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ABSTRACT: A new strategy for the computation at an affordable

cost of geometrical structures, thermochemical parameters, and PCS
rate constants for medium-sized molecules in the gas phase is {V Y
o
v

proposed. The most distinctive features of the new model are the o

systematic use of cc-pVnZ-F12 basis sets, the addition of MP2 v Thermochemistry
core—valence correlation in geometry optimizations by a double- Energy

hybrid functional, the separate extrapolation of MP2 and post-MP2 : "5\' P

contributions, and the inclusion of anharmonic contributions in
zero-point energies and thermodynamic functions. A thorough
benchmark based on a wide range of prototypical systems shows
that the new scheme outperforms the most well-known model
chemistries without the need for any empirical parameter.
Additional tests show that the computed zero-point energies and
thermal contributions can be confidently used for obtaining accurate thermochemical and kinetic parameters. Since the whole
computational workflow is translated in a black-box procedure, which can be followed with standard electronic structure codes, the
way is paved for the accurate yet not prohibitively expensive study of medium- to large-sized molecules also by nonspecialists.

ZPE Geometry

1. INTRODUCTION schemes employ B3LYP geometries, whose accuracy is often
unsatisfactory.”"?

Next, zero-point energies (ZPEs) and finite temperature
contributions (FTCs) come into play, which are determined
by the geometries and vibrational frequencies. In this
connection, effective approaches going beyond the standard
rigid-rotor/harmonic-oscillator (RRHO) model are needed,
especially when light atoms or hindered rotors are involved.
Semirigid systems are well described by second-order vibra-
tional perturbation theory (VPT2)'*™'® and weakly coupled
large-amplitude motions can be included by effective one-
dimensional models.'” Finally, the noncovalent interactions
playing a key role in the formation of weak complexes can be
treated by classical stochastic models.'"® More challenging

The main factors determining the accuracy of computed
thermochemical and kinetic parameters are the reaction
energies and the energy barriers for all of the elementary
steps involved in the process under investigation. In the
absence of species with strong multireference character and/or
nonadiabatic effects, the coupled cluster (CC) approach’
delivers accurate results provided that the most important
classes of excitations are included together with complete basis
set (CBS) extrapolation, core—valence (CV) correlation and, if
needed, other minor effects (scalar relativistic, diagonal Born—
Oppenheimer, spin—orbit). Due to an effective error
compensation, single, double, and perturbative estimates of
triple excitations are usually sufficient,” leading to the ) ; i )
CCSD(T)-CBS+CV model, which is often considered the s1tua't10ns requiring more refined models will not be
gold standard of contemporary computational chemistry. At considered in the presen.t paper. )
this level, chemical accuracy (4 kJ mol™") can be reached by Based on these premises, we have deve.loped a composite
employing large basis sets (e.g., FPA>?), resorting to empirical meth.od, referred to. as the Pisa compos.lte scheme (P(_:S)’
parameters in conjunction with smaller basis sets (e.g, G4, devoid .Of any emplrllcal paramet.er (besides those possﬂ.aly
CBS-QB3°), or employing explicitly correlated (F12) models present in the underlying electronic structure method), which
(e.g, WI—F12” or SVECV-F12°%). The most reliable protocols
(e.g, HEAT,” W4, and their explicitly correlated HEAT- Received: July 27, 2023
F12'' and W4—F12'* variants) further increase the overall Published: September 29, 2023
accuracy (below 1 kJ mol™) including additional (expensive)

contributions. In this connection, it should be pointed out that

the latter protocols also push geometry optimizations to the

limit, whereas, at the other extreme, G4 and CBS-QB3
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should provide accurate structural and energetic data at
nonprohibitive costs. In analogy with the W1X'* and SVECV-
F12° composite methods, PCS employs second-order Moller—
Plesset perturbation theory (MP2)*° for estimating CV
correlation. Further reduction of the computational cost is
achieved by performing separate CBS extrapolations for MP2
and post-MP2 contributions.

In the present paper, we describe the essential details of the
PCS model and perform a comprehensive benchmark of its
performance for several systems for which accurate reference
results are available or have been purposely computed. We
show that this model chemistry offers a remarkable
compromise between accuracy and feasibility for medium- to
large-sized molecules. Together with electronic energies, we
also analyze the role of geometries, ZPEs, and FTCs in tuning
thermochemical and kinetic parameters.

2. METHODS

2.1. PCS Model. As mentioned in Section 1, starting from
CCSD(T) computations in conjunction with a sufficiently
large basis set, CBS extrapolation can be performed by
resorting either to lower-level models (typically MP2) in the
spirit of the focal point approach (FPA)* or to explicitly
correlated (F12) models.”' In the present study, we will show
that the first route can still be competitive with the second one,
which has been recently privileged. To this end, we resort to
basis sets explicitly optimized for F12 computations, namely,
the cc-pVnZ-F12 family’® (hereafter nF12), which has been
recently shown*~** to approach the accuracy of augmented (n
+1)-zeta conventional basis sets with a reduced cost also for
DFT and conventional post-Hartree—Fock models. Further-
more, on the grounds of previous experience,l‘?”26 the CBS
extrapolation of HF and MP2 contributions is performed in a
single step. Therefore, the starting point of the new PCS model
is a frozen core (fc) CCSD(T) computation in conjunction
with the 3F12 basis set. Next, CV correlation is computed at
the MP2 level in conjunction with the cc-pwCVTZ basis
set”””® (hereafter wC3) and the CBS extrapolation is
performed employing the 3F12 and 4F12 basis sets for the
MP2 contribution, whereas the 2F12 and 3F12 basis sets are
employed for the difference between CCSD(T) and MP2
energies. Both CBS extrapolations are performed by the
standard 1> two-point formula.”” After the rearrangement of
some terms, the complete PCS energy can be conveniently
written in the following way:

E(PCS) = Ey, + AEy + AEcy, (1)
where
P - #E(fc-MP2/4F12) — 3*E(fc-MP2/3F12)
V2 $-3 )
AB. — 3°AE(3F12) — 2°AE(2F12)
v P -2 3)
with

AE(nF12) = E(fc-CCSD(T)/nF12) — E(fc-MP2/nF12)
(4)

and

AEcy, = E(ae-MP2/wC3) — E(fc-MP2/wC3) (3)
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where ae stands for all electrons. Finally, the experimental
values of spin—orbit couplings are employed for O, OH, SH,
and Cl radicals, lowering their electronic energies by 0.9, 0.8,
2.3, and 3.5 kJ mol ™, respectively.”

Benchmark computations have been performed by an
explicitly correlated version of the method (PCS-F12),*!
which is obtained by replacing conventional MP2 and
CCSD(T) steps with their MP2-F12** and CCSD(T)-
F12°*** counterparts in the Ey, and AE, terms. In particular,
the CCSD(F12*) model of Hattig and co-workers was
employed® in conjunction with the size-consistent (T+)
correction for the triple excitations.”* For comparison
purposes, the simpler F12b model has been used in
conjunction with the standard perturbative inclusion of triple
excitations.””*® The cc-pVnZ-F12-OPTRI CABS were em-
ployed for resolution of identity (RI) and inclusion of the
contributions of the complementary auxiliary basis set
(CABS).””** The density fitting (DF) approximation was
used throughout the HF and the correlation calculations
employing the aug-cc-pV(n+1)Z-RIJK* and aug-cc-pwCV(n
+1)Z-RI™ fitting basis sets, respectively. Slater-type f;,
correlation factors (fitted with 6 Gaussians each) with
exponents of 0.9, 1.0, and 1.1 were employed for the 2F12,
3F12, and 4F12 basis sets, respectivel A

In the case of open-shell systems the spin contamination
from higher-spin excited states can be so large to strongly
distort potential energy surfaces computed by unrestricted
wave functions,”” making problematic the use of CBS and CV
contributions evaluated at the UMP2 level. While the S+1
contaminant is fully removed at the UCCSD level™ and the S
+2 contaminant is significantly reduced at the UCCSD(T)
level, in extreme cases, also the UCCSD(T) results can
become unreliable.” As a consequence, all of the steps of the
PCS approach are performed employing the restricted open-
shell formalism.

Derivation of eq 1 w.r.t. Cartesian coordinates leads to PCS
energy gradients, which can be emﬁployed for geometry
optimizations by composite methods.*”*” However, a much
simpler approach (referred to as geometry scheme®*") is
obtained assuming that the additivity approximation can be
directly applied to geometrical parameters (r) and only
involves geometry optimizations at several levels of theory.
The geometry scheme does not require any modification of
standard electronic structure codes, is embarrassingly parallel,
and, according to a detailed benchmark, provides results
nearly identical to those delivered by the gradient scheme. A
cheaper alternative (PCS/DFT) is obtained by replacing the
CCSD(T)/3F12 contribution with its revDSD-PBEP86-
D3(BJ)/3F12 counterpart” ~>* (this combination of func-
tional and basis set will be referred to in the following simply as
rDSD). In this case, recent work has shown that CBS
extrapolation can be neglected** so that

r(PCS/DFT) = rpep + Arcys (6)
with
Arcy, = r(ae-MP2/wC3) — r(fc-MP2/wC3) (7)

This version is particularly effective since low-scaling methods
or analytical implementations are widely available for MP2 (or
double-hybrid density functionals) gradients and several recent
studies have confirmed that PCS/DFT geometries are
sufficiently accurate for most applications.”**"** Concerning
open-shell systems, it has been shown that the opposite

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286
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Table 1. Maximum Difference (MAX), Mean Unsigned Error (MUE), and Root-Mean-Square Deviation (RMSD) for the KAW
Test set with Respect to the CCSD(T)/aug-cc-pV(5,6)Z Results of Ref 33

CC/3F12 PCS CC/J3

atomization energies

MAX 53.7 8.8 70.0

MUE 25.0 2.9 30.7

RMSD 27.2 3.6 33.5
closed-shell react. energies

MAX 35.7 7.6 30.1

MUE 7.3 1.6 54

RMSD 10.0 22 8.3
open-shell react. energies

MAX 50.5 6.3 70.1

MUE 14.6 1.9 18.5

RMSD 18.0 2.5 22.5
total

MAX 53.7 8.8 70.1

MUE 17.1 2.2 20.3

RMSD 20.9 2.9 25.5

junChS CC-F12/3F12 PCS-F12 CC-F12/J3" junChS-F12°
10.6 9.9 8.4 12.9 (16.1) 10.3 (13.9)
4.0 3.7 2.3 42 (6.6) 2.7 (5.3)
4.8 4.5 34 5.1 (74) 3.8 (6.0)
52 6.0 3.6 5.0 (6.2) 5.3 (3.4)
1.5 1.0 0.8 14 (12) 1.1 (0.8)
2.1 1.6 1.2 2.0 (1.7) 1.7 (1.2)
11.6 7.2 6.3 64 (7.8) 6.6 (13.7)
3.0 1.8 1.7 2.0 (3.1) 2.1 (2.8)
44 2.5 24 2.6 (3.8) 2.8 (3.7)
11.6 9.9 8.4 12.9 (16.1) 10.3 (13.9)
3.1 24 1.7 2.7 (4.0) 2.1 (33)
4.0 33 2.6 3.7 (5.5) 3.1 (4.5)

“CC stands for CCSD(T) and CC-F12 for CCSD(F12*)(T+). All of the numerical values are in k] mol™'. *CCSD(F12*)(T+) and, in

parentheses, CCSD(T)-F12b from ref 71.

behavior of UHF and UMP2 contributions with respect to spin
contamination leads to very stable results when using double-
hybrid functionals.”® As a consequence, rDSD gradients and
Hessians have always been computed by employing the
unrestricted formalism.

In general terms, the PCS and PCS/DFT models can be
regarded as improved versions of the already highly successful
junChS model,'**® which is recovered when the nF12 basis
sets are replaced by their jun-cc-pVnZ*° counterparts (here-
after jn), CV correlation is neglected in geometry optimiza-
tions, and AEy = AE(j3).

ZPEs have also been computed (in order to get enthalpies at
0 K) employing rDSD harmonic and anharmonic contribu-
tions in the framework of vibrational perturbation theory to
second order (VPT2).”” The same terms have been employed
to compute partition functions (hence thermal contributions
to thermochemical and kinetic parameters) in the framework
of the so-called simple perturbation theory (SPT)® in
conjunction with one-dimensional models for the treatment
of hindered rotors.”” Further details are given in the following
sections.

All of the conventional comoputations have been performed
with the Gaussian package,6 whereas explicitly correlated
computations and evaluation of additional terms (see next
section), have been performed with the MOLPRO®' and
MRCC® codes.

2.2. Additional Terms. Starting from PCS electronic
energies, additional terms can be added to obtain high-
accuracy (H) results (Eppcg)

Eppes = Epcs + AEcps + AEcy + AEy + AE

+ AE, + AEpgoc

(8)

The CBS and CV contributions refer to the differences
between the evaluations of these terms at the CCSD(T) and
MP2 levels. The diagonal Born—Oppenheimer correction
AEppoc” ™% and the scalar relativistic contribution to the
energy AE,,*"% are computed at the HF-SCE/ aug—cc—pVDZG9
and CCSD(T)/aug-cc-pCVDZ"’ level. Finally, the corrections
due to full treatment of triple (AEy) and perturbative

rel
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treatment of quadruple (AE,q) excitations are computed,
within the fc approximation, as energy differences between
CCSDT and CCSD(T) and between CCSDT(Q) and
CCSDT calculations employing the cc-pVITZ and cc-pVDZ
basis set,”’ respectively.

While straightforward generalizations of eq 6 would allow
geometry optimizations at the HPCS level, this route has not
been pursued here due to the negligible improvement over
PCS geometries in most cases and the cost (fT) or lack (pQ)
of analytical gradients.

3. RESULTS AND DISCUSSION

In the next subsection, the performances of the PCS model for
thermochemistry will be analyzed by employing the test set of
Knizia, Adler, and Werner (KAW).** Next, reaction barriers
will be investigated, followed by inter- and intramolecular
noncovalent interactions, together with the stability of different
tautomeric forms. Then, after benchmarks of geometrical
parameters and harmonic frequencies were analyzed, zero-
point energies, thermodynamic functions, and reaction rate
constants are analyzed.

3.1. Thermochemistry. The first analysis of the PCS
performance refers to the KAW test set, which includes 49
atomization energies together with 28 closed-shell and 48
open-shell reaction energies. Since the reference values of the
KAW test set do not contain the CV correlation, the CV2 term
is not considered in this case. The errors delivered by PCS are
compared in Table 1 with those issued from the underlying
CCSD(T)/3F12 computations and from other models in
terms of maximum difference (MAX), mean unsigned error
(MUE) and root-mean-square deviation (RMSD). The
complete results are given in Tables S1 and S4 in the
Supporting Information (SI).

As is well known, atomization energies represent the most
challenging benchmarks, and actually, all of the conventional
CCSD(T) approaches deliver quite disappointing results, with
total MUEs around 20 kJ mol™". Then, the CBS extrapolation
of both MP2 and post-MP2 contributions reduces the error by
nearly an order of magnitude, reaching the so-called chemical
accuracy (MUE of 4 kJ mol™).

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286
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Table 2. Theoretical Values of the Barrier Heights (Including Spin—Orbit Correction and not ZPEs) in the DBH24

Compilation Obtained at Different Levels of Theory”

reactions
junChS™* PCS*

heavy-atom transfer
al? H® + N,0 -» OH* + N, 73.3/348.3 72.6/347.7
a2 H* + CIH - HCI + H* 72.4/72.4 72.5/72.5
a3’ CH,* + FCl - CH,F + CI° 30.0/252.6 29.8/253.7
nucleophilic substitution
a4 CI™---CH;Cl — CICH;--Cl™ 55.5/55.5 56.6/56.6
as F~--CH,Cl - FCH,~CI 142/121.7 14.5/122.5
a6 OH™ + CH,F - HOCH,+ F~  —10.4/72.6 ~12.0/72.6
unimolecular and association
a7 H' + N, — HN,’ 60.0/46.5 59.8/46.2
a8 H* + C,H, — C,H,* 7.9/176.5 7.8/176.8
a9 HCN < HNC 200.7/139.1 201.1/137.7
hydrogen transfer
alo® OH*® + CH, — CH;® + H,0 27.7/83.9 27.7/81.8
all®  H*+ OH® - H, + %0 482/57.6 45.7/56.4
al2?  H'+ H,S - H, + HS® 15.5/75.1 15.5/75.2
MAX 33/33(3.3)  2.8/2.8 (2.8)
MUF/ 1.0/2.0 (1.5)  0.9/1.6 (1.2)
RMSD' 1.5/2.1 (1.8)  12/19 (1.5)

forward/reverse barrier height

CC/j3be CC/3F12° fT+pQ ref 73. Aanh
74.9/355.5 74.7/353.7 —1.4/-32  71.7/345.0 —0.2/-0.2
79.0/79.0 77.4/774 —-0.5/-0.5  75.3/75.3 1.3/1.3
30.2/260.2 29.9/255.8 —-1.0/-12  282/251.0 —0.8/0.1
56.7/56.7 54.9/54.9 -1.0/-1.0  56.1/56.1 0.1/0.1
14.7/123.3 14.1/120.2 —0.8/-0.9  14.4/123.1 0.0/0.0
—10.0/74.4 -122/712 -13/-14 -102/739  —04/0.0
63.7/46.1 63.2/43.7 0.5/0.7 60.1/44.4 —0.4/0.1
10.2/178.2 9.1/174.9 —-0.5/-0.6  7.2/174.7 —0.3/-0.2
198.5/137.1 198.3/135.4  —02/-0.6  201.1/137.3  0.1/0.1
29.5/79.7 29.1/79.0 —-0.7/-0.6  28.1/82.0 1.0/0.9
43.4/61.2 43.4/60.9 —0.6/—1.0  44.8/54.9 0.7/0.8
17.7/80.5 15.9/76.7 —-0.5/-04  15.2/72.5 —0.5/-0.6
3.7/10.4 (104)  3.1/8.6 (8.6)

2.0/3.9 (3.0) 1.8/3.2 (2.5)

2.4/5.3 (4.1) 2.0/3.9 (3.1)

“The contributions of full-triple and perturbative-quadruple excitations (fT+pQ) and the differences between anharmonic and harmonic AZPEs
computed at the rDSD/3F12 level (Aanh) are also given. CC stands for CCSD(T), and all of the numerical values are in kJ mol ™. bAt rDSD/ i3
eometries. “From ref 13. dSpin—orbit contributions on the reverse reaction barrier. “Spin—orbit contributions on the forward reaction barrier.

Forward/reverse barrier height errors and (in parentheses) total values.

This result is indeed remarkable in view of the negligible
cost of the extrapolations with respect to the underlying
coupled clusters computations. The general trends are the
same for both closed- and open-shell reaction energies, with
this behavior being particularly relevant for the robustness and
generality of the computational approach. The improvement of
PCS with respect to junChS is quite apparent: for instance, the
MUE is reduced by about 30% (from 3.1 to 2.2 k] mol™") and
also the corresponding RMSD (2.9 kJ mol™) now falls well
below the so-called chemical accuracy.

The effectiveness of both the 3F12 basis set and the MP2
extrapolation is further confirmed by the comparison to
explicitly correlated computations. As a matter of fact, the error
statistics of PCS and PCS-F12 or junChS and junChS-F12
computations are quite similar, whereas this is not the case for
the starting coupled cluster computations. Noted is that the
accuracy of different approximate models for the CCSD-F12
step and, especially, the perturbative inclusion of triple
contributions can lead to non-negligible differences (see
Table 1). As a matter of fact, only the accurate and size-
extensive CCSD(F12*)(T+) variant offers a slight improve-
ment over the corresponding conventional approach when
including CBS extrapolation, which, as already mentioned, is
much more important for conventional (1 order of magnitude
reduction of the error) than for explicitly correlated (40%
reduction of the error) methods but is not negligible also in the
latter case. Furthermore, the contribution of the 3F12/4F12
extrapolation of the MP2 (or MP2-F12) energy is about half of
the 2F12/3F12 extrapolation of the post-MP2 terms (see
Table S4 in the SI). In conclusion, both the MP2 and F12
routes to CBS extrapolation can be followed with comparable
cost and performance.

3.2. Reaction Barriers. The most widely employed
reference results for reaction barriers are collected in the
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DBH24 compilation’>”* containing results mostly obtained at
the CCSDTQS/CBS level by means of the W4 composite
method'’ for a statistically representative set including 3
prototypes for each of the following classes of reactions: heavy-
atom transfer, nucleophilic substitution, unimolecular and
association reactions, and hydrogen-transfer reactions.

Table 2 compares the reaction barriers computed at the PCS
level to the reference values of ref 73. In this case, the
CCSD(T)/3F12 error is already quite small and is further
reduced by adding CBS and CV contributions with inexpensive
computations. These trends confirm that two-point extrap-
olations are effective routes for estimating the CBS limit
without introducing additional computational bottlenecks with
respect to the underlying CCSD(T)/3F12 reference. The
average contribution of triple and quadruple excitations (about
1 kJ mol™") defines a lower error boundary for methods (like
PCS), not including these contributions. Actually, the PCS
MUE (1.2 kJ mol™") is lower than the corresponding junChS
value (1.5 kJ mol™") and close to the expected lower boundary
with most of the improvement being related to the
replacement of CCSD(T)/j3 with CCSD(T)/3F12. The
WI1X method, which has computational costs comparable to
those of PCS, delivers a similar MUE (1.3 kJ mol™),”* and the
same applies to the explicitly correlated SVECV-F12 model®
(MUE of 1.1 kJ mol™"). Although other explicitly correlated
approaches further reduce the MUE (1.0, 0.9, and 0.8 kJ mol ™
at the junChS—FlZ,75 WI1—F12”* and PCS-F12 level,
respectively) this further improvement is not significant in
view of the error associated with the neglect of full-triple and
quadruple excitations. Contrary to atomization energies, the
results are not particularly sensitive to the approximations
employed in the CCSD(T)-F12 ansatz and to the accuracy of
the underlying optimized geometries. Notably, the anharmonic
contributions to ZPE differences (together with spin—orbit

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00817/suppl_file/ct3c00817_si_001.pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Hzo ‘NHs3

a NH3-+-CH,

o ¢ ¢

HF--HF CHa+-CH,

o, »e €

HCN:-:-HCN CH,--°H20

H20-:-H20
H20-:-C,H,
NH3---NH; ‘& ‘a
O(‘ H2CO---C;H,
HF---CH,
CZHZ

®e.

H2CO:---H2CO I ‘

?'9‘.

Figure 1. Noncovalent complexes of the A14 database.”’

contributions) are sometimes comparable to those of their (fT
+pQ) counterparts.

3.3. Noncovalent Interactions and Tautomeric Equi-
libria. After validating the PCS model for the thermochemistry
and reaction barriers of small systems, we proceed with
checking its performances for inter- and intramolecular
noncovalent interactions.

The noncovalent complexes belonging to the A14 set™
shown in Figure 1, and the corresponding interaction energies
obtained by different methods are collected in Table 3. The
results show that the PCS model reaches an MUE of 0.16 kJ
mol™" without the need for any correction for the basis set
superposition error (BSSE). Once again, a slight improvement
is observed with respect to the junChS results (MUE of 0.22 k]

Table 3. Interaction Energies of the A14 Complexes
Obtained at Different Levels of Theory at the rDSD/j3
Geometries”

reference” junCth PCS CC/j3b CC/3F12
H,0---H,0 —21.08 —21.37 —21.22 —21.02 —21.32
NH;---NH; —13.21 —13.34 —13.43 —12.78 —13.18
HEF---HF —19.22 —19.59 —19.59 —19.38 —19.53
HCN---HCN —19.98 —19.70 —19.96 —20.54 —19.77
CH,-CH, —2.23 —-2.22 -2.27 —-2.09 —2.21
CH,0--CH,0 —18.93 —19.43 —1941 —18.27 —18.52
C,H,C,H, —4.60 —478 476  —473  —462
H,0--C,H, —-10.77 —11.01 —10.77 —10.79 —11.02
H,0--CH, —2.82 -2.79 —-2.78 —2.86 —-2.83
H,0---NH; —27.38 —-27.69 —27.59 —27.23 —27.51
NH;--CH, —3.22 —3.24 —3.22 —-3.28 -3.29
NH,C,H, —5.79 -599  —-588  -581  —590
HEF---CH, —6.92 —7.14 —7.12 -7.07 -7.29
CH,~CH,0  —679 707 705  —687  —668
MAX 0.50 0.48 0.66 0.41
MUE 0.22 0.16 0.19 0.16
RMSD 0.26 0.21 0.27 0.21
MAX% 4.10 3.68 6.28 5.36
MUE% 2.06 1.65 1.95 1.55

“CC stands for CCSD(T), and all of the values are in k] mol™"
YFrom ref 80.

mol™"), with both PCS and junChsS results confirming that the
inclusion of CBS extrapolation and CV correlation increases
the accuracy of the underlying coupled cluster model without
any significant increase in computational requirements. Noted
is that an average error of 0.2 kJ mol™' is considered the gold
standard for noncovalent interactions.”

Intramolecular noncovalent interactions are examined by
analyzing the conformational landscape of the prototypical
glycine amino acid (see Table 4). Several studies have shown

Table 4. Relative Electronic Energies of the Eight
Conformers of Glycine Computed by Different Methods®

conformer reference” PCS rDSD/3F12
I (ttt) 0.0 0.0 0.0
10 (cce) 27 2.7 2.5
I (gtt) 52 5.1 53
IOI (tct) 72 74 7.0
I’ (get) 111 11.2 11.0
Ic (ttc) 20.1 20.2 20.1
IIc (tec) 244 24.6 242

c (gtc) 254 254 25.5

“The conformer nomenclature is taken from ref 78, and all of the
values are in kJ mol™. “From ref 79.

that up to eight different energy minima are present in the
glycine conformational potential energy surface (PES).”®
Comparison with the very accurate results of ref 79. (roughly
corresponding to HPCS values) shows that the PCS model
performs a remarkable job, with MAX and MUE between the
two models being 0.15 and 0.07 kJ mol™, respectively. The
quantitative agreement between HPCS and PCS results is not
unexpected since conformational equilibria are already quite
well described by low-level QC methods: as a matter of fact,
already rDSD relative energies are usually sufficient for
semiquantitative analyses of this kind of problems.”®

The last benchmark of this section is the tautomeric
equilibrium of cytosine (Figure 2), which is quite sensitive to
the quality of the employed QC method. As a matter of fact,
DFET approaches overstabilize the KA tautomer, whereas the
EA tautomer becomes too stable at the MP2 level.>* Only
CCSD(T) approaches, including both CBS and CV con-
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Figure 2. Structure of cytosine tautomers in order of relative stability.
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tributions, are able to deliver accurate values. In fact, the most
accurate experimental estimate of the relative stability of
different tautomers (obtained from the relative intensity of
several IR bands)81 indicates, in agreement with PCS results,
that the EA form is favored in the gas phase and that KA and
EAc forms have a (slightly lower) comparable stability. Table S

Table S. Relative Electronic Energies of All of the
Tautomers and Rotamers of Cytosine Computed by
Different Methods with PCS/DFT Geometries”

tautomer CC/j3 junChS PCS PCS-F12

EA 0.0 0.0 0.0 0.0
EAc 2.9 3.0 3.0 3.0
KA 47 32 3.1 3.1
KI 7.0 6.1 6.1 62
Klc 14.0 134 132 13.5
KAl 35.0 34.5 34.5 34.4
Ell 514 SLS 516 52.0
EI 69.6 69.8 69.8 70.3
MAX® 1.6 0.5 0.5

MUE” 0.7 0.2 02

“CC stands for CCSD(T), and all of the numerical values are in kJ
mol ™!, *With respect to PCS-F12 computations.

shows that junChS and PCS models deliver comparable
results, but the contribution of CBS extrapolation is strongly
reduced in the latter case (for instance, from 1.5 to 0.7 kJ
mol™' for the KA tautomer). Since the accuracy of this
contribution is limited due to its evaluation at the MP2 level,
its reduction increases the robustness of the additive approach
underlying any composite scheme. Finally, the remarkable
agreement between PCS and PCS-F12 results (within 0.5 kJ
mol™") confirms that CBS extrapolation at the MP2 level is
very effective.

3.4. Geometrical Parameters and Harmonic Frequen-
cies. The PCS/DFT geometries are obtained by adding MP2
CV correlation contributions to the rDSD/3F12 results. The
validation of those geometries has been performed by
comparison with accurate semiexperimental (SE) equilibrium
geometries of a subset (SE32) of the SE127 database®
containing the following 32 molecules: CH,, CO,, HCN,
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HNC, H,0, NH,, C,H,, C,H,, H,CO, CH,0, (ttHCCOH),
CH,NH, BH;NH,, C,H,0 (Oxirane), C,H,NH (Aziridine),
CH,F,, HOF, CH,CHF, cyc-C;H, CH,CHF, NH,OH,
BH,OH, HNO, H,0,* SO, H,S, PH, H,CS, CH,PH,
C,H,S (Thiirane), H,S,, HCICO, CH,Cl,, and CH,CIF.

The error statistics for the different models are collected in
Table 6, whereas the complete results are given in Tables S5
and S6 in the SI. In general terms, it is confirmed that the
rDSD functional delivers geometries significantly more
accurate than those obtained by hybrid density functionals
and, indeed, comparable to those issued from CCSD(T)
computations in conjunction with augmented triple-zeta basis
sets. Furthermore, both basis set extension from j3 to 3F12 and
CV correlation have a negligible effect on valence and dihedral
angles but significantly improve the bond length MUEs.”"”’
The final accuracy of the PCS/DFT results is not far from that
of the (much more expensive) junChS reference, so accurate
geometries can also be obtained for quite large molecules and
confidently used even for the most demanding applications
(e.g, rotational constants, which are the leading terms of
rotational spectra®**”).

In the case of harmonic frequencies, omission of CV
correlation leads to better results due to an effective error
compensation with the neglect of higher-order terms*® so that
rDSD/3F12 values can be directly employed. The validation of
those values has been performed with reference to the
following 28 molecules (H28 set) for which accurate reference
harmonic frequencies are available: H,0,” HCN,** CO,,*
C,H, ™ €O, HE” N,” N,0°" H,” OH" Cl,>
CICN,”® CIF,”?* s, HCL” si0,°® NH,” CF,,'®
H,CO,'"! C,H,0,' CH,'® HNO,'™ PH, ' cCl,,'*
HZCS,IO7 CZH4,108 BH3,109 and HOCL'" Also in this case,
the error statistics are reported in the main text (Table 7),
whereas the complete results are given in Tables S7 and S8 in
the SI.

The RMSD of the reference CCSD(T)-F12b/j3 model is
about 5 cm™ for the whole H28 set, with this value being
largely sufficient for the quantitative analysis of IR and Raman
spectra. Also in this case, the rDSD functional performs a
respectable job, with its RMSD (about 10 cm™) being
sufficient for most spectroscopic investigations and, above all,

https://doi.org/10.1021/acs.jctc.3c00817
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Table 6. Maximum Difference (MAX), Mean Unsigned Error (MUE), and Root-Mean-Square Deviation (RMSD) of
Geometrical Parameters Computed by B3LYP**/j3, M062X"*/j3, rDSD/j3, PCS/DFT, CCSD(T)/j3 (Indicated as CC), and

junChS Levels with Respect to SE Values of the SE32 Set”

B3LYP/j3 MO062X/j3
second-row (22 molecules)
MAX(r) 0.0136 0.0356
MAX(6, @) 1.25 1.83
MUE(r) 0.0020 0.0028
MUE(6, ) 0.18 021
RMSD(r) 0.0045 0.0095
RMSD(6, ¢) 0.54 0.68
third-row (10 molecules)
MAX(r) 0.0227 0.0119
MAX(8, ¢) 0.82 0.44
MUE(r) 0.0073 0.0031
MUE(6, ) 035 0.15
RMSD(r) 0.0102 0.0048
RMSD(6, ¢) 0.42 0.20

“Bond lengths in A, valence, and dihedral angles in degrees.

rDSD/j3 PCS/DFT CC/j3 CC/j3+CV2 junChS
0.0093 0.0058 0.0112 0.0067 0.0042
0.69 0.71 0.64 0.65 1.52
0.0018 0.0011 0.0027 0.0017 0.0006
0.07 0.09 0.07 0.06 0.07
0.0035 0.0024 0.0053 0.0034 0.0014
0.23 0.26 0.24 0.19 0.29
0.0113 0.0057 0.0209 0.0156 0.0020
0.38 0.24 0.29 0.34 0.10
0.0044 0.0018 0.0065 0.0038 0.0006
0.13 0.12 0.10 0.11 0.04
0.0051 0.0024 0.0082 0.0054 0.0007
0.16 0.14 0.12 0.13 0.05

Table 7. Maximum Difference (MAX), Mean Unsigned
Error (MUE), and Root-Mean-Square Deviation (RMSD) of
Harmonic Vibrational Frequencies (in cm™) by CCSD(T)-
F12b/j3 (Indicated as CC-F12), rDSD/j3, and rDSD/3F12
Computations

CC-F12/j3 rDSD/j3 rDSD/3F12

second-row (18 molecules)

MAX 11.2 46.5 31.6

MUE 3.5 6.3 6.6

RMSD 43 9.4 9.3
third-row (10 molecules)

MAX 12.3 22.2 17.4

MUE 3.5 8.4 8.4

RMSD S.0 10.5 9.6

for the comgputation of zero-point energies and partition
functions.'>”*

3.5. Zero-Point Energies and Thermodynamic Func-
tions. Zero-point and finite temperature contributions are
usually obtained by low-level DFT computations in the
framework of the RRHO model, possibly employing empirical
scale factors."''~"'* However, the availability of a resonance-
free expression for anharmonic ZPEs,HS’116 black-box
procedures for the smoothing of fundamental frequencies,'
and the detection/treatment of hindered rotations (HR)>’ give
access to an automated evaluation of anharmonic ZPEs and
vibrational frequencies. Then, vibrational partition functions
can be effectively computed employing anharmonic ZPEs and
fundamental frequencies (A;) in the standard analytical
harmonic expression

_zE
P\ T r

) I, [1—exp(—kA’T

)

Qi

)

Equation 9 (referred to as simple perturbation theory, SPT)
leads to the same analytical expressions of thermodynamic
functions issued from the harmonic-oscillator model and
provides results in remarkable agreement with accurate
reference values.”®
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In the present context, the reliability of PCS/DFT
geometries and semidiagonal fourth-order force fields is
analyzed with reference to the accurate ZPEs and entropies
available for 21 closed-shell and 10 open-shell semirigid
molecules.” The results collected in Tables 8 and 9 show that
very accurate results can be obtained for semirigid molecules.

However, entropy is strongly sensitive to low-frequency
vibrations: as a consequence, small-amplitude vibrations
should be treated at the VPT2 level and low-frequency
torsions by the hindered-rotor model.

The results collected in Table 10 show that the resulting
hindered-rotor/anharmonic-oscillator model (HRAO) per-

Table 8. ZPEs (in k] mol™') and Entropies at 298 K and 1
atm (in J (mol K)™!) for 21 Representative Closed-Shell
Molecules

molecule  ZPE,,, ZPE, im ZPEvypry Sep Sharm Sspr
HF 24.5 24.6 24.4 1738  173.6 1735
HCI 17.9 17.9 17.8 1869 1866  186.6
H, 26.1 26.5(26.1) 26.2 130.6 1303 1303
N, 13.9 14.0 139 1916 1916 1916
F, 5.9 5.9 59 2028 2024 2024
Cco 12.9 13.0 12.9 197.7 1977  197.7
cl, 34 34 34 2231 2227 2226
CO, 303 30.5 304 2138 2138 2138
CS, 182 182 182 2380 2378 2378
H,0 55.4 56.2(55.4) 55.3 188.8 1887  188.6
H,S 39.6 40.1(39.3) 39.6 2058 2057  20S.5
HOF 36.2 36.6(36.2) 360 2268 2265 2265
HOCI 343 34.8(34.4) 343 2365 2363 2362
N,O 28.5 28.7 28.5 2200 2199 2199
HCN 41.7 42.1(41.7) 417  201.8 2015 2016
SO, 18.0 18.1 180 2483 2484 2483
C,H, 69.3 70.1(69.3) 694 2009 2005 2004
H,CO 69.2 70.1(69.3) 69.1 2190 2187 2186
NH;, 89.0 90.4(89.2) 88.8 192.8 1924 1925
CH, 1164  117.8(116.2) 116.1 1862 1861  186.1
C,H, 132.6  134.0(132.4) 1323 2193 2191 2190
MAX 1.5 (0.3) 0.2 0.5 0.5
MUE 0.4 (0.1) 0.1 0.2 0.3
RMSD 0.6 (0.1) 0.1 0.2 0.3

https://doi.org/10.1021/acs.jctc.3c00817
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Table 9. ZPEs (in kJ mol™') and Entropies at 298 K and 1 atm (in J (mol K)™") for 10 Representative Open-Shell Molecules

molecule ZPE,,, ZPEm
OH(n)” 22.1 22.5(22.1)
SH(7)" 16.0 16.2(15.8)
CN(%")? 12.4 119
NO(*z)* 113 11.6
NH,(*B,) 482 50.5(49.7)
HCO (*A%) 339 34.3(33.9)
HO,(*A”) 36.8 37.6(37.2)
CH,(*A”) 774 78.5(77.7)
t-HOCO(*A’) 54.8 55.2(54.8)
CH,CO(*A’) 1117 113.8(112.6)
MAX 22 (1.5)
MUE 0.8 (0.4)
RMSD 1.1 (0.6)

ZPEypr, Sexp Sharm Sspr
223 183.7 184.0 183.9
16.1 195.8 197.9 197.8

202.8 202.7
11.7 210.8 211.1 211.0
49.7 194.9 194.6 194.5
33.7 224.7 2243 2242
37.0 229.3 228.8 2287
77.8 194.2 194.8 193.5
S4.4 2518 251.7
1122 267.6 268.8 2702
1.5 214 2.5°
0.4° 0.67 0.9¢
0.6° 0.9¢ 1.2¢

“The ZPEs are calculated taking into account the proper degeneracy of the electronic state. bRestricted open shell with an equilibrium bond length
of 1.177 A, ZPEpr, are not available for restricted open-shell calculations. The unrestricted results are ZPE, ... = 14.4 k] mol™" and Sy,,,,, = 202.4 ]
(mol K)™', with {S) = 0.853 and an equilibrium bond length of 1.157 A. “The CN open-shell molecule is not included in the error analysis. “The t-
HOCO open-shell molecule is not included in the error analysis. “The CN and t-HOCO open-shell molecules are not included in the error

analysis.

Table 10. Absolute Entropies at 298 K and 1 atm (in J (mol
K)™') for Representative Molecules Containing One Large-
Amplitude Torsion

molecule S Sharm Sspr
CH,CH, 2292 227.5 2289
CH;0H 239.7 238.5 240.0
CH,;SH 25S8.1 253.4 255.2
CH;CHO 263.8 262.2 264.0
CHOCHO 2724 271.7 272.3
MAX 1.7 0.3
MUE 1.4 0.2

forms a remarkable job for systems containing a single torsion,
and the same model can be employed in the presence of
several loosely coupled large-amplitude motions.

While more advanced models would be required for strongly
coupled large-amplitude motions, sufficiently accurate results
can be obtained in most cases by the so-called quasi-harmonic
approximation,''” which employs a smoothing function to

interpolate between free-rotor and harmonic-oscillator parti-
tion functions around a critical frequency (about 100 cm™).
3.6. Reaction Rate Constants. The accuracy of molecular
structures, thermochemical parameters, and energy barriers
discussed in the preceding sections suggest that reliable
reaction rate constants can be computed whenever the
transition state theory (TST)"'® provides a sound theoretical
background. This was indeed demonstrated for a number of
reactions in the case of the junChS model,"*'"” and the PCS
results are very similar (generally slightly improved). There-
fore, we focus our attention on two additional items, namely,
the treatment of quantum effects on the reaction coordinate
(e.g, tunneling and nonclassical reflection'*”"*") and the
minimization of recrossing trajectories by means of the
variational optimization of the transition state (VTST)."**>'**
Furthermore, barrierless elementary steps often come into play
in the study of astrochemical reactions or combustion
processes. All of those features require additional QC
computations, so in the following, we will employ the small

10

o @

H2S + Cl
0.0

Relative energy (kJ mol™)
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Figure 3. PCS potential energy profile for the H,S + Cl = HS + HCI hydrogen abstraction reaction including anharmonic ZPEs (kJ mol™).
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Table 11. Relative Electronic Energies for the Stationary Points of the Reaction H,S + Cl Obtained by Different Methods”

reactants RW
level of theory H,S + Cl H,S--Cl
CBS + CV 0.0 —43.9
Heat-like'"” 0.0 —-419
PCS 0.0 —40.1
AZPE, 0.0 5.9
AZPE, 0.0 5.5

TS PW products
HS--H--Cl HS--HCl HS + HCI
-0.1 -=57.0 —46.5
0.0 —56.8 —46.2
0.4 —56.9 —46.3
-53 -1.6 =59
-5.9 —-14 -5.6

“CBS+CV refers to CCSD(T) computations including complete basis set (CBS) extrapolation and core—valence (CV) correlation computed at
the same level, whereas Heat-like refers to CCSDTQ results, together with CBS extrapolation and CV correlation at the CCSD(T) level, also scalar
relativistic effects, diagonal Born—Oppenheimer, and spin—orbit contributions. rDSD/j3 harmonic (AZPE,) and anharmonic (AZPE,) ZPE

contributions are also given. All of the values are in kJ mol™".

curvature tunneling (SCT) model'** and the phase space
theory (PST),'”® which usually deliver sufficiently accurate
results by means of a limited number of additional
computations.

The H,S + Cl reaction has been chosen as a case study and
its overall rate constant has been evaluated employing PCS
data in the framework of the master equation approach with
the help of the MESS program.'* The reaction involves the
sequence of elementary steps sketched in Figure 3: the initial
interaction between hydrogen sulfide (H,S) and chlorine (Cl),
driven by noncovalent forces leads to a prereactive complex
labeled RW.

Then, under atmospheric conditions, the only open reaction
channel follows an addition/elimination mechanism. In detail,
after isomerization of the RW complex governed by the
transition state (TS), the reaction proceeds toward the final
van der Waals complex (PW), which is stabilized by an HS-
HCI hydrogen bond. Dissociation of this complex gives the
final products of hydrogen abstraction, namely, HS and HCIL
The overall rate constant is ruled by the conversion of RW into
PW and by the formation of RW, whereas the decomposition
of PW plays a negligible role since it is faster than the other
two steps.

The relative electronic energies obtained by different
computational approaches for the stationary points governing
the reaction are collected in Table 11. Extensive benchmarks
showed that the role of triple and quadruple excitations is quite
limited, whereas CV correlation cannot be neglected for
obtaining quantitative results. Noted is that contributions of
comparable magnitude are provided by the difference between
harmonic and anharmonic ZPEs. Finally, spin—orbit contribu-
tions are non-negligible only for reactants (3.3 kJ mol™') and
products (2.1 kJ mol™). It is quite apparent that the PCS
model chemistry performs a remarkable job (errors generally
within 0.5 k] mol™" with respect to the most accurate results)
in view of its limited computational cost and lack of empirical
parameters. The only non-negligible difference from the most
accurate results concerns the relative stability of RW, which is
underestimated by about 2 kJ mol ™.

It could be argued that the geometries employed in all of the
computations (optimized at the PCS/DFT level) could reduce
the overall accuracy of the results, but reoptimization of the
geometries at the PCS level leads to average differences within
0.002 A for bond lengths and 0.2° for angles. Once again, the
largest discrepancy is observed for RW (overestimation of 0.01
A for the S—Cl distance), but the relative energies computed at
the PCS level employing PCS/DFT or PCS geometries never
differ by more than 0.2 k] mol™". In summary, PCS energies
are sufficiently accurate to be confidently used to characterize
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the energetics of the reaction, employing geometrical
structures optimized at the PCS/DFT level.

The overall rate constant has been computed employing the
PST for the entrance and exit channels together with the
VTST model in conjunction with the SCT approximation'*'
for the step involving a distinct TS. Noted is that previous
computations showed that the error of PST with respect to
more accurate multidimensional computations is within 20%
and that one degree of freedom needs to be treated as a
hindered rotor at the TS.''” The computed rate constant
changes between 1.22 X 107'% and 4.30 X 10™"! cm® mol ™' 57!
when going from 200 to 900 K, whereas the corresponding
experimental value changes between 1.06 X 107'° and 3.95 X
107" cm® mol™ s™' . We can conclude that the master
equation approach based on PCS data also performs a
remarkable job for this quite challenging reaction, which is
representative of complex mechanisms involving both distinct
transition states and barrierless steps.

B TIMINGS, ACCURACY, AND EXTENSION TO
LARGER MOLECULES

The choice of the computational levels for the different terms
included in the PCS model has been based on the requirement
of comparable resources for each of them with specific
reference to molecules containing up to about 20 atoms. In
particular, the cost of CCSD(T)/2F12 and MP2/4F12
computations is negligible with respect to their CCSD(T)/
3F12 counterparts, whose cost is, in turn, comparable with that
of rDSD/3F12+CV2 geometry optimizations, rDSD/3F12
harmonic frequencies, and B3/SVP anharmonic computations.
The effective implementation of all these contributions in the
Gaussian computer code allowed us to perform all of the
computations reported in the previous sections within
reasonable times employing a standard workstation. Further-
more, thanks to the use of the 3F12 basis set and two-point
extrapolation, conventional computations provide results close
to those of their explicitly correlated counterparts without the
need for any empirical parameter. In this connection, together
with the results presented in the previous sections, a recent
study of guanine tautomers’' showed that PCS results are very
close to the best available values,"*” which were obtained at the
W1-F12 level.”

For larger systems, containing up to about 50 atoms, single-
point CCSD(T) and CCSD(T)-F12 energy evaluations with
the j3 or 3F12 basis sets can be routinely performed thanks to
efficient parallelization and implementation of frozen natural
orbital (FNO), natural auxiliary functions (NAF) and/or
related reduced-scaling techniques in several computer
codes.”*™"%* For purposes of illustration, the relative stabilities
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of cytosine tautomers have been recomputed with both the
FNO-CCSD(T)"** and FNO—CCSD(F12*)(T+)"** models
employing the standard thresholds of the MRCC code. The
results collected in Table 12 show that FNO (and related)

Table 12. Relative Electronic Energies of All of the
Tautomers and Rotamers of Cytosine Computed by
Different Methods with PCS/DFT Geometries”

tautomer PCS FNO-PCS PCS-F12 FNO-PCS-F12
EA 0.0 0.0 0.0 0.0
EAc 3.0 2.8 3.0 2.9
KA 3.1 33 3.1 3.0
KI 6.1 5.8 6.2 6.3
Klc 132 12.9 13.5 135
KA1 34.5 34.4 34.4 34.5
Ell 516 512 52.0 52.0
EI 69.8 69.3 70.3 70.3
MAX"® 0.5 0.1
MUE” 0.3 0.1

“All of the numerical values are in kJ mol™". PENO-PCS and FNO-
PCS-F12 with respect to PCS and PCS-F12, respectively.

approximations produce MUEs of 0.3 and 0.1 k] mol™" from
full computations, which are accompanied by reductions of
computer times of about 10 and S times for conventional and
explicitly correlated models, respectively.

Above 40—50 atoms, local approximations start to be
competitive and lead to an essentially linear increase of
computer time with the dimensions of the investigated
system.'”>~"%” However, the accuracy of these methods for
the most demanding applications needs further investiga-
tion, 138139

The situation is different for gradient evaluations, where fast
implementations are available only for DFT and MP2 (hence
double-hybrids). Therefore, PCS/DFT represents an attractive
approach, and a further reduction of computational resources
is obtained by neglecting d functions on first-row atoms and
replacing the two f functions on second- and third-row atoms
with a single f function taken from the cc-pVTZ basis set.”’
Furthermore, CV corrections are entirely negligible for valence
or dihedral angles,24 and their contribution to bond lengths
(r;) mainly depends on the princi}gal quantum numbers (n;, n;)

of the involved atoms i and j**'*

r,(tDSD) X [1 — 0.0011(n, X n, — 1)""%]

% (10)
Since all of these simplifications have a negligible effect on the
final accuracy of the results, the introduction of a single
empirical parameter leads to the low-cost PCS/Bonds
model,"*® which requires a single DFT geometry optimization
with a triple-zeta basis set. In the case of kinetic parameters,
this recipe can be employed to trace the intrinsic reaction
coordinate along which more accurate energy computations
can be performed to locate an improved transition state and
the corresponding energy barrier by the so-called IRCmax
approach.'*" Also in this case, molecules containing up to
about 50 atoms can be routinely studied.””'*" For larger
systems the results delivered by hybrid functionals in
conjunction with double-zeta basis sets can be further
improved by linear regression (LR),'** templating molecule
(TM),*'* or, possibly, machine learning approaches.
Coming to zero-point energies and entropies, harmonic
frequencies obtained at the rDSD/3F12 level do not require
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any empirical correction to compensate for method and/or
basis set deficiency, but only for genuine anharmonic
effects."'>""*'** The results collected in Tables 8 and 9
show that anharmonic terms give a non-negligible contribution
to ZPEs only in the presence of some XH bonds (X =H, C, N,
O, S). As a consequence, an empirical correction of 0.4 kJ
mol ™" for each bond of this kind provides results very close to
their anharmonic counterparts for both closed- and open-shell
systems (see results in parentheses in Tables 8 and 9).
Concerning entropies, harmonic results are already sufficiently
reliable, except when hindered rotations are present. In this
case, for large molecules one can resort to the black-box quasi-
harmonic (QH) approximation''” in which, below a given
threshold, entropic terms are obtained from the free-rotor
model, and a damping function is used to interpolate between
free-rotor and harmonic-oscillator expressions near the cutoff
frequency. Finally, when also harmonic computations by
double-hybrid functionals become too exPensive, one can
resort to scaled harmonic frequencies''”'"? computed by
hybrid functionals in conjunction with double-zeta basis sets,
preferably employing different scaling factors for different
ranges of frequencies.'"*

B CONCLUSIONS

The main target of the present study was the computation of
accurate formation, reaction, and activation energies, together
with geometrical parameters, harmonic frequencies, thermody-
namic functions, and rate constants, in the framework of a
general strategy that aims at the accurate structural and
spectroscopic characterization of medium-sized molecules. The
main outcome is that accurate electronic energies can be
computed by the new PCS model at PCS/DFT geometries.
Inclusion of MP2 core—valence correlation and CBS
extrapolation for both MP2 and post-MP2 contributions
leads to remarkably accurate results, while the availability of
reduced cost CCSD(T) implementations, possibly involving
local correlation treatments, >*~"*" significantly increases the
dimensions of investigable systems. In summary, the way
seems to be paved toward the systematic study of physical-
chemical processes in the gas phase at a reasonable cost by an
accurate black-box procedure.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00817.

Additional data for atomization reaction and activation
energies, geometrical parameters, and harmonic frequen-
cies (PDF)

B AUTHOR INFORMATION

Corresponding Author
Vincenzo Barone — Scuola Normale Superiore di Pisa, 56125
Pisa, Italy; ® orcid.org/0000-0001-6420-4107;
Email: vincenzo.barone@sns.it

Authors
Luigi Crisci — Scuola Normale Superiore di Pisa, S6125 Pisa,
Italy
Silvia Di Grande — Scuola Normale Superiore di Pisa, 56125
Pisa, Italy; Scuola Superiore Meridionale, 80138 Napoli,
Italy; © orcid.org/0000-0002-6550-0220

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286


https://pubs.acs.org/doi/10.1021/acs.jctc.3c00817?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00817/suppl_file/ct3c00817_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincenzo+Barone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6420-4107
mailto:vincenzo.barone@sns.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luigi+Crisci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Di+Grande"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6550-0220
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jctc.3c00817

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
Funding from Gaussian, Inc. is gratefully acknowledged.

B REFERENCES

(1) Shavitt, I; Bartlett, R. J. Many-Body Methods in Chemistry and
Physics: MBPT and Coupled-Cluster Theory; Cambridge University
Press, 2009.

(2) Raghavachari, K; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
A Fifth-Order Perturbation Comparison of Electron Correlation
Theories. Chem. Phys. Lett. 1989, 157, 479—483.

(3) Csaszér, A. G.; Allen, W. D.; Schaefer, H. F. In pursuit of the Ab
Initio Limit For Conformational Energy Prototypes. J. Chem. Phys.
1998, 108, 9751—-9764.

(4) Schuurman, M. S.; Muir, S. R;; Allen, W. D.; Schaefer, H. F. L.
Toward Subchemical Accuracy in Computational Thermochemistry:
Focal Point Analysis of the Heat of Formation of NCO and
[H,N,C,0] Isomers. J. Chem. Phys. 2004, 120, 11586—11599.

(S) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K. Assessment of
Gaussian-4 Theory For Energy Barriers. Chem. Phys. Lett. 2010, 499,
168—172.

(6) Guner, V.; Khuong, K. S.; Leach, A. G; Lee, P. S.; Bartberger, M.
D.,; Houk, K. N. A Standard Set of Pericyclic Reactions of
Hydrocarbons for the Benchmarking of Computational Methods:
The Performance of ab Initio, Density Functional, CASSCF,
CASPT2, and CBS-QB3Methods for the Prediction of Activation
Barriers, Reaction Energetics, and Transition State Geometries. J.
Phys. Chem. A 2003, 107, 11445—11459.

(7) Karton, A.; Martin, J. M. L. Explicitly Correlated Wn Theory:
W1-F12 and W2-F12. J. Chem. Phys. 2012, 136, No. 124114.

(8) Ventura, O. N; Kieninger, M.; Katz, A.; Vega-Tejido, M,;
Segovia, M,; Irving, K. SVECV-F12: Benchmark of a Composite
Scheme For Accurate and Cost Effective Evaluation of Reaction
Barriers. Int. J. Quantum Chem. 2021, 121, No. e2674S.

(9) Tajti, A.; Szalay, P. G; Csaszar, A. G.; Kéllay, M.; Gauss, J;
Valeev, E. F.; Flowers, B. A.; Vazquez, J; Stanton, J. F. HEAT: High
Accuracy Extrapolated Ab Initio Thermochemistry. J. Chem. Phys.
2004, 121, 11599—11613.

(10) Karton, A.; Rabinovich, E.; Martin, J. M. L.; Ruscic, B. Theory
for Computational Thermochemistry: in Pursuit of Confident Sub-kJ/
mol Predictions. ]. Chem. Phys. 2011, 125, No. 144108.

(11) Ganyecz, A.; Kéllay, M.; Csontos, ]J. Moderate-Cost Ab Initio
Thermochemistry with Chemical Accuracy. J. Chem. Theory Comput.
2017, 13, 4193—4204.

(12) Sylvetsky, N.; Peterson, K. A.; Karton, A.; Martin, J. M. Toward
a W4-F12 Approach: Can Explicitly Correlated and Orbital-Based Ab
Initio CCSD(T) Limits Be Reconciled? J. Chem. Phys. 2016, 144,
No. 214101.

(13) Barone, V.; Lupi, J,; Salta, Z.; Tasinato, N. Development and
Validation of a Parameter-Free Model Chemistry For the
Computation of Reliable Reaction Rates. J. Chem. Theory Comput.
2021, 17, 4913—4928.

(14) Barone, V. Characterization of the Potential Energy Surface of
the HO2 Molecular System by a Density Functional Approach. J.
Chem. Phys. 1994, 101, 10666—10676.

(15) Bloino, J.; Biczysko, M.; Barone, V. General Perturbative
Approach for Spectroscopy, Thermodynamics and Kinetics: Meth-
odological Background and Benchmark Studies. J. Chem. Theory
Comput. 2012, 8, 1015—1036.

(16) Barone, V.; Biczysko, M.; Bloino, J. Fully Anharmonic IR and
Raman Spectra of Medium-Size Molecular Systems: Accuracy and
Interpretation. Phys. Chem. Chem. Phys. 2014, 16, 1759—1787.

7283

(17) Skouteris, D.; Calderini, D.; Barone, V. Methods for Calculating
Partition Functions of Molecules Involving Large Amplitude and/or
Anharmonic Motions. J. Chem. Theory Comput. 2016, 12, 1011—1018.

(18) Crescenzi, O.; Pavone, M.; de Angelis, F.; Barone, V. Solvent
Effects on the UV(n-z*) and NMR (**C and '"O) Spectra of Acetone
in Aqueous Solution. An Integrated Car Parrinello and DFT/PCM
Approach. J. Phys. Chem. B 2005, 109, 445—453.

(19) Chan, B.; Radom, L. W1X-1 and W1X-2: W1-Quality Accuracy
with an Order of Magnitude Reduction in Computational Cost. J.
Chem. Theory Comput. 2012, 8, 4259—4269.

(20) Moller, C.; Plesset, M. S. Note on an Approximation Treatment
for Many-Electron Systems. Phys. Rev. 1934, 46, 618—622.

(21) Karton, A. A Computational Chemist’s Guide to Accurate
Thermochemistry For Organic Molecules. WIRES Comput. Mol. Sci.
2016, 6, 292—310.

(22) Peterson, K. A; Adler, T. B.; Werner, H.-J. Systematically
Convergent Basis Sets for Explicitly Correlated Wavefunctions: The
Atoms H, He, B-Ne, and Al-Ar. J. Chem. Phys. 2008, 128, No. 084102.

(23) Kruse, H.; Szabla, R.; Sponer, J. Surprisingly Broad
Applicability of the cc-pVnZ-F12 Basis Set for Ground and Excited
States. J. Chem. Phys. 2020, 152, No. 214104.

(24) Barone, V. Accuracy Meets Feasibility for the Structures and
Rotational Constants of the Molecular Bricks of Life: a Joint Venture
of DFT and Wave-Function Methods. J. Phys. Chem. Lett. 2023, 14,
5883—5890.

(25) Barone, V. Accurate Structures and Spectroscopic Parameters
of a, a-Dialkylated a-Amino Acids in the Gas-Phase: a Joint Venture
of DFT and Wave-Function Composite Methods. Phys. Chem. Chem.
Phys. 2023, 25, 22768—22774.

(26) Alessandrini, S.; Barone, V.; Puzzarini, C. Extension of the
“Cheap” Composite Approach to Noncovalent Interactions: The jun-
ChS Scheme. J. Chem. Theory Comput. 2020, 16, 988—1006.

(27) Woon, D. E; Dunning, T. H,, Jr. Gaussian Basis Sets for Use in
Correlated Molecular Calculations. V. Core-Valence Basis Sets for
Boron through Neon. J. Chem. Phys. 1995, 103, 4572—4585.

(28) Peterson, K. A; Dunning, T. H, Jr Accurate Correlation
Consistent Basis Sets for Molecular Core-Valence Correlation Effects:
The Second Row Atoms Al-Ar, and the First Row Atoms B-Ne
Revisited. J. Chem. Phys. 2002, 117, 10548—10560.

(29) Helgaker, T.; Klopper, W.; Koch, H.; Noga, J. Basis-Set
Convergence of Correlated Calculations on Water. J. Chem. Phys.
1997, 106, 9639—9646.

(30) Moore, C. E. Atomic Energy Levels; Circular of the Bureau of
Standards, 1949.

(31) Barone, V,; Di Grande, S.; Lazzari, F.; Mendolicchio, M.
Accurate Structures and Spectroscopic Parameters of Guanine
Tautomers in the Gas Phase by the Pisa Conventional and Explicitly
Correlated Composite Methods (PCS and PCS-F12). J. Phys. Chem. A
2023, 127, 6771-6778.

(32) Werner, H.-J.; Adler, T. B; Manby, F. R. General Orbital
Invariant MP2-F12 Theory. J. Chem. Phys. 2007, 126, No. 164102.

(33) Knizia, G.; Adler, T. B.; Werner, H.-J. Simplified CCSD(T)-
F12 methods: Theory and benchmarks. . Chem. Phys. 2009, 130,
No. 054104.

(34) Kéllay, M.; Horvath, R. A.; Gyevi-Nagy, L.; Nagy, P. R. Size-
Consistent Explicitly Correlated Triple Excitation Correction. J.
Chem. Phys. 2021, 155, No. 034107.

(35) Hattig, C.; Tew, D. P; Kohn, A. Accurate and Efficient
Approximations to Explicitly Correlated Coupled-Cluster Singles and
Doubles, CCSD-F12. J. Chem. Phys. 2010, 132, No. 231102.

(36) Adler, T. B.; Knizia, G.; Werner, H.-J. A Simple and Efficient
CCSD (T)-F12 Approximation. J. Chem. Phys. 2007, 127,
No. 221106.

(37) Yousaf, K. E; Peterson, K. A. Optimized Auxiliary Basis Sets
For Explicitly Correlated Methods. J. Chem. Phys. 2008, 129,
No. 184108.

(38) Yousaf, K. E.; Peterson, K. A. Optimized Complementary
Auxiliary Basis Sets For Explicitly Correlated Methods: aug-cc-pVnZ
Orbital Basis Sets. Chem. Phys. Lett. 2009, 476, 303—307.

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286


https://pubs.acs.org/doi/10.1021/acs.jctc.3c00817?ref=pdf
https://doi.org/10.1016/S0009-2614(89)87395-6
https://doi.org/10.1016/S0009-2614(89)87395-6
https://doi.org/10.1063/1.476449
https://doi.org/10.1063/1.476449
https://doi.org/10.1063/1.1707013
https://doi.org/10.1063/1.1707013
https://doi.org/10.1063/1.1707013
https://doi.org/10.1016/j.cplett.2010.09.012
https://doi.org/10.1016/j.cplett.2010.09.012
https://doi.org/10.1021/jp035501w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035501w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035501w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035501w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035501w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3697678
https://doi.org/10.1063/1.3697678
https://doi.org/10.1002/qua.26745
https://doi.org/10.1002/qua.26745
https://doi.org/10.1002/qua.26745
https://doi.org/10.1063/1.1811608
https://doi.org/10.1063/1.1811608
https://doi.org/10.1063/1.2348881
https://doi.org/10.1063/1.2348881
https://doi.org/10.1063/1.2348881
https://doi.org/10.1021/acs.jctc.7b00607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4952410
https://doi.org/10.1063/1.4952410
https://doi.org/10.1063/1.4952410
https://doi.org/10.1021/acs.jctc.1c00406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.467880
https://doi.org/10.1063/1.467880
https://doi.org/10.1021/ct200814m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200814m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200814m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CP53413H
https://doi.org/10.1039/C3CP53413H
https://doi.org/10.1039/C3CP53413H
https://doi.org/10.1021/acs.jctc.5b01094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046334i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046334i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046334i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046334i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300632p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300632p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1002/wcms.1249
https://doi.org/10.1002/wcms.1249
https://doi.org/10.1063/1.2831537
https://doi.org/10.1063/1.2831537
https://doi.org/10.1063/1.2831537
https://doi.org/10.1063/5.0006871
https://doi.org/10.1063/5.0006871
https://doi.org/10.1063/5.0006871
https://doi.org/10.1021/acs.jpclett.3c01380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c01380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c01380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3CP02503A
https://doi.org/10.1039/D3CP02503A
https://doi.org/10.1039/D3CP02503A
https://doi.org/10.1021/acs.jctc.9b01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.470645
https://doi.org/10.1063/1.470645
https://doi.org/10.1063/1.470645
https://doi.org/10.1063/1.1520138
https://doi.org/10.1063/1.1520138
https://doi.org/10.1063/1.1520138
https://doi.org/10.1063/1.1520138
https://doi.org/10.1063/1.473863
https://doi.org/10.1063/1.473863
https://doi.org/10.1021/acs.jpca.3c03999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c03999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c03999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2712434
https://doi.org/10.1063/1.2712434
https://doi.org/10.1063/1.3054300
https://doi.org/10.1063/1.3054300
https://doi.org/10.1063/5.0057426
https://doi.org/10.1063/5.0057426
https://doi.org/10.1063/1.3442368
https://doi.org/10.1063/1.3442368
https://doi.org/10.1063/1.3442368
https://doi.org/10.1063/1.2817618
https://doi.org/10.1063/1.2817618
https://doi.org/10.1063/1.3009271
https://doi.org/10.1063/1.3009271
https://doi.org/10.1016/j.cplett.2009.06.003
https://doi.org/10.1016/j.cplett.2009.06.003
https://doi.org/10.1016/j.cplett.2009.06.003
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

(39) Weigend, F. Hartree-Fock Exchange Fitting Basis Sets for H to
Ro. J. Comput. Chem. 2008, 29, 167—175.

(40) Hittig, C.; Tew, D. P.; Kohn, A. Optimization of Auxiliary Basis
Sets for RI-MP2 and RI-CC2 Calculations: Core-Valence and
Quintuple-{ Basis Sets For H to Ar and QZVPP Basis Sets for Li
to Kr. Phys. Chem. Chem. Phys. 2008, 7, 59—66.

(41) Tew, D. P.; Klopper, W. New Correlation Factors For Explicitly
Correlated Electronic Wave Functions. J. Chem. Phys. 2005, 123,
No. 074101.

(42) Sosa, C; Schlegel, H. B. Ab-Initio Calculations on the Barrier
Height for the Hydrogen Addition to Ethylene and Formaldehyde.
The Importance of Spin Projection. Int. J. Quantum Chem. 1986, 29,
1001—-101S.

(43) Schlegel, H. B. M?ller-Plesset Perturbation Theory with Spin
Projection. J. Phys. Chem. A 1988, 92, 3075—-3078.

(44) Stanton, J. F. On the Extent of Spin Contamination in Open-
Shell Coupled-Cluster Wave Functions. J. Chem. Phys. 1994, 101,
371-374.

(45) Yuan, H; Cremer, D. The Expectation Value of the Spin
Operator S as a Diagnostic Tool in Coupled Cluster Theory. The
Advantage of Using UHF-CCSD Theory for the Description of
Homolytic Dissociation. Chem. Phys. Lett. 2000, 324, 389—402.

(46) Heckert, M.; Kallay, M.; Gauss, ]J. Molecular Equilibrium
Geometries Based on Coupled-Cluster Calculations Including
Quadruple Excitations. Mol. Phys. 2005, 103, 2109.

(47) Heckert, M.; Kéllay, M.; Tew, D. P,; Klopper, W.; Gauss, J.
Basis-Set Extrapolation Techniques for the Accurate Calculation of
Molecular Equilibrium Geometries Using Coupled-Cluster Theory. J.
Chem. Phys. 2006, 125, No. 044108.

(48) Puzzarini, C.; Bloino, J.; Tasinato, N.; Barone, V. Accuracy and
Interpretability: The Devil and the Holy Grail. New Routes Across
Old Boundaries in Computational Spectroscopy. Chem. Rev. 2019,
119, 8131-8191.

(49) Barone, V.; Puzzarini, C. Gas-Phase Computational Spectros-
copy: The Challenge Of The Molecular Bricks Of Life. Annu. Rev.
Phys. Chem. 2023, 74, 29—52.

(50) Puzzarini, C. Extrapolation to the Complete Basis Set Limit of
Structural Parameters: Comparison of Different Approaches. J. Phys.
Chem. A 2009, 113, 14530—14535.

(51) Santra, G.; Sylvetsky, N.; Martin, J. M. Minimally Empirical
Double-Hybrid Functionals Trained Against the GMTKNSS Data-
base: revDSD-PBEP86-D4, revDOD-PBE-D4, and DOD-SCAN-D4.
J. Phys. Chem. A 2019, 123, 5129—5143.

(52) Grimme, S.; Antony, J.; Ehtlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, No. 154104.

(53) Grimme, S.; Ehrlich, S; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32, 1456—1465.

(54) Barone, V. DFT Meets Wave-Function Composite Methods for
Characterizing Cytosine Tautomers in the Gas Phase. J. Chem. Theory
Comput. 2023, 19, 4970—4981.

(55) Menon, A. S.; Radom, L. Consequences of Spin Contamination
in Unrestricted Calculations on Open-Shell Species: Effect of Hartree-
Fock and M?ller-Plesset Contributions in Hybrid and Double-Hybrid
Density Functional Theory Approaches. J. Phys. Chem. A 2008, 112,
13225-13230.

(56) Papajak, E.; Zheng, J.; Xu, X; Leverentz, H. R;; Truhlar, D. G.
Perspectives on Basis Sets Beautiful: Seasonal Plantings of Diffuse
Basis Functions. J. Chem. Theory Comput. 2011, 7, 3027—3034.

(57) Barone, V. Anharmonic Vibrational Properties by a Fully
Automated Second Order Perturbative Approach. J. Chem. Phys.
2008, 122, No. 014108.

(58) Truhlar, D. G; Isaacson, A. D. Simple Perturbation Theory
Estimates of Equilibrium Constants From Force Fields. J. Chem. Phys.
1991, 94, 357—359.

7284

(59) Ayala, P. Y.; Schlegel, H. B. Identification and Treatment of
Internal Rotation in Normal Mode Vibrational Analysis. J. Phys. Chem.
A 1998, 108, 2314—232S.

(60) Frisch, M. J.; Trucks, W. G; Schlegel, B. H.; Scuseria, E. G;
Robb, A. M.; Cheeseman, R. J; Scalmani, G.; Barone, V.; Petersson,
A. G; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, ].
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;
Throssell, K; Montgomery, J. A, Jr; Peralta, J. E; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A. P; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M,;
Millam, J. M,; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, revision C.01; Gaussian Inc.: Wallingford CT, 2016.

(61) Werner, H.-J.; Knowles, P. J.; Manby, F. R;; Black, J. A.; Doll,
K.; Heflelmann, A.; Kats, D.; Kohn, A.; Korona, T.; Kreplin, D. A;
Ma, Q; Miller, T. F.; Mitrushchenkov, A.; Peterson, K. A.; Polyak, L;
Rauhut, G.; Sibaev, M. The Molpro Quantum Chemistry Package. J.
Chem. Phys. 2020, 152, No. 144107.

(62) Kallay, M.; Nagy, P. R; Rolik, Z,; Mester, D.; Samu, G
Csontos, J.; Csénka, J.; Szabd, B. P.; Gyevi-Nagy, L.; Ladjanszki, L;
Szegedy, L.; Laddczki, B.,; Petrov, K; Farkas, M.; Mezei, P. D,;
Hégely, B. MRCC, a Quantum Chemical Program Suite, 2018.

(63) Sellers, H.; Pulay, P. The Adiabatic Correction to Molecular
Potential Surfaces in the SCF Approximation. Chem. Phys. Lett. 1984,
103, 463—465.

(64) Handy, N. C.; Yamaguchi, Y.; Schaefer, H. F. The Diagonal
Correction to the Born-Oppenheimer Approximation: Its Effect on
the Singlet-Triplet Splitting of CH, and Other Molecular Effects. J.
Chem. Phys. 1986, 84, 4481—4484.

(65) Handy, N. C.; Lee, A. M. The Adiabatic Approximation. Chem.
Phys. Lett. 1996, 252, 425—430.

(66) Kutzelnigg, W. The adiabatic Approximation 1. The Physical
Background of the Born-Handy Ansatz. Mol. Phys. 1997, 90, 909—
916.

(67) Cowan, R. D.; Griffin, M. Approximate Relativistic Corrections
to Atomic Radial Wave Functions. ]. Opt. Soc. Am. 1976, 66, 1010—
1014.

(68) Martin, R. L. All-Electron Relativistic Calculations on Silver
Hydride. An Investigation of the Cowan-Griffin Operator in a
Molecular Species. J. Phys. Chem. A 1983, 87, 750—754.

(69) Dunning, T. H.; Peterson, K. A.; Wilson, A. K. Gaussian Basis
Sets for Use in Correlated Molecular Calculations. X. The Atoms
Aluminum Through Argon Revisited. J. Chem. Phys. 2001, 114,
9244—-9253.

(70) Dunning, T. H. Gaussian Basis Sets for Use in Correlated
Molecular Calculations. I. The Atoms Boron Through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007—1023.

(71) Di Grande, S.; Kallay, M.; Barone, V. Accurate Thermochem-
istry at Affordable Cost by Means of an Improved Version of the
JunChS-F12 Model Chemistry. J. Comput. Chem. 2023, 44, 2149—
2157.

(72) Karton, A.; Tarnopolsky, A.; Lamére, J.; Schatz, G. C.; Martin,
J. M. L. Highly Accurate First-Principles Benchmark Data Sets for the
Parametrization and Validation of Density Functional and Other
Approximate Methods. Derivation of a Robust, Generally Applicable,
Double-Hybrid Functional for Thermochemistry and Thermochem-
ical Kinetics. J. Phys. Chem. A 2008, 112, 12868—12886.

(73) Zheng, J.; Zhao, Y.; Truhlar, D. G. The DBH24/08 Database
and Its Use to Assess Electronic Structure Model Chemistries for
Chemical Reaction Barrier Heights. J. Chem. Theory Comput. 2009, S,
808—821.

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286


https://doi.org/10.1002/jcc.20702
https://doi.org/10.1002/jcc.20702
https://doi.org/10.1039/B415208E
https://doi.org/10.1039/B415208E
https://doi.org/10.1039/B415208E
https://doi.org/10.1039/B415208E
https://doi.org/10.1063/1.1999632
https://doi.org/10.1063/1.1999632
https://doi.org/10.1002/qua.560290435
https://doi.org/10.1002/qua.560290435
https://doi.org/10.1002/qua.560290435
https://doi.org/10.1021/j100322a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100322a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.468144
https://doi.org/10.1063/1.468144
https://doi.org/10.1016/S0009-2614(00)00644-8
https://doi.org/10.1016/S0009-2614(00)00644-8
https://doi.org/10.1016/S0009-2614(00)00644-8
https://doi.org/10.1016/S0009-2614(00)00644-8
https://doi.org/10.1080/00268970500083416
https://doi.org/10.1080/00268970500083416
https://doi.org/10.1080/00268970500083416
https://doi.org/10.1063/1.2217732
https://doi.org/10.1063/1.2217732
https://doi.org/10.1021/acs.chemrev.9b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-physchem-082720-103845
https://doi.org/10.1146/annurev-physchem-082720-103845
https://doi.org/10.1021/jp9040327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9040327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1021/acs.jctc.3c00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803064k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803064k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803064k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803064k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200106a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200106a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1824881
https://doi.org/10.1063/1.1824881
https://doi.org/10.1063/1.460350
https://doi.org/10.1063/1.460350
https://doi.org/10.1063/1.475616
https://doi.org/10.1063/1.475616
https://doi.org/10.1063/5.0005081
https://doi.org/10.1016/0009-2614(84)85277-X
https://doi.org/10.1016/0009-2614(84)85277-X
https://doi.org/10.1063/1.450020
https://doi.org/10.1063/1.450020
https://doi.org/10.1063/1.450020
https://doi.org/10.1016/0009-2614(96)00171-6
https://doi.org/10.1080/00268979709482675
https://doi.org/10.1080/00268979709482675
https://doi.org/10.1364/JOSA.66.001010
https://doi.org/10.1364/JOSA.66.001010
https://doi.org/10.1021/j100228a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100228a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100228a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1367373
https://doi.org/10.1063/1.1367373
https://doi.org/10.1063/1.1367373
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1002/jcc.27187
https://doi.org/10.1002/jcc.27187
https://doi.org/10.1002/jcc.27187
https://doi.org/10.1021/jp801805p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp801805p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp801805p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp801805p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp801805p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800568m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800568m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800568m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

(74) Chan, B. How to Computationally Calculate Thermochemical
Properties Objectively, Accurately, and as Economically as Possible.
Pure Appl. Chem. 2017, 89, 699—713.

(75) Barone, V.; Lupi, J.; Salta, Z.; Tasinato, N. Reliable Gas Phase
Reaction Rates at Affordable Cost by Means of the Parameter-Free
JunChS-F12 Model Chemistry. . Chem. Theory Comput. 2023, 19,
3526—-3537.

(76) Rez4l, J.; Hobza, P. Benchmark Calculations of Interaction
Energies in Noncovalent Complexes and Their Applications. Chem.
Rev. 2016, 116, S038—5071.

(77) Reza¢, J; Hobza, P. Describing Noncovalent Interactions
Beyond the Common Approximations: How Accurate is the "Gold
Standard,” CCSD(T) at the Complete Basis Set Limit? J. Chem.
Theory Comput. 2013, 9, 2151-21S5S.

(78) Barone, V.; Fusé, M.; Lazzari, F.; Mancini, G. Benchmark
Structures and Conformational Landscapes of Amino Acids in the Gas
Phase: a Joint Venture of Machine Learning, Quantum Chemistry,
and Rotational Spectroscopy. J. Chem. Theory Comput. 2023, 19,
1243-1260.

(79) Nacsa, A. B.; Csako, G. Benchmark Ab Initio Proton Affinity of
Glycine. Phys. Chem. Chem. Phys. 2021, 23, 9663—9671.

(80) Lupi, J.; Alessandrini, S.; Puzzarini, C.; Barone, V. JunChS and
JunChS-F12 Models: Parameter-Free Efficient Yet Accurate Compo-
site Schemes For Energies and Structures of Noncovalent Complexes.
J. Chem. Theory Comput. 2021, 17, 6974—6992.

(81) Bazsé, G.; Tarczay, G.; Fogarasi, G.; Szalay, P. G. Tautomers of
Cytosine and Their Excited Electronic States: a Matrix Isolation
Spectroscopic and Quantum Chemical Study. Phys. Chem. Chem. Phys.
2011, 13, 6799—-6807.

(82) Barone, V.; Ceselin, G.; Lazzari, F.; Tasinato, N. Toward
Spectroscopic Accuracy for the Structures of Large Molecules at DFT
Cost: Refinement and Extension of the Nano-LEGO Approach. J.
Phys. Chem. A 2023, 127, §183-5192, DOI 10.1021/acs.jp-
ca.3c01617.

(83) Baraban, J. H,; Changala, P. B;; Stanton, ]J. F. The Equilibrium
Structure of Hydrogen Peroxide. J. Mol. Struct. 2018, 343, 92—95.

(84) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behavior. Phys. Rev. A 1988, 38,
3098-3100.

(85) Zhao, Y,; Truhlar, D. G. Density Functionals With Broad
Applicability in Chemistry. Acc. Chem. Res. 2008, 41, 157—167.

(86) Martin, J. M. L.; Kesharwani, M. K. Assessment of CCSD (T)-
F12 Approximations and Basis Sets for Harmonic Vibrational
Frequencies. J. Chem. Theory Comput. 2014, 10, 2085—2090.

(87) Strey, G. External Properties of Force constants. J. Mol.
Spectrosc. 1967, 24, 87—99.

(88) Strey, G; Mills, L. M. The Anharmonic Force Field and
Equilibrium Structure of HCN and HCP. Mol. Phys. 1973, 26, 129—
130.

(89) Gershikov, A. G.; Spiridonov, V. P. Anharmonic Force Field of
CO, as Determined by a Gas-Phase Electron Diffraction Study. J. Mol.
Struct. 1983, 96, 141—149.

(90) Temsamani, M. A.; Herman, M. The Vibrational Energy Levels
in Acetylene '*C2H,: Towards a Regular Pattern at Higher Energies.
J. Chem. Phys. 1995, 102, 6371—6384.

(91) Martin, J. M. L; Lee, T. J.; Taylor, P. R. A Purely Ab Initio
Spectroscopic Quality Quartic Force Field for Acetylene. J. Chem.
Phys. 1998, 108, 676—691.

(92) Strey, G.; Mills, . M. Anharmonic Force Field of Acetylene. J.
Mol. Spectrosc. 1976, 59, 103—115.

(93) Huber, K. P.; Herzberg, G. Molecular Structure Constants of
Diatomic Molecules Molecular Spectra and Molecular Structure
Constants of Diatomic Molecules, 1979.

(94) Teffo, J.-L.; Chedin, A. Internuclear Potential and Equilibrium
Structure of the Nitrous Oxide Molecule From Rovibrational Data. J.
Mol. Spectrosc. 1989, 135, 389—409.

(95) Afeefy, H. Y.; Liebman, J. F.; Stein, S. E. In NIST Chemistry
WebBook, NIST Standard Reference Database Number 69; Linstrom, P.
J; Mallard, W. G., Eds;; National Institute of Standards and

7285

Technology, Gaithersburg MD, 20899, 2021; Chapter Neutral
Thermochemical Data.

(96) Saouli, A.; Bredohl, H.; Dubois, L; Fayt, A. FT Infrared Spectra
of CICN Between 1200 and 5000 cm™ and Global Rovibrational
Analysis of the Main Isotopomers. J. Mol. Spectrosc. 1995, 174, 20—50.

(97) Biirger, H; Jacob, E.; Fihnle, M. The Fourier Transform IR
Spectra of CIF and BrF. Zeitschr. Naturforsch. A 1986, 41, 1015—
1020.

(98) Irikura, K. K. Experimental Vibrational Zero-Point Energies:
Diatomic Molecules. J. Phys. Chem. Ref. Data 2007, 36, 389—397.

(99) Huang, X.; Schwenke, D. W.; Lee, T. J. Rovibrational Spectra of
Ammonia. I. Unprecedented Accuracy of a Potential Energy Surface
Used With Nonadiabatic Corrections. J. Chem. Phys. 2011, 134,
No. 044320.

(100) Demaison, J; Margules, L.; Martin, J.; Boggs, J. E.
Anharmonic Force field, Structure, and Thermochemistry of CF,
and CCl,. Phys. Chem. Chem. Phys. 2002, 4, 3282—3288.

(101) Burleigh, D. C.; McCoy, A. B.; Sibert, E. L. An Accurate
Quartic Force Field for Formaldehyde. J. Chem. Phys. 1996, 104,
480—487.

(102) East, A. L. L; Allen, W. D, Klippenstein, S. J. The
Anharmonic Force Field and Equilibrium Molecular Structure of
Ketene. J. Chem. Phys. 1995, 102, 8506—8532.

(103) Wang, X.-G.; Carrington, T., Jr. In An Accurate Potential
Energy Surface for Methane, 68th International Symposium on
Molecular Spectroscopy, 2013; p EWGIO.

(104) Dateo, C. E.; Lee, T. J.; Schwenke, D. W. An Accurate Quartic
Force Field and Vibrational Frequencies for HNO and DNO. J. Chem.
Phys. 1994, 101, 5853—5859.

(105) Wang, D.; Shi, Q.; Zhu, Q.-S. An Ab Initio Quartic Force Field
of PH;. J. Chem. Phys. 2000, 112, 9624—9631.

(106) Tarczay, G.; Miller, T. A.; Czaké, G.; Csaszar, A. G. Accurate
Ab Initio Determination of Spectroscopic and Thermochemical
Properties of Mono-and Dichlorocarbenes. Phys. Chem. Chem. Phys.
2008, 7, 2881—2893.

(107) Yachmenev, A; Yurchenko, S. N.; Ribeyre, T.; Thiel, W.
High-Level Ab Initio Potential Energy Surfaces and Vibrational
Energies of H,CS. J. Chem. Phys. 2011, 135, No. 074302.

(108) Martin, J. M; Taylor, P. R. The Geometry, Vibrational
Frequencies, and Total Atomization Energy of Ethylene. A
Calibration Study. Chem. Phys. Lett. 1996, 248, 336—344.

(109) Schuurman, M. S.; Allen, W. D.; Schaefer, H. F., III The Ab
Initio Limit Quartic Force Field of BH;. J. Comput. Chem. 2008, 26,
1106—1112.

(110) Skokov, S.; Peterson, K. A.; Bowman, J. M. An Accurate Ab
initio HOCI Potential Energy Surface, Vibrational and Rotational
Calculations, and Comparison With Experiment. J. Chem. Phys. 1998,
109, 2662—2671.

(111) Irikura, K. K; Johnson, R; Kacker, R. N.; Kessel, R.
Uncertainties in Scaling Factors for Ab Initio Vibrational Zero Point
Energies. J. Chem. Phys. 2009, 130, No. 114102.

(112) Kesharwani, M. K.; Brauer, B.; Martin, J. M. L. Frequency and
Zero-Point Vibrational Energy Scale Factors for Double-Hybrid
Density Functionals (and Other Selected Methods): Can Anharmonic
Force Fields Be Avoided? J. Phys. Chem. A 2015, 119, 1701—-1714.

(113) Chan, B,; Radom, L. Frequency Scale Factors for Some
Double-Hybrid Density Functional Theory Procedures: Accurate
Thermochemical Components for High-Level Composite Protocols.
J. Chem. Theory Comput. 2016, 12, 3774—3780.

(114) Zapata Trujillo, J. C.; McKemmish, L. K. Model Chemistry
Recommendations for Scaled Harmonic Frequency Calculations: A
Benchmark Study. J. Phys. Chem. A 2023, 127, 1715—173S5.

(115) Schuurman, M. S.; Allen, W. D.; von Ragué Schleyer, P.;
Schaefer, H. F. I. The highly Anharmonic BH; Potential Energy
Surface Characterized in the Ab Initio Limit. J. Chem. Phys. 2008, 122,
No. 104302.

(116) Piccardo, M.; Bloino, J.; Barone, V. Generalized Vibrational
Perturbation Theory for Rotovibrational Energies of Linear,
Symmetric and Asymmetric Tops: Theory, Approximations, and

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286


https://doi.org/10.1515/pac-2016-1116
https://doi.org/10.1515/pac-2016-1116
https://doi.org/10.1021/acs.jctc.3c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400057w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400057w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400057w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP00376C
https://doi.org/10.1039/D1CP00376C
https://doi.org/10.1021/acs.jctc.1c00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cp02354j
https://doi.org/10.1039/c0cp02354j
https://doi.org/10.1039/c0cp02354j
https://doi.org/10.1021/acs.jpca.3c01617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c01617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c01617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c01617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c01617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jms.2017.09.014
https://doi.org/10.1016/j.jms.2017.09.014
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1021/ar700111a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700111a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500174q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500174q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500174q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2852(67)90069-0
https://doi.org/10.1080/00268977300101441
https://doi.org/10.1080/00268977300101441
https://doi.org/10.1016/0022-2860(82)90067-9
https://doi.org/10.1016/0022-2860(82)90067-9
https://doi.org/10.1063/1.469353
https://doi.org/10.1063/1.469353
https://doi.org/10.1063/1.475429
https://doi.org/10.1063/1.475429
https://doi.org/10.1016/0022-2852(76)90046-1
https://doi.org/10.1016/0022-2852(89)90164-1
https://doi.org/10.1016/0022-2852(89)90164-1
https://doi.org/10.1006/jmsp.1995.1265
https://doi.org/10.1006/jmsp.1995.1265
https://doi.org/10.1006/jmsp.1995.1265
https://doi.org/10.1515/zna-1986-0806
https://doi.org/10.1515/zna-1986-0806
https://doi.org/10.1063/1.2436891
https://doi.org/10.1063/1.2436891
https://doi.org/10.1063/1.3541351
https://doi.org/10.1063/1.3541351
https://doi.org/10.1063/1.3541351
https://doi.org/10.1039/b202865d
https://doi.org/10.1039/b202865d
https://doi.org/10.1063/1.471531
https://doi.org/10.1063/1.471531
https://doi.org/10.1063/1.468842
https://doi.org/10.1063/1.468842
https://doi.org/10.1063/1.468842
https://doi.org/10.1063/1.467301
https://doi.org/10.1063/1.467301
https://doi.org/10.1063/1.481579
https://doi.org/10.1063/1.481579
https://doi.org/10.1039/b506790a
https://doi.org/10.1039/b506790a
https://doi.org/10.1039/b506790a
https://doi.org/10.1063/1.3624570
https://doi.org/10.1063/1.3624570
https://doi.org/10.1016/0009-2614(95)01353-9
https://doi.org/10.1016/0009-2614(95)01353-9
https://doi.org/10.1016/0009-2614(95)01353-9
https://doi.org/10.1002/jcc.20238
https://doi.org/10.1002/jcc.20238
https://doi.org/10.1063/1.476865
https://doi.org/10.1063/1.476865
https://doi.org/10.1063/1.476865
https://doi.org/10.1063/1.3086931
https://doi.org/10.1063/1.3086931
https://doi.org/10.1021/jp508422u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp508422u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp508422u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp508422u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c06908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c06908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c06908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1853377
https://doi.org/10.1063/1.1853377
https://doi.org/10.1002/qua.24931
https://doi.org/10.1002/qua.24931
https://doi.org/10.1002/qua.24931
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Automated Approaches to Deal With Medium-to-Large Molecular
Systems. Int. J. Quantum Chem. 2015, 115, 948—982.

(117) Grimme, S. Supramolecular Binding Thermodynamics by
Dispersion-Corrected Density Functional Theory. Chem. - Eur. ].
2012, 18, 9955—9964.

(118) Truhlar, D. G.; Garrett, B. C.; Klippenstein, S. J. Current
Status of Transition-State Theory. ]. Phys. Chem. A 1996, 100,
12771-12800.

(119) Lupi, J.; Puzzarini, C.; Cavallotti, C.; Barone, V. State-of-the-
Art Quantum Chemistry Meets Variable Reaction Coordinate
Transition State Theory to Solve the Puzzling Case of the H,S +
ClI System. J. Chem. Theory Comput. 2020, 16, 5090—5104.

(120) Davis, M. J.; Heller, E. J. Quantum Dynamical Tunneling in
Bound States. J. Chem. Phys. 1981, 75, 246—254.

(121) Truhlar, D. G. Tunnelling in Molecules; Kastner, J.; Kozuch, S.,
Eds.; RSC Theoreticaland Computational Chemistry Series; Royal
Society of Chemistry, 2021; pp 261—282.

(122) Truhlar, D. G.; Garrett, B. C. Variational Transition-State
Theory. Acc. Chem. Res. 1980, 13, 440—448.

(123) Truhlar, D. G.; Garrett, B. C. Variational Transition State
Theory. Annu. Rev. Phys. Chem. 1984, 35, 159—189.

(124) Keshavamurthy, S.; Miller, W. H. A Semiclassical Model to
Incorporate Multidimensional Tunneling in Classical Trajectory
Simulations Using Locally Conserved Actions. Chem. Phys. Lett.
1993, 205, 96—101.

(125) North, S. W.; Hall, G. E. Quantum Phase Space Theory for
the Calculation of v+j Vector Correlations. J. Chem. Phys. 1996, 104,
1864.

(126) Georgievskii, Y.; Miller, A. J.; Burke, P. M.; Klippenstein, J. S.
Reformulation and Solution of the Master Equation for Multiple-Well
Chemical Reactions. J. Phys. Chem. A 2013, 117, 12146—12154.

(127) Karton, A. Thermochemistry of Guanine Tautomers Re-
Examined by Means of High-Level CCSD(T) Composite Ab Initio
Methods. Aust. J. Chem. 2019, 72, 607—613.

(128) Janowski, T.; Pulay, P. Efficient Parallel Implementation of the
CCSD External Exchange Operator and the Perturbative Triples (T)
Energy Calculation. . Chem. Theory Comput. 2008, 4, 1585—1592.

(129) Deumens, E.; Lotrich, V. F.; Perera, A.; Ponton, M. J;
Sanders, B. A.; Bartlett, R. J. Software Design of ACES III With the
Super Instruction Architecture. WIRES Comput. Mol. Sci. 2011, 1,
895-901.

(130) Anisimov, V. M.; Bauer, G. H.; Chadalavada, K.; Olson, R. M.;
Glenski, J. W.; Kramer, W. T. C.; Apr4, E.; Kowalski, K. Optimization
of the Coupled Cluster Implementation in NWChem on Petascale
Parallel Architectures. J. Chem. Theory Comput. 2014, 10, 4307—4316.

(131) Kaliman, 1. A; Krylov, A. New Algorithm for Tensor
Contractions on Multi-Core CPUs, GPUs, and Accelerators Enables
CCSD and EOM-CCSD Calculations With Over 1000 Basis
Functions on a Single Compute Node. J. Comput. Chem. 2017, 38,
842—853.

(132) Kruse, H; gponer, J. Revisiting the Potential Energy Surface
of the Stacked Cytosine Dimer: FNO-CCSD(T) Interaction Energies,
SAPT Decompositions, and Benchmarking. J. Phys. Chem. A 2019,
123, 9209—-9222.

(133) Gyevi-Nagy, L.; Kallay, M; Nagy, P. R. Accurate Reduced-
Cost CCSD(T) Energies: Parallel Implementation, Benchmarks, and
Large-Scale Applications. J. Chem. Theory Comput. 2021, 17, 860.

(134) Kallay, M.; Horvath, R. A,; Gyevi-Nagy, L.; Nagy, P. R. Basis
Set Limit CCSD(T) Energies for Extended Molecules via a Reduced-
Cost Explicitly Correlated Approach. J. Chem. Theory Comput. 2023,
19, 174—189.

(135) Ma, Q.; Werner, H. J. Explicitly Correlated Local Coupled-
Cluster Methods Using Pair Natural Orbitals. WIREs Comput. Mol.
Sci. 2018, 8, No. el371.

(136) Nagy, P. R; Kallay, M. Approaching the Basis Set Limit of
CCSD(T) Energies for Large Molecules With Local Natural Orbital
Coupled- Cluster Methods. J. Chem. Theory Comput. 2019, 15, 5275—
5298.

7286

(137) Liakos, D. G.; Guo, Y.; Neese, F. Comprehensive Benchmark
Results for the Domain Based Local Pair Natural Orbital Coupled
Cluster Method (DLPNO-CCSD(T)) for Closed- and Open-Shell
Systems. J. Phys. Chem. A 2020, 124, 90—100.

(138) Sylvetsky, N.; Banerjee, A.; Alonso, M.; Martin, J. M. L.
Performance of Localized Coupled Cluster Methods in Moderately
Strong Correlation Regime: Huckel-Mobius Interconversions in
Expanded Porphyrins. J. Chem. Theory Comput. 2020, 16, 3641—3653.

(139) Werner, H.-J.; Hansen, A. Accurate Calculation of Isomer-
ization and Conformational Energies of Larger Molecules Using
Explicitly Correlated Local Coupled Cluster Methods in MOLPRO
and ORCA J. Chem. Theory Comput. 2023, 19, DOI: 10.1021/
acs.jctc.3c00270.

(140) Barone, V. PCS/Bonds: Pick your Molecule and Get Its
Accurate Structure and Rotational Constants at DFT Cost. J. Chem.
Phys. 2023, 159, No. 081102.

(141) Chan, B.; Radom, L. Approaches for Obtaining Accurate Rate
Constants for Hydrogen Abstraction by a Chlorine atom. J. Phys.
Chem. A 2012, 116, 3745—3752.

(142) Piccardo, M.; Penocchio, E.; Puzzarini, C.; Biczysko, M,;
Barone, V. Semi-Experimental Equilibrium Structure Determinations
by Employing B3LYP/SNSD Anharmonic Force Fields: Validation
and Application to Semirigid Organic Molecules. J. Phys. Chem. A
2015, 119, 2058—2082.

(143) Ceselin, G.; Barone, V.; Tasinato, N. Accurate Biomolecular
Structures by the Nano-LEGO Approach: Pick the Bricks and Build
Your Geometry. J. Chem. Theory Comput. 2021, 17, 7290—7311.

(144) Barone, V.; Ceselin, G.; Fusé, M.; Tasinato, N. Accuracy
Meets Interpretability for Computational Spectroscopy by Means of
Hybrid and Double-Hybrid Functionals. Front. Chem. 2020, 8,
No. 584203.

[0 Recommended by ACS

Toward an Accurate Black-Box Tool for the Kinetics of Gas-
Phase Reactions Involving Barrier-less Elementary Steps

Luigi Crisci, Vincenzo Barone, et al.
OCTOBER 25,2023

JOURNAL OF CHEMICAL THEORY AND COMPUTATION READ =

DFT Meets Wave-Function Composite Methods for
Characterizing Cytosine Tautomers in the Gas Phase

Vincenzo Barone.
JULY 21,2023

JOURNAL OF CHEMICAL THEORY AND COMPUTATION READ =

Molecular Geometries and Vibrational Contributions to
Reaction Thermochemistry Are Surprisingly Insensitive to
the Choice of Basis Sets

Minzhi Wang, Junming Ho, et al.
JULY 18,2023

JOURNAL OF CHEMICAL THEORY AND COMPUTATION READ =

Using Diffusion Maps to Analyze Reaction Dynamics for a
Hydrogen Combustion Benchmark Dataset

Taehee Ko, Chao Yang, et al.
AUGUST 16, 2023

JOURNAL OF CHEMICAL THEORY AND COMPUTATION READ &

Get More Suggestions >

https://doi.org/10.1021/acs.jctc.3c00817
J. Chem. Theory Comput. 2023, 19, 7273-7286


https://doi.org/10.1002/qua.24931
https://doi.org/10.1002/qua.24931
https://doi.org/10.1002/chem.201200497
https://doi.org/10.1002/chem.201200497
https://doi.org/10.1021/jp953748q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp953748q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.441832
https://doi.org/10.1063/1.441832
https://doi.org/10.1021/ar50156a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50156a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.pc.35.100184.001111
https://doi.org/10.1146/annurev.pc.35.100184.001111
https://doi.org/10.1016/0009-2614(93)85173-L
https://doi.org/10.1016/0009-2614(93)85173-L
https://doi.org/10.1016/0009-2614(93)85173-L
https://doi.org/10.1063/1.471533
https://doi.org/10.1063/1.471533
https://doi.org/10.1021/jp4060704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4060704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1071/CH19276
https://doi.org/10.1071/CH19276
https://doi.org/10.1071/CH19276
https://doi.org/10.1021/ct800142f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800142f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800142f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.77
https://doi.org/10.1002/wcms.77
https://doi.org/10.1021/ct500404c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500404c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500404c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.24713
https://doi.org/10.1002/jcc.24713
https://doi.org/10.1002/jcc.24713
https://doi.org/10.1002/jcc.24713
https://doi.org/10.1021/acs.jpca.9b05940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b05940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b05940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c01031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1371
https://doi.org/10.1002/wcms.1371
https://doi.org/10.1021/acs.jctc.9b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b05734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b05734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b05734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b05734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0167296
https://doi.org/10.1063/5.0167296
https://doi.org/10.1021/jp3007409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3007409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511432m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511432m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511432m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fchem.2020.584203
https://doi.org/10.3389/fchem.2020.584203
https://doi.org/10.3389/fchem.2020.584203
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00857?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00465?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00388?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
http://pubs.acs.org/doi/10.1021/acs.jctc.3c00426?utm_campaign=RRCC_jctcce&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709608268&referrer_DOI=10.1021%2Facs.jctc.3c00817
https://preferences.acs.org/ai_alert?follow=1

