the GGA density functionals B97-
3c-D3(BJ) and BP86-D3(BJ) provided the largest errors, with
MAE of 0.92 kcal/mol and 0.87 kcal/mol, respectively (def2-
TZVPP basis set). The hybrid density functionals PBE0-D3(BJ)

Table 3. MAE, RMSE, and MAX Error of the interaction energy (in kcal/mol)
of the different density functionals and def2-TZVPP basis sets. Results are
listed in increasing MAE order.

Density Functional MAE RMSE MAX
PBEO-D3(BJ) 0.13 0.16 0.36
B3LYP-D3(B)J) 0.17 0.21 0.41
PW6B95-D3(BJ) 0.19 0.26 0.73
Mo06-2X 0.23 0.29 0.61
BLYP-D3(BJ) 0.24 0.27 0.51
PBE-D3(BJ) 0.31 0.53 2.07
TPSSh-D3(BJ) 0.59 0.77 2.57
B97d-D3(BJ) 0.60 0.65 1.08
BHLYP-D3(BJ) 0.62 0.64 1.01
TPSS-D3(BJ) 0.70 0.87 2.79
M06 0.81 0.85 1.41
BP86-D3(BJ) 0.87 1.04 3.10
B97-3¢-D3(BJ) 0.92 0.95 143
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and B3LYP-D3(BJ) provided the highest accuracy and lowest
MAE (0.13 kcal/mol and 0.17 kcal/mol, respectively, with the
def2-TZVPP basis set). A similar behavior was observed for the
def2-TZVP basis sets, while results with the smaller def2-SVP
basis sets and for all density functionals significantly deviated
from the reference values (Supporting Information, Figure S1).
For example, the density functionals BHLYP-D3(BJ) had the
highest MAE of 3.06 kcal/mol. The RMSE value computed with
BP86-D3(BJ)/def2-TZVPP was the highest of all methods used in
this study (1.04 kcal/mol, see Supporting Information, Fig-
ure S2), while PBEO-D3(BJ)/def2-TZVPP had the lowest RMSE
(0.16 kcal/mol). It is noteworthy that B3LYP-D3/BJ had also a
low RMSE of 0.21 kcal/mol. Overall, all density functionals
together with the triple-zeta quality basis sets were in good
agreement with respect to the reference values, with RMSEs not
exceeding the 1.04 kcal/mol.

The source of the large deviations from the smaller def2-
SVP basis set is due to the basis set incompleteness which leads
to the basis set superposition error (BSSE). In order to further
evaluate this effect, we applied the counterpoise (CP) correction
proposed by Boys and Bernardi” in the serine—CO, system and
for the PBEO-D3(BJ) density functional. The uncorrected PBEO-
D3(BJ)/def2-SVP interaction energy is —7.66 kcal/mol, which
differs by more than 2.5 kcal/mol from the CCSD(F12)(T)
reference (—4.99 kcal/mol). On the contrary, the CP-corrected
PBEO-D3(BJ)/def2-SVP interaction energy is —5.14 kcal/mol,
which is in better agreement with the reference, as well as with
results obtained from the larger triple-zeta quality basis sets
(—5.05 and —5.04 kcal/mol for def2-TZVP and def2-TZVPP,
respectively).

For the interatomic distances, the GGA density functionals
B97-3c-D3(BJ) and B97D-D3(BJ) provided the largest errors with

© 2023 Wiley-VCH GmbH
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Figure 4. Top: CO, interaction energy mean absolute error (MAE) of different
density functionals with respect to the CCSD(F12)(T)/CBS reference (in kcal/
mol). Bottom: Interatomic distance MAE of different functionals with respect
to the PBE0-D3(BJ)/def2-TZVPP geometries (in A).

a MAE of 0.12 A with def2-TZVPP basis sets. On the contrary,
B3LYP-D3(BJ) was in excellent agreement with the PBE0O-D3(BJ)/
def2-TZVPP geometry that was used as reference in this study
(MAE of 0.01 A, def2-TZVPP). The def2-TZVP data followed a
similar behavior, with density functionals PBE0-D3(BJ) and
B3LYP-D3(BJ) providing the lowest MAE. As expected, large
deviations from the reference interactions energies were
observed from calculations with the smaller def2-SVP basis set.

Conclusions and Outlook

Inspired by recent work on CO, capture and separation through
bio-inspired materials, we have performed a quantum chemical
study on the noncovalent interactions between the 20 natural
AAs and CO,. The AAs contain various nucleophilic groups, like
amine, carboxyl, hydroxyl, and thiol groups, that can interact
favorably with CO,, exceeding the —6.0kcal/mol (eg.
arginine—CO, supersystem). We started by performing explicitly-
correlated CCSD calculations together with perturbative triples
at the CBS limit for the computation of accurate interaction
energies of the systems of interest. The CCSD(F12)(T)/CBS
energies for every possible interaction site of the 20 AAs with
CO, served as reference data for testing different density

ChemPhysChem 2023, e202300027 (7 of 8)

functional and basis sets. We concluded that the hybrid density
functionals PBE0-D3(BJ) and B3LYP-D3(BJ) provide the highest
accuracy, with MAEs of 0.13 kcal/mol and 0.18 kcal/mol,
respectively (def2-TZVPP basis set). Our results showed that
polar functional groups enhance the CO, interaction strength,
as expected. A remarkably strong interaction was found
between the carboxylic acid of leucine and CO,, which is
attributed to less steric repulsion from the non-polar side
group. Comparison between leucine, isoleucine and valine
further verified our computational outcome, while it revealed
an interplay between multiple attraction sites that enhance CO,
interactions. As we shift from single AAs to larger oligopeptides
that can be incorporated on surfaces or inside porous materials,
such cooperative interactions become more complex. In the
future, we are planning to utilize conclusions extracted from
this work in hybrid quantum chemical/machine learning studies
for the elucidation of noncovalent interactions between
oligopeptides and CO,. The presence of a large variety of
nucleophilic side chains on the oligopeptides would be a key
feature in enhancing the optimal physisorption of CO,.
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multiple sites that enhance CO,
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