Theor Chem Acc (2004) 112: 106-112
DOI 10.1007/500214-004-0572-5

Regular article

Theoretical
Chemistry Accounts

Performance of density functionals for calculation
of reductive ring-opening reaction energies

of Li"-EC and Li*-VC

Young-Kyu Han, Sang Uck Lee

Computational Chemistry Laboratory, Corporate R&D, LG Chem Ltd, Research Park, 305-380, Daejon, Korea

Received: 20 November 2003/ Accepted: 15 January 2004 / Published online: 2 April 2004

© Springer-Verlag 2004

Abstract. Reaction energies were determined for reduc-
tive ring-opening reactions of Li " -coordinated ethylene
carbonate (EC) and vinylene carbonate (VC) by using
various density functional theory (DFT) and ab-initio
methods applying the basis sets up to Dunning’s aug-cc-
pVQZ. The methods examined include the local den-
sity functional (SVWN), the pure gradient-corrected
density functionals (BLYP and BPW91), and the hybrid
density functionals (B3LYP, BILYP, B3PWO91, and
mPWIPWO1). Comparison of the DFT results with ab-
initio results indicates that the mPWI1PW91 approach
introduced by Adamo and Barone, is superior to all the
other DFT methods (including B3LYP). The perfor-
mance of more cost-effective Pople-type basis sets
ranging from 6-31G(d,p) to 6-311+ + G(3df,3pd) was
assessed at DFT levels of theory by calibrating them
with the aug-cc-pVQZ results

Keywords: Density functional theory — Performance —
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Introduction

A hybrid lithium-ion battery system is made up of a
graphite anode, a non-aqueous organic electrolyte that
acts as an ionic path between the electrodes, and a
transition metal oxide cathode. Lithium-ion battery
electrolytes typically consist of a lithium salt and various
additives dissolved in an organic solvent. The most
popular solvents are the mixtures of cyclic carbonates,
for example, ethylene carbonate (EC), propylene car-
bonate (PC), and linear carbonates such as dimethyl
carbonate (DMC). It is generally recognized that
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organic electrolytes, particularly cyclic carbonates, are
decomposed, during the first several lithium intercala-
tions, into graphite, to form a solid electrolyte interface
(SED) film between the graphite anode surface and the
electrolyte. The SEI film plays a crucial role that affects
the capacity, cycle life, and safety of the lithium-ion
rechargeable battery [1, 2]. Thus, the mechanism of
solvent decomposition and subsequent SEI build-up
have been widely studied in the lithium-ion battery
electrolyte, both experimentally [3, 4, 5,6, 7, 8,9, 10, 11]
and theoretically [12, 13, 14, 15, 16, 17, 18, 19, 20]. It has
been demonstrated that electrons are initially transferred
from the polarized electrode to the Li'-coordinated
solvent (or additive) molecules, forming ion-pair inter-
mediates. Ring-opening of the intermediates then
occurs, generating radical anions which participate in
termination reactions resulting in Li organic or inor-
ganic salts, building up the SEI film [16, 17, 18, 19, 20].

The elucidation of reaction mechanisms is a major
challenge for theoretical studies. To date, many theore-
ticians have used quantum chemical methods to gain
insights into the initial reactions at the microscopic le-
vel [12, 13, 14, 16, 17, 18, 19, 20]. Density functional
theory (DFT)-based approaches were mainly employed
along with Pople-type basis sets ranging from 6-31G(d)
to 6-311+ +G(d,p) in such calculations, but it is not
clear which functional should be used, and what the
accuracy of the functional with a given basis set would
be. Obtaining more accurate results than DFT results
calls for a more elaborate ab-initio treatment such as
coupled-cluster singles, doubles, and perturbative triples
(CCSD(T)) [21]. However, this requires too much com-
putational resource for such systems with C; molecular
symmetry. The main objective of the present study is to
investigate the performance of different DFT methods
when dealing with reductive ring-opening reactions.
Because of the lack of experimental information for
comparison, we will use the results obtained in high-level
ab-initio Mogller—Plesset second-order perturbation
(MP2) [22] and CCSD(T) calculations as a suitable



reference. In order to minimize the error caused by the
basis set incompleteness, the diffuse-function augmented
correlation-consistent basis sets [23] were employed up
to aug-cc-pVQZ. Results were also obtained with the
more cost-effective Pople-type basis sets ranging from 6-
31G(d,p) to 6-311+ + G(3df,3pd), and they were cali-
brated against the aug-cc-pVQZ results. The results of
this work may be useful for other workers in choosing
the basis sets for DFT calculations.

In the present work, various DFT, ab-initio MP2,
and CCSD(T) calculations were used to investigate the
reductive ring-opening reactions of Li " -coordinated EC
and vinylene carbonate (VC). The molecular structures
of EC and VC are depicted in Fig. 1. The EC molecule is
the electrolyte solvent most widely used in lithium-ion
rechargeable batteries. The VC molecule is a reactive
additive that reacts on the anode. Spectroscopic studies
indicate that VC polymerizes on the lithiated graphite
surfaces, thus forming poly alkyl Li-carbonate species
that suppress both solvent and salt anion reduction [24].
We have studied reductive ring-opening reactions by C—
0, and O,—C; bond cleavage for Li"-EC and Li*-VC.
Recently, Wang et al. investigated reductive decompo-
sition by O,—C5 bond cleavage for Li"-EC [16] and
Li"-VC [19] at the B3PW91/6-311+ +G(d.p) level of
theory, and our results are compared with theirs. Details
of the calculations are given in the next section, and the
results and discussion are then presented.

Calculation details

Hartree-Fock (HF)/6-311+ G(d) calculations were
performed for geometry optimization of local minima
and transition states. The transition states were con-
firmed by the sole imaginary frequency and primary
intrinsic reaction coordinate (IRC) [25] calculations.
Single-point energies were calculated at the various
DFT, ab-initio MP2, and CCSD(T) levels of theory
using the HF optimized geometries. Occupied and vir-
tual orbitals except for the ls orbitals of carbons and
oxygens are fully correlated at the ab-initio correlated
levels of theory. Kohn—-Sham DFT calculations were
performed with seven different exchange correlation
functionals, namely, the local density approximation
(LDA:SVWN [26, 27]), the generalized gradient
approximation (GGA:BLYP [28, 29]) and BPWI1 [30]),
and the hybrid functionals (B3LYP [31], BILYP [32],
B3PW91, and mPW91PWO91 [33]). Carbon, oxygen,
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Fig. 1. Labelling and molecular structures of EC and VC
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hydrogen, and lithium were treated with the Dunning
correlation-consistent polarized valence basis sets, cc-
pVDZ, cc-pVTZ, and cc-pVQZ, where D, T, and Q refer
to the number of contracted functions in each valence
subshell, and Dunning correlation-consistent polarized
valence basis sets with diffuse functions, aug-cc-pVDZ,
aug-cc-pVTZ, and aug-cc-pVQZ [23]. For the most
accurate CCSD(T) calculations, cc-pVDZ, aug-cc-
pVDZ, and cc-pVTZ basis sets were used for practical
reasons. Because lithium does not carry a negative
charge in any of the complexes we considered here, its
basis set was not augmented with diffuse functions. Six
Pople-type basis sets [34] (6-31G(d,p), 6-311G(d,p), 6-
311+ +G(d,p), 6-311 + +G(2d,2p), 6-311 + + G(3d,3p),
and 6-311+ + G(3df,3pd)) including diffuse (denoted by
“+7") and polarization functions (denoted by “d”, “p”,
“f’) were also employed at the B3PW91 and
mPWI1PWOI levels of theory. A spin-unrestricted scheme
was employed for the odd numbered electron systems.
The stationary point wave functions were also checked
for spin contamination by evaluation of the < S>> val-
ues. The Gaussian98 [35] program package was em-
ployed to perform the DFT and ab-initio calculations.

Results and discussion

For the reductive ring-opening reactions of Li " -EC, the
mechanisms considered are shown in Fig. 2 together
with selected structural data. In sharp contrast to an
isolated EC molecule, Li*-EC is much more easily
reduced, bringing about an ion-pair intermediate 2 [16].
An electron was transferred to EC in 2, and the CO;3
group does not keep the planar structure due to the
change of the carbonyl C hybridization from sp® in 1 to
nearly sp® in 2. Ring-opening reactions by C;-O,
(2 >4 —>5) and O,—C; cleavage (2 > 3 — 6) could
occur, leading to radical anions coordinated with lith-
ium cation 5 and 6 (or 7), respectively. Table 1 lists the
reaction energies for Li"-EC computed at the various
DFT, and ab-initio MP2, and CCSD(T) levels of theory.
The 1s orbitals of carbon and oxygen atoms were frozen
in our ab-initio calculations. At the CCSD(T)/aug-cc-
pVDZ level, the errors due to the frozen-core approxi-
mation were calculated to be small, i.e. average errors
are less than 0.1 kcal mol™" for the energy quantities
reported here. To assess the accuracy of the CCSD(T)
data, T diagnostic [36] values were computed for the
CCSD wavefunctions. A value of T; below 0.02 is
indicative of a CCSD(T) result closely approximating
the full configuration interaction limit. The 7, diag-
nostic values are less than 0.02 except for 0.027 for the
transition-state structure 3, demonstrating that our
CCSD(T) results are quite reliable.

The effectiveness of the basis set extension is quite
different in wavefunction-based theories and density-
based theories. The convergence with respect to the basis
set size is much faster with the density-based methods
than with the post-HF methods. This has already been
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Fig. 2. Mechanisms for the reductive ring-opening reactions of Li"-EC: I, singlet state, 27, doublet states

found in other comparative studies [37, 38, 39, 40]. It
follows from the fact that in the DFT approach the
orbitals are only needed to construct the density. The
mean deviations of the cc-pVDZ results with respect to
the aug-cc-pVQZ results are 1.16 (maximum deviation
3.05) kcal mol™" and 2.59 (8.77) kcal mol™" for the
B3LYP and MP2 levels of theory, respectively. How-
ever, the mean (maximum) deviations of aug-cc-pVTZ
results are largely reduced to 0.10 (0.15) kcal mol™" and
0.19 (0.43) kcal mol™! for the B3LYP and MP2 levels,
respectively. This implies that one can perform mean-
ingful comparisons between the results from DFT and
post-HF methods, provided that the basis set having at
least aug-cc-pVTZ quality is employed.

The most reliable CCSD(T) calculations are expensive
and could be performed only for cc-pVDZ, aug-cc-pVDZ,
and cc-pVTZ basis sets. The CCSD(T)/aug-cc-pVQZ re-
sults were estimated from the CCSD(T)/cc-pVTZ results
and the MP2 energy variations upon the basis set exten-
sion from cc-pVTZ to aug-cc-pVQZ on the basis of the
fact that the energy variations at the MP2 level are very
similar to those at the CCSD(T) level. It should be men-
tioned that the energy variations at the MP2 level are quite
different from those at the CCSD(T) level for AE,,(O>—
C;). Thus, we calculated the AE,,(O,—C3) value at the
CCSD(T) level of theory using aug-cc-PVTZ to assess the
performance of DFT calculations through comparisons
of the aug-cc-pVTZ results for AE,,(0>,—C3).

Judging from the absolute mean deviations and
maximum deviations with respect to the estimated
CCSD(T)/aug-cc-pVQZ values, the quality of DFT
results for the reaction energies 1is in the
order SVWN <BLYP<BPW91<B3LYP< BILYP<
B3PWI91 <mPWI1PW91. The hybrid functionals pro-
vide much better agreement with the estimated
CCSD(T) results than the LDA and pure GGA func-
tionals. Among the Thybrid functionals, the
mPWIPWOI1 method gives by far the best results with
only a 0.57 (0.98) kcal mol™' mean (maximum) dif-
ference, followed by the B3PW91 method with a 0.61
(2.31) kcal mol™" deviation. The LDA method shows
very poor performance, and the performance of pure
GGA is found to be unsatisfactory. Both the BLYP
and BPW91 methods significantly underestimate the
activation barrier energies. The most popular B3LYP
also somewhat underestimates the AEtg values and
gives quite a large mean deviation of 2.09 (3.38) kcal
mol™!. The MP2 AEts(O»-C;) value is rather high
compared with the estimated CCSD(T) value. These
may explain the large discrepancy (6.5 kcal mol™")
between the B3LYP and MP2 AEts(O,—Cj3) values for
Li-EC reported in Ref. [20]. The AETs(C;—0,) values
are positive or negative depending upon the calculation
methods. We have optimized the structure 2 at the
BLYP, B3LYP, mPWIPWOI1, and MP2 levels of the-
ory using cc-pVTZ. The BLYP calculation gives a long
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reaction energies(kcal mol_l) SVWN BLYP BPW91 B3LYP BILYP mPWI1 B3PW91 HF MP2 CCSD(T)*

for reductive ring-opening of PWol

Li"-EC with various DFT and

ab initio levels of theory red
cc-pVDZ —100.11 —89.28 —88.56 —89.53 —-86.20 —87.57 -87.54 —-69.00 —78.55 —80.93
aug-cc-pVDZ —103.88 —92.66 -91.70 —-92.94 -89.59 —90.69 -90.67 -71.54 —86.44 —88.91
cc-pVTZ —101.92 -90.18 —89.63 —90.50 —-87.09 —88.44 —-88.53 —-68.79 —84.47 —86.61
aug-cc-pVTZ —-102.85 -91.20 -90.53 -91.41 -88.00 —89.28 —-89.35 -69.30 —86.94
cc-pVQZ —102.38 -90.69 —90.04 -90.95 -87.54 —88.80 —88.90 -68.98 —86.25
aug-cc-pvVQZ —-102.71 -91.04 -90.36 -91.27 —-87.86 —89.10 —89.19 —69.18 —87.32 (—89.46)
AE1s5(02-C3)
cc-pVDZ 1091 9.18 9.90 13.70 14.78 15.72 1436 31.35 19.58 16.68
aug-cc-pVDZ 9.51 7.52 8.45 12.10 13.15 14.26 1296 29.46 17.24 14.67
cc-pVTZ 9.70 7.75 8.76  12.55 13.65 14.83 13.46 30.71 19.11 16.09
aug-cc-pVTZ 941 740 8.46 1221 13.30 14.50 13.16 30.26 18.17
cc-pVQZ 9.62 7.65 8.67 12.46 13.56 14.73 13.38 30.52 18.76
aug-cc-pVQZ 9.51 7.50 8.55 12.32 13.42 14.60 13.26 30.36  18.60 (15.57)
AE1s(Ci-03)
cc-pVDZ 272 -2.15 -0.57 -0.36 -0.20 1.73 1.08 3.70 0.36 0.58
aug-cc-pVDZ 332 -1.77 -0.03 0.30 0.48 2.54 1.84 4.61 0.57 0.82
cc-pVTZ 2.58 -2.55 -0.63 -0.31 -0.10 2.11 1.37 4.64 1.73 198
aug-cc-pVTZ 2.77 =234 -042 -0.09 0.13 2.32 1.59 4.73 1.74
cc-pVQZ 2.63 -249 -0.60 -0.25 -0.04 2.13 1.40 4.56 1.70
aug-cc-pVQZ 2.74 -2.37 -0.48 -0.13 0.09 2.26 1.52  4.64 1.69 (1.95)
AErxn(OZ'C3)
cc-pVDZ -11.73 -21.69 -21.29 -24.37 -25.26 -23.57 -23.72 -37.82 -27.33 -26.18
aug-cc-pVDZ -13.28 -23.80 -22.60 —-25.78 -26.62 —-24.38 -24.55 -37.68 —26.69 —25.91
cc-pVTZ —-14.98 -25.81 -24.19 -27.48 -28.27 -25.63 -2593 -38.39 -26.61 —26.15
aug-cc-pVTZ -14.79 -25.77 -23.98 -27.29 -28.08 —25.37 -25.64 -38.09 —26.14 —-25.73
cc-pVQZ —14.98 -2594 -24.25 -27.52 -28.31 -25.67 -2593 -38.41 -26.49
aug-cc-pVQZ -14.88 -25.87 —24.15 -27.42 -28.22 -25.57 -25.82 -38.31 —-26.01
AE!'xn(Cl'OZ)
cc-pVDZ 931 -0.96 243 1.35 1.23  5.17 428 1.79 1.77 1.75
aug-cc-pVDZ 10.56 -0.16 349 2.46 2.36 6.52 5.57 3.24 3.18 3.19
cc-pVTZ 9.02 -1.84 2.13 1.02 0.96 5.36 437 273 4.52 448
aug-cc-pVTZ 931 -1.53 243 1.34 1.28 5.66 4.66 2.86 4.76
cc-pVQZ 9.10 -1.79 2.16 1.06 1.00 5.38 439 255 4.51
aug-cc-pvVQZ 923 -1.66 229 1.21 1.14 5.52 452  2.66 4.63 (4.59)
AE(6-7)
cc-pVDZ -0.14 0.18 0.12 -0.02 -0.04 -0.03 -0.05 -0.22 0.24 0.33
aug-cc-pvVDZ -0.49 -0.13 -0.18 -0.29 -0.31 -0.30 -0.32 -0.40 0.22 0.29
cc-pVTZ -047 -0.11 -022 -0.29 -0.31 -0.35 -0.36 -047 0.12 0.17
aug-cc-pVTZ -0.65 -0.30 -0.36 -045 -0.47 -048 -0.49 -0.56 -0.02
cc-pVQZ -0.58 -0.23 -0.30 -0.39 -041 -043 -0.45 -0.55 -0.01

) ) aug-cc-pVQZ -0.64 -0.28 -0.34 —-043 -045 -046 -047 -0.56 -0.04 (0.02)

"The values in parentheses are Avg. dev. 6.06 3.43 2.46 2.09 1.98 0.57 0.61 8.77 0.99 0.00

estimated CCSD(T)/aug-cc-pV- Max. dev. 13.24 8.07 7.03 3.38 3.45 0.98 231 2029 3.02 0.00

QZ values

bond length of 2.27 A for the C;—O, bond, whereas
the lengths were 1.64 A, 1.55A, and 1.57 A for
B3LYP, mPWI1PWO91, and MP2, respectively, indicat-
ing that there is no activation barrier at the BLYP/cc-
pVTZ level of theory.

The <S> values are 0.76 for the reaction energies at
the HF level, except for 0.85 for the transition-state
structure 3. For the DFT calculations, the < S*> values
are very close to 0.75 with the maximum value of 0.76 at
the mPWI1PWOI1 level for the structure 3. We believe
that major conclusions would be affected very little by
the spin-contamination errors.

Let us now turn to the reaction energies for the
reductive ring-opening of Li"-VC. Table 2 lists the
reaction energies computed at the DFT, MP2, and
CCSD(T) levels of theory. The T diagnostic values
(0.015~0.035) for Li*-VC and Li-VC are somewhat
larger than those for Li*-EC and Li-EC (0.014~0.027),

where the largest value is 0.035 for the transition-state
structure 3. Nevertheless, it is noteworthy that the per-
formance of the functionals is very similar to the Li™ -
EC case. Among the functionals, mPW1PWO91 is the best
with a small deviation of 0.34 (1.16) kcal mol™', fol-
lowed by B3PW91 with a deviation of 0.57 (1.62) kcal

mol~'. The B3LYP method gives a larger deviation of
1.95 (4.08) kcal mol™' and somewhat underestimates
the AEtg values. It should be noted that the MP2 devi-
ation, 3.18 (9.45) kcal mol™!, is very large. Such a large
deviation seems to be closely related with the large spin-
contamination of the HF wavefunctions for structures 3,
6, and 7. Namely, the < S? > values are 0.99, 0.95, and
0.96 for structure 3, 6, and 7, respectively, at the HF
level, which may be responsible for the large deviation of
MP2 for the AETg(0O,—C3) and AE ,(O,—C3) values. The
< §?>values are close to 0.75 for the other structures at
the HF level of theory. It is widely-known that MP2 is
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Table 2. Comparison of

reaction energies (kcal mol™) SVWN BLYP BPW91 B3LYP BILYP mPW1 B3PW91 HF MP2 CCSD(T)*

for reductive ring-opening of PWol

Li"-VC with various DFT and

ab initio levels of theory red
cc-pVDZ -102.61 —93.19 -92.32 —93.09 —89.76 —90.85 —91.01 —73.49 —80.90 —84.00
aug-cc-pVDZ —106.92 —-97.45 —96.12 -97.46 —94.17 —-94.84 —94.91 —77.33 —89.50 —92.38
cc-pVTZ —104.88 —94.80 —93.86 —94.83 —91.47 —-92.31 -92.57 —74.18 —87.34 —-90.16
aug-cc-pVTZ —106.02 —96.15 —95.00 —96.09 —92.74 —93.45 —93.64 —75.09 —90.22
cc-pVQZ -105.38 —95.42 —-94.33 —95.42 —92.08 —-92.79 -93.02 —74.60 —89.40
aug-cc-pVQZ —105.85 —96.00 —94.83 —95.94 —92.59 —93.28 -93.47 —74.96 —90.52 (-93.34)
AE1s(0>-C3)
cc-pVDZ 20.38 17.89  18.68 2235  23.34 2449  23.14 37.61 32.77 23.84
aug-cc-pVDZ 1943 16.77 17.80 21.50  22.50 23.78 2244 36.73 31.47 22.45
cc-pVTZ 19.66 1696 18.05 21.90 2295 2430 2290 37.91 33.92 24.47
aug-cc-pVTZ 19.59 16.88 18.02 21.89 2295 2429 2290 37.93 33.46
cc-pVQZ 19.67 1697 18.07 2197  23.04 2435 2297 3803 34.10
aug-cc-pVQZ 19.69 16.99 18.10 22.01  23.08 2439  23.00 38.05 34.07 (24.62)
AETs(Ci-0O2)
cc-pVDZ 0.67 -2.44 -147 -125 -1.11 0.13 -032 1.82  -0.74 -0.61
aug-cc-pVDZ 0.89 -2.41 -1.28 —-094 —0.78 0.58 0.08 242 —0.67 —0.55
cc-pVTZ 048 -2.82 -160 -126 -1.09 0.37 -0.15 250  0.11 0.23
aug-cc-pVTZ 057 -2.72 -147 -1.12  —0.95 0.51 -0.02 257 0.3
cc-pVQZ 048 -2.83 -1.61 -124 -1.07 0.37 -0.15 246  0.14
aug-cc-pVQZ  0.55 -2.74 -1.52 -1.15 -0.97 0.46 -0.06 252  0.12 (0.24)
AErxn(OZ'C3)
cc-pVDZ 3.09 -7.07 -634 —9.51 -10.46 —-8.53 —8.63 —27.18 —6.85 —12.06
aug-cc-pVDZ  1.62 -9.11 -7.58 -10.70 —-11.59 -9.12 -9.29 -26.39 —6.33 —12.03
cc-pVTZ 0.58 —10.40 -8.56 —11.75 —12.59 —9.81 —10.08 —26.63 —4.58 —10.69
aug-cc-pVTZ 077 -10.32 -829 —11.50 -12.34 -9.47 -9.73 -26.15 —-4.35 —10.63
cc-pVQZ 0.55 -10.52 -8.60 —11.76 —12.59 -9.80 —10.04 —26.50 —4.07
aug-cc-pVQZ 071 -10.37 —8.41 -11.58 -12.41 -9.61 -9.85 -26.29 —3.80
AE!'xn(Cl'OZ)
cc-pVDZ 585 —6.48 -295 -587 —6.45 -2.15 -2.77 -11.35 —6.11 —6.14
aug-cc-pVDZ  7.11 -592 -190 —-472 =525 -0.56 -129 -9.17 -3.40 -3.58
cc-pVTZ 587 -728 -296 -589 —639 -148 -224 -9.63 -2.06 -2.33
aug-cc-pVTZ 639 -6.76 —2.46 -533 —582 —093 -1.71 -9.16 -1.22
cc-pVQZ 6.00 -7.24 -294 -581 -630 -141 -2.18 -9.62 -1.69
aug-cc-pVQZ 620 -7.03 -2.72 -559 —6.08 —1.19 -1.97 -9.43 -125 (-1.51)
AE(6-7)
cc-pVDZ -046 -0.85 -1.16 -1.46 -1.58 —-1.71 -1.65 -2.89 -1.61 -1.69
aug-cc-pVDZ —1.18 —1.63 —1.83 -2.12 -223 -230 -224 -340 -2.04 -2.14
cc-pVTZ -1.02 -148 -1.74 -2.01 -2.12 =224 =217 =337 =2.09 -2.23
aug-cc-pVTZ -1.18 -1.66 —-1.90 -2.15 —226 -237 =230 =345 -2.12
cc-pVQZ -1.14 -1.60 -1.83 -2.10 -221 -232 -225 -342 -2.14

. ‘ aug-cc-pVQZ -1.18 -1.64 —-1.87 -2.13 —-224 -235 -228 -344 -2.15 (-2.30)

The values in parentheses are  4yg dev. 633 3.29 229 195 1.64 034 057 978  3.18 0.00

estimated CCSD(T)/aug-cc-pV- max. dev. 12.51 7.63 6.52  4.08 457 1.16 1.62 1838 9.45 0.00

QZ values

more susceptible to spin-contamination than DFT or
CCSD(T) methods [41]. For the DFT calculations, the
< S§?>values are close to 0.75 with the maximum value
of 0.77 at the mPW1PW91 level for the structure 7.

It is practically difficult to use the aug-cc-pVTZ basis
set or a larger one for investigating solvent (or additive)
decomposition for large systems (>30 atoms) even at
DFT levels of theory. Instead, Pople-type 6-31G(d,p)
and 6-311+ +G(d,p) basis sets have often been
employed for large and small-sized molecular systems,
respectively. To assess the quality of Pople-type basis
sets at the DFT level, we have calculated the reaction
energies of the reductive ring-opening reactions of Li™ -
EC and Li"-VC using several Pople-type basis sets
ranging from 6-31G(d,p) to 6-311 + + G(3df,3pd) at the
B3PW91 and mPWI1PWO1 levels of theory, and com-
pared the results with the aug-cc-pVQZ results in

Table 3. We also obtained the reaction energies at the
mPWI1PWO91/6-311+ + G(3df,3pd)//mPW1PWO91/6-311
+ G(d) level of theory (Table 3). The results are in good
agreement with the mPW1PW91/6-311 + + G(3df,3pd)//
HF/6-311+ G(d) results with a difference of 0.51
(1.96) kcal mol™'. Recently, Wang et al. reported the
reaction energies for the O,—C; ring-opening reactions
of Li"-EC [16] and Li"-VC [19] at the B3PW91/6-
311+ +G(d,p) level of theory. Our B3PW91/6-
311+ +G(d,p)//HF/6-311+ G(d) results are in good
agreement with their results with a small difference of 0.2
(0.4) kcal mol™". These imply that the reaction energies
are not strongly sensitive to the optimization method for
obtaining geometries.

Table 4 summarizes the average and maximum
absolute deviations from the aug-cc-pVQZ results for all
the basis sets used in the present work. The deviations
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Table 3. Reaction energies

(kcal mol™') computed at the Li"-EC AE,.qa AFErs AErs  AEqm AE.., AE6-7) Deviation®

B3PW91 and mPW1PW91 (0-C3)  (C=0y)  (0-C5)  (C-0y)

levels of theory using the Pople-

type basis sets B3PW91
6-31G(d,p) —-87.87 14.13 194  -23.79 6.06  0.03 1.11 (2.03)
6-311G(d,p) -88.59 13.45 0.69  —26.14 3.62  0.09 0.57 (0.83)
6-311+ +G(d,p) -90.57 13.02 094  -26.11 3.60 —0.26 0.60 (1.38)
6-311+ +G(2d,2p) -90.21 12.65 136  —26.40 427  -041 0.45 (1.02)
6-311+ +G(3d,3p) -89.82 12.89 141  -26.01 448  -0.42 0.23 (0.63)
6-311+ +G(3df,3pd) —89.11 13.23 1.58  —25.88 452 —045 0.04 (0.08)
aug-cc-pVQZ -89.19 13.26 152 -25.82 452  —047 0.00 (0.00)
mPWIPW9]
6-31G(d,p) -87.92 15.44 261 -23.62 7.00  0.06 1.05 (1.95)
6-311G(d,p) -88.55 14.86 141  -25.80 459  0.10 0.56 (0.93)
6-311+ +G(d,p) -90.56 14.39 1.67 =258l 457 =025 0.61 (1.46)
6-311+ +G(2d,2p) -90.19 13.98 209 2615 524 -0.40 0.47 (1.09)
6-311+ +G(3d,3p) -89.80 14.23 215 -25.74 547 041 0.24 (0.70)
6-311+ +G(3df,3pd)  —89.09 14.58 232 -25.60 552 —043 0.02 (0.06)
aug-cc-pVQZ -89.10 14.60 226  —25.57 552 -0.46 0.00 (0.00)
6-311+ +G(3df,3pd)® —88.93 14.35 188  —26.10 444 =050
B3PW91
6-31G(d,p) -91.34 23.19 031  -832 -1.08 -1.95 0.91 (2.13)
6-311G(d,p) -92.40 22.53 -0.52  —10.54 -343  -1.86 0.76 (1.46)
6-311+ +G(d,p) -94.78 2247 -0.38 -10.45 -3.01 -2.13 0.66 (1.31)
6-311+ +G(2d,2p) —-94.66 22.29 -0.11  -10.63 234 -233 0.53 (1.19)
6-311+ +G(3d,3p) —-94.34 2245 -0.13  -10.41 221 -228 0.38 (0.87)
6-311+ +G(3df,3pd) —-93.52 22.97 -0.01  -10.02 -2.00 -2.25 0.06 (0.17)
aug-cc-pVQZ -93.47 23.00 -0.06 -9.85 -197 -2.28 0.00 (0.00)
mPWI1PW91
6-31G(d,p) —-91.25 24.54 078  -8.16 —-0.41  =2.00 0.85 (2.03)
6-311G(d,p) -92.16 23.95 -0.01  -10.27 269 -1.92 0.77 (1.50)
6-311+ +G(d,p) -94.64 23.88 0.15  -10.19 -227 =218 0.67 (1.36)
6-311+ +G(2d,2p) —-94.52  23.66 041  -10.39 -1.60 -2.39 0.54 (1.24)

. , o 6-311+ +G(3d,3p) -9421 23.83 039  -10.15 144  -234 0.39 (0.93)

Mean (maximum) deviation 6-311+ +G(3df,3pd) —93.38 24.36 052  =9.75 -123 =231 0.07 (0.14)

mPWIPWI1/6-311+ +G(3d-  aug-cc-pVQZ -93.28 24.39 046  -9.61 -1.19 -235 0.00 (0.00)

£,3pd)//mPW1PW91/6-311 + 6-311+ +G@3df,3pd)® —93.14 23.67 047  -10.42 -3.19  -2.33

G(d) results

for Pople-type DZP (double-zeta polarization) basis set,
6-31G(d,p), are close to those for cc-pVDZ basis set. On
the other hand, the quality of Pople-type TZP + (sp
diffuse-augmented triple-zeta polarization) basis set
turned out to be similar to that of aug-cc-pVDZ basis
set, rather than aug-cc-pVTZ basis set. The combination
of DFT with the Pople-type basis set having at least a 6-
311+ +G(3d,3p) quality gives accurate DFT results
within a 1 kcal mol™' deviation. It is noteworthy that
the results using the 6-311+ + G(3df,3pd) basis set are
very close to the aug-cc-pVQZ results, whose perfor-
mance is better than larger-size of aug-cc-pVTZ and
cc-pVQZ basis sets. We strongly suggest that the 6-
311+ + G(3df,3pd) basis set be used to cost-effectively
explore the basis-set limit in DFT calculations for sys-
tems similar to those considered in this work. We tested
the performance of the BH&HLYP functional using 6-
311+ +G(3df,3pd), since some studies have reported
that accurate predictions of activation energies have
been shown for the functional [42, 43]. However, the
performance of the functional turned out to be poor
with deviations of 2.35 (4.17) and 2.59 (4.89) kcal

mol™!, respectively, for calculating the reductive ring-
opening reaction energies of Li "-EC and Li*-VC. The
BH&HLYP AE+s(O,—Cj) values are rather higher, by

about 4~5 kcal mol™!, compared with the estimated
CCSD(T) values.

Conclusions

The performance of seven commonly used density
functionals (SVWN, BLYP, BPW91, B3LYP, BILYP,
mPWI1PWO91, and B3PW91) was studied with Pople-
and Dunning-type basis sets. Based on overall mean
DFT versus CCSD(T) deviations, the mPWIPWI1
functional furnishes the best performance among the
DFT methods for predicting the reaction energies for
reductive ring-opening of Li " -coordinated EC and VC.
DFT has an advantage over MP2, when errors caused
by slow basis set convergence and spin-contamination
are considered. However, the performance of LDA and
pure GGA functionals is unsatisfactory, and the most
popular B3LYP is not recommendable. The perfor-
mance of widely-used 6-31G(d,p) and 6-311+ + G(d,p)
basis sets is comparable to that of cc-pVDZ and aug-cc-
pVDZ, respectively, and they are still practical basis sets
particularly for large systems. The 6-311+ + G(3d,3p)
and cc-pVTZ basis sets were at least required to achieve
high accuracy, within a deviation of 1 kcal mol™" in
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Table 4. Average and maximum deviations for the results using the
various basis sets with respect to the aug-cc-pVQZ results at the
mPWIPWO1 level of theory

Avg. dev. Max. dev. Npasis

Li*-EC

6-31G(d,p) 1.05 1.95 118
6-311G(d,p) 0.56 0.93 150
6-311+ +G(d,p) 0.61 1.46 182
6-311+ +G(2d,2p) 0.47 1.09 229
6-311+ +G(3d,3p) 0.24 0.70 276
6-311+ + G(3df,3pd) 0.02 0.06 345
cc-pVDZ 0.99 2.00 118
aug-cc-pVDZ 0.76 1.58 188
cc-pVTZ 0.23 0.66 266
aug-cc-pVTZ 0.12 0.20 398
cc-pvVQZ 0.14 0.30 505
augcc-pVQZ 0.00 0.00 719
Li"-VC

6-31G(d,p) 0.85 2.03 108
6-311G(d,p) 0.77 1.50 138
6-311+ +G(d,p) 0.67 1.36 168
6-311 + +G(2d,2p) 0.54 1.24 209
6-311+ +G(3d,3p) 0.39 0.93 250
6-311+ + G(3df,3pd) 0.07 0.14 309
cc-pVDZ 0.92 243 108
aug-cc-pVDZ 0.58 1.56 170
cc-pVTZ 0.29 0.97 238
aug-cc-pVTZ 0.12 0.26 352
cc-pvVQZ 0.18 0.49 445
aug-cc-pVQZ 0.00 0.00 627

*Number of basis set

DFT calculations. The basis-set limit could be obtained
practically by using the 6-311+ + G(3df,3pd) basis set.
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