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ABSTRACT: The local multireference configuration interaction
(LMRCI) and local multireference averaged coupled pair functional

O aug-cc-pVDZ
+ aug-cc-pVDZ+[2]r12

jad

aug-cc-pVTZ
(LMRACPF) methods are extended to include explicit correlation via the o jun-ce-pVTZ
universal spin-free [2]r1y basis set incompleteness correction. Four test MRACPF Local MRACPF
cases are examined to measure the performance of the LMRCI+[2]g;, -150 -150

(without and with the Davidson + Q_correction for size-extensivity) and
LMRACPF+[2]g;, methods. These tests examine bond dissociation
energies (BDEs) for ethene, perfluoroethene, propene, and 2-butene. As
has been demonstrated for other methods, the LMRCI+[2]g;,/LMRCI
+Q+[2]r12/LMRACPF+[2];, BDEs are as accurate as the conventional
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LMRCI/LMRACPF BDEs that are computed with the basis set one
cardinal number higher. It is shown that LMRCI+([2]g,,/LMRCI+Q+[2]g,,/LMRACPF+[2]y,, BDEs computed with the June
calendar basis sets preserve the accuracy of the corresponding BDEs computed with the conventional aug-cc-pVXZ basis sets

(where X =D, T, Q).

1. INTRODUCTION

The high-order computational scaling that is associated with
conventional ab initio electronic structure methods (e.g., many-
body perturbation theory, configuration-interaction, and
coupled-cluster) limits their application to modestly sized
chemical systems. However, innovations such as the local
electron correlation approximationl_5 circumvent the computa-
tional overhead of the conventional methods through neglect of
the interactions between electrons occupying distant pairs of
localized molecular orbitals (LMOs) and neglect of excitations
to localized unoccupied orbitals that are distant from a given
LMO. These approximations reduce the number of wave
function parameters to linear in the system size and therefore
make possible the formulation of algorithms whose cost also
grows linearly with the system size. Thus, local variants of wave
function methods allow the treatment of larger chemical
systems than is possible with the conventional counterparts.
Local variants have been developed for coupled-cluster (CC)
theory," ' many-body perturbation theory,"'™"* configura-
tion interaction (CI), and the averaged coupled pair functional
(ACPF) method."*™"

Both conventional and local electron correlation methods
suffer from slow decay of the basis set error, routinely expressed
as N, ', where Ny, is the number of basis functions per
atom.”””' Since the computational cost for a fixed-size system is
proportional to Nbas4, accurate computations on large systems
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are not possible even with local methods without addressing
the slow basis set convergence. The explicitly correlated R12/
F12 methods™* ™ accelerate the basis set convergence of the
correlation energy (computed with a finite basis set) to the
complete basis set (CBS) limit by including terms that depend
explicitly on the interelectronic distance r;,. These ry,-
dependent terms approximate the short-range interelectronic
behavior more effectively than the conventional two-electron
excitations into the orbital basis set (OBS). The R12/F12
methodology has been shown to robustly decrease the basis set
errors when combined with single-reference as well as the
multireference wave functions.”®

The local MP2 and local CC methods have previously been
augmented with the explicitly correlated R12/F12 meth-
ods.””** This advance is especially important to local methods
since the use of large basis sets can lead to linear dependencies
in the atomic orbital (AO) space™ that impede orbital
localization and ultimately the application of the local method.
Explicit correlation with local orbital methods is an invaluable
means to decrease the basis set incompleteness error (BSIE)
without the numerical issues encountered with larger basis sets.

This paper presents the explicitly correlated local multi-
reference configuration interaction (with and without the
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Davidson + Q correction®®) and local multireference averaged
coupled pair functional methods (LMRCI+[2]g;,, LMRCI+Q
+[2]r1 and LMRACPF+[2]g;,). The explicit correlation
correction is determined a posteriori with the spin-free SF-
[2]g, BSIE correction®”*® (referred to herein as [2]gp)
available in the massively parallel quantum chemistry program
(MPQC).” Although the LMRCI and LMRACPF wave
functions are different, there is no formal difference in how
the [2]g;, correction is computed. Note that for testing
purposes local approximations were not introduced in the
[2]r12 correction, rather only in the MRCI/MRACPF wave
function. The multiconfiguration self-consistent field (MCSCF)
reference wave function and standard one-electron and two-
electron integrals are generated with the GAMESS electronic
structure code.*” The correlated wave function (LMRCI or
LMRACPF) is generated with the TigerCI code,">™'®*" which
is based on the symmetric group graphical approach.””~* The
methodology is tested for the dissociation of ethane,
perfluoroethene, propene, and 2-butene.

2. COMPUTATIONAL METHOD

GAMESS is used to compute the MCSCF reference wave
functions and the standard one-electron and two-electron
integrals that are used in the correlated wave function
calculation (LMRCI or LMRACPF). The TigerCl code is
used to optimize both the nonlocal and local correlated wave
functions and to calculate the Davidson + Q_correction. The
explicitly correlated [2]g;, BSIE correction is computed with
MPQC using metadata that are separately generated from both
GAMESS and TigerCl. The metadata (stored in disk files)
contain the basis set information, coordinates, MOs, and the
two-particle density matrix. New routines were added to
TigerClI to generate the two-particle density matrix.

The LMOs used for the correlation calculations are as
follows: inactive LMOs correspond to split-localized MOs,*
active LMOs are oriented quasi-atomic orbitals,** unoccupied
valence orbitals are split-localized MOs, and external orbitals
are external quasi-atomic orbitals."””~* The split-localized
orbitals are generated by performing an intrinsic localization
procedure on the inactive nonlocal MO and unoccupied
valence MO spaces separately. The active LMOs correspond to
the orbitals that are required to build an MCSCF reference
wave function that adequately captures the chemistry examined.
For the dissociation of a bond, the active LMOs are the orbitals
that describe the bonding between two atoms (e.g, 0,6%,7,7%).

The TigerCI code uses LMO domains to determine which
electronic excitations contribute to the correlation energy.'®
Excitations are allowed from the internal LMOs into domains
of the external LMOs. Each internal LMO pair ij has a subspace
domain [ij] assigned to it. To construct the orbital domains [ij],
the spatial separation between LMOs must be quantified. To
this end, spheres and cylinders (with hemispherical ends) are
established to define the spatial extent of the LMOs. Spheres
describe the inactive and external LMOs, while cylinders
correspond to active LMOs.'>~"” The positions of the LMO
centroids (or hemispherical ends) depend on the number of
atoms that strongly contribute to the LMO."® If only one atom
contributes to an inactive or external LMO, then the centroid
of the sphere is taken to be that atomic center. If more than one
atom strongly contributes to an inactive or external LMO, then
the centroid of the sphere is placed at a position determined by
weighting the centers of the (strongly contributing) atoms by
the degree to which they contribute to the LMO. If only one
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atom strongly contributes to the LMO (inactive or external),
then the radius of the atom-centered sphere is user-defined with
a default value. If more than one atom contributes to an LMO,
the radius of the LMO sphere is set as the distance between the
two strongly contributing atoms that are the furthest apart and
then scaled by a user-defined radius multiplier (scale factor).

For the two local approximations used in combination here,
weak-pairs (WP)> and truncation of virtuals (TOV)," different
sets of radii and radius multipliers are used to describe the
LMOs. For the TOV approximation, if either of the LMOs
from the strong pair ij overlaps with an external LMO (e.g,
sphere—sphere, sphere—cylinder, cylinder—cylinder), then that
particular external orbital is incorporated into [ij]. The WP and
TOV parameters used here are listed below and are also the
default parameters that are present in TigerCI.

For the WP approximation:

1) The WP inactive LMO sphere radius is set to 2.65 bohr,
and the radius multiplier is set to 1.70.
2) The WP active LMO cylinder radius is set to 2.0 bohr.

For the TOV approximation:

1) The TOV inactive LMO sphere radius is set to 2.65 bohr,
and the radius multiplier is set to 1.95.

2) The TOV active LMO cylinder radius is set to 2.0 bohr.

3) The TOV external LMO sphere radius is set to 2.65

bohr, and the radius multiplier is set to 2.0.

After the spheres and cylinders have been established, it is
possible to truncate the MRCISD space as follows. In the WP
approximation, for an occupied LMO pair ij to contribute to
the correlation energy requires that the two LMOs (ie,
sphere—sphere, sphere—cylinder, or cylinder—cylinder) overlap.
Similarly, in the TOV approximation, the unoccupied LMO
(sphere) must overlap with either occupied LMO i or j
(sphere—sphere, sphere—cylinder). The external LMO spheres
that overlap with the internal LMO i or j spheres (or cylinders)
are assigned to the [ij] domain.

The [2]g;, BSIE correction is computed with MPQC and
added to the conventional (local and nonlocal) MRCISD and
MRACPF energies to obtain explicitly correlated results; no
WP or TOV approximations were used in its evaluation. All
two-electron integrals involved in the [2]g;, correction were
approximated using the density fitting approximation.>’
Evaluation of the [2]g;, correction requires a two-particle
density matrix, MO coefficients, and atomic coordinates. These
metadata are generated from GAMESS (coordinates, MO
coefficients) and TigerCI (two-particle density matrix). The
two-particle density [’} from the local MRACPF and the
nonlocal MRACPF wave function®' is computed from the
following

ik ik
o — (VIESTY) — (Wefl B 1W,er)
i =
n
where |¥) is the (L)MRACPF wave function, and ¥ ;) is the

reference wave function; EP! is the spin-free substitution
operator defined as

ik
+ <lPref|Ei]l lq]ref)

Pq — Fq
Bff= D, afh
o, r={a,p}
e = S T
a4, = a,a,aa,
where a;' and a, are the standard creation and annihilation

operators, and 7 is a scalar defined as
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n= Z Cizg

where ¢; is the i (L)MRACPF expansion coefficient, and g
modulates the denominator (to correct size-extensivity
errors)”' in the ACPF energy functional
<lPref + qlclH - E0|lPref + ch>
Excpr =
1+ g(RI%)

where [¥,) is the orthogonal (with respect to [¥,¢)) correlation
function, and g = 2/N,. where N is the number of electrons.

BDEs are computed for ethene, perfluoroethene, and
propene. Potential energy surfaces (PESs) for contracting and
expanding the C=C bond about the MCSCF minimum are
computed for 2-butene. All equilibrium and dissociated
structures (supermolecules) are optimized at the MCSCF
level of theory with the aug-cc-pVDZ basis set.”

LMRCISD/MRCISD with the Davidson + Q _correction and
LMRACPF/MRACPF energies are computed with the aug-cc-
pVXZ>® and jun-cc-pVXZ® basis sets (where X = D, T, Q).
Compared to the aug-cc-pVXZ basis set series, the jun-cc-
pVXZ basis set series removes diffuse functions from light
atoms, while for heavy atoms only the highest angular-
momentum diffuse function is removed. All systems are
configured with the same orbitals active in both the MCSCF
reference calculation and the conventional correlation calcu-
lation. As was done in previous work,** all explicitly correlated
computations correlate only the strongly occupied (inactive +
active) orbitals with R12 geminals.

The CBS limit of the correlation energy is estimated via the
inverse power expansion”’ of the correlation energy based on a
two-point extrapolation with correlation energies computed
from the aug-cc-pVTZ and aug-cc-pVQZ basis. The aug-cc-
pVQZ MCSCF energy is used to approximate the CBS
reference energy.

To better compare to the literature BDE values for ethene,
perfluoroethene, and propene, the 298 K binding enthalpies are
computed and reported. This is accomplished by adding zero
point energy and enthalpic (298 K) corrections to the D,
energies. Zero point energies and enthalpies are determined
from harmonic frequencies that are computed from the
MCSCEF aug-cc-pVDZ Hessian. There are various sources of
error that impact the computed BDEs, such as errors from the
level of theory that is used to compute the correlation energy.
The 298 K binding enthalpies include additional errors from
the level of theory used to compute both the thermal
corrections and the zero-point energies. The explicitly
correlated correction (e.g, [2]gj,) is used to reduce the
BSIE, however, the other errors persist in the reported BDEs.

3. RESULTS

3A. Ethene. Table 1 displays ethene [H,C=CH,('A,) —
2CH,(°B,)] BDEs calculated using both conventional
electronic structure theory methods and explicitly correlated
methods, as well as the errors in the BDEs compared to the
associated CBS limits. Total energies for the equilibrium and
dissociated structures (C=C bond stretched to 20 A) can be
found in Table S1 in the Supporting Information. In the
correlation calculation, the 1s orbitals from the carbon atoms
are frozen, the four C—H o orbitals are inactive, and the C=C
orbitals (o, 7, *, 6*) are active orbitals. The computed BDEs
at 298 K are analyzed and compared to the latest experimental/
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Table 1. Conventional and Explicitly Correlated C=C BDEs
from Equilibrium and Dissociated Structures for Ethene”

conventional +

conventional 298 K [2]z;, 298 K BDE

method basis set” BDE (kcal/mol) (kcal/mol)

MRACPF aDZ 163.7 (9.9) 170.0 (3.6)
aTZ 169.8 (3.8) 172.3 (1.3)
aQZ 172.1 (1.5)
CBS® 173.6

LMRACPF aDZ 164.0 (9.9) 170.2 37)
aTZ 170.2 (3.7) 172.7 (1.2)
aQz 172.5 (14)
CBS® 1739

MRCI+Q aDZ 163.9 (9.9) 170.2 (3.6)
aTZ 170.1 (3.7) 172.7 (1.1)
aQZ 172.7 (1.1)
CBS® 173.8

LMRCI+Q aDZ 164.2 (9.9) 170.5 (3.6)
aTZ 1704 (3.7) 173.0 (1.1)
aQzZ 172.7 (14)
CBS¢ 174.1

MRCI aDZ 163.1 (9.0) 169.4 (2.7)
aTZ 168.7 (34) 171.3 (0.8)
aQz 170.8 (1.3)
CBS® 172.1

LMRCI aDZ 163.3 (9.0) 169.6 (2.7)
aTZ 168.9 (34) 1715 (0.8)
aQzZ 171.0 (1.3)
CBS® 1723

“The 298 K binding enthalpies are presented. The literature BDE is
1746 + 0.1 kcal/mol*® The energies in parentheses are absolute
errors in the BDEs relative to the associated (conventional and local)
CBS values. ?“aXZ” refers to the aug-cc-pVXZ basis set. “E(CBS) =
Ecasscr(aQZ) + B (extrapolated).

literature values (174.1 + 1.4 kcal/mol’® and 174.60 + 0.10
keal/mol’*®).

Compared to the literature BDE, the LMRACPF+[2]g;,
BDEs have errors of 4.4 and 1.9 kcal/mol for the aug-cc-pVDZ
and aug-cc-pVTZ basis sets, respectively. The LMRCI+Q
+[2]r1» BDE errors (4.1 and 1.6 kcal/mol) are slightly smaller,
while the LMRCI+[2]p;, BDE errors are larger (5.0 and 3.1
kcal/mol) than the LMRACPF+[2]g;, BDE errors. Overall, the
local explicitly correlated BDEs exhibit errors that are nearly the
same as their corresponding nonlocal explicitly correlated
BDEs.

Figure 1 displays absolute errors in the BDEs (relative to the
associated CBS-extrapolated values) for the conventional and
explicitly correlated methods. The explicitly correlated BDEs
have similar or smaller basis set errors than the conventional
BDE:s that are computed with basis sets of one cardinal number
higher. The deviations between the (L)MRACPF/(L)MRCI
+Q_ aug-cc-pV(X+1)Z conventional BDEs and the aug-cc-
pVXZ explicitly correlated BDEs are 0.0—0.3 kcal/mol. The
(L)MRCI explicitly correlated aug-cc-pVXZ BDEs have basis
set errors smaller than the conventional aug-cc-pV(X+1)Z
BDEs by 0.5—0.7 kcal/mol.

Previous work on local explicitly correlated MP2 and CCSD
by Werner et al.””*’ noted that the inclusion of the explicit
correlation greatly reduces the domain errors. Such cancellation
of domain errors seems to be specific to the use of PAOs for
virtual orbitals.’”* In the present work, standard and R12
methods have similar local truncation errors despite the use of
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Figure 1. Absolute errors in the C=C BDE (kcal/mol) for ethene relative to the CBS extrapolated values. BDEs are computed with the local and
nonlocal MRACPF, MRCI+Q, and MRCI methods with the aug-cc-pVDZ, the aug-cc-pVTZ, and the aug-cc-pVQZ basis sets. [2]y, results are

presented for the aug-cc-pVDZ and the aug-cc-pVTZ basis sets.

PAOs. This is likely due to the use of a conventional (nonlocal)
formulation of the R12 correction. Nevertheless, the local
approximation errors for BDEs (0.0—0.4 kcal/mol) are
significantly smaller than the residual basis set errors even
after the R12 correction.

3B. Perfluoroethene. Table 2 displays BDEs and errors in
the BDEs compared to the associated CBS limits for
perfluoroethene [F,C=CF,('A,) — 2CF,('A,)]. Total en-
ergies for the equilibrium and dissociated structures (C=C
bond stretched to 20 A) can be found in Table S2 in the
Supporting Information. In the correlation calculation, the 1s
orbitals from the carbon and fluorine atoms are frozen, there
are 16 inactive orbitals, and the C=C orbitals (o, 7, 7*, 6*) are
active orbitals. There are multiple BDE values reported in the
literature that are in the range 53.4—76.3 kcal/mol (534 +
0.7, 69.0 + 2.74,° 763 + 3.0,”” and 68.90 + 0.35 kcal/
mol°®). The CBS-extrapolated MRCI, MRCI+Q, and
MRACPF 298 K BDEs are 72.4, 72.9, and 68.0 kcal/mol,
respectively, corresponding to the upper end of the
experimental/literature range. The MRACPF value (assumed
to be the best value in this work) agrees best with the literature
BDEs of 69.0°° and 68.90 kcal/mol.*

Figure 2 displays absolute BDE errors (relative to the
associated conventional CBS extrapolated values) that are
computed with the explicitly correlated and conventional
methods. The (L)MRACPF and the (L)MRCI+Q_explicitly
correlated BDEs are more accurate than the conventional BDEs
computed with basis sets that are two cardinal numbers higher.
The (L)MRCI explicitly correlated BDEs exhibit smaller errors
than conventional BDEs that are computed with basis sets one
cardinal number higher.

3C. Propene. Table 3 displays BDEs and errors in the
BDEs compared to the associated conventional CBS limit for
propene. In the correlation calculation, the 1s orbitals from the
carbon atoms are frozen, there are 7 inactive orbitals, and the
C=C orbitals (6, n, 7%, 6*) are active. The BDEs presented
here correspond to the reaction [CH,CH=CH,(*A’) —
CH;CH:(’A”) + :CH,(*°A”)]. Total energies for the equili-
brium and dissociated structures (C=C bond stretched to 12
A) can be found in Table S3 in the Supporting Information. A
C=C bond length of 12 A is used to model the dissociated
structure since the MCSCF did not converge beyond that
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Table 2. Conventional and Explicitly Correlated C—=C BDEs
from Equilibrium and Dissociated Structures for
Perfluoroethene”

conventional +

conventional 298 K [2]g;, 298 K BDE

method basis set” BDE (kcal/mol) (kcal/mol)

MRACPF aDZ 64.3 3.7) 67.7 (0.3)
aTZ 65.7 (23) 67.3 (0.7)
aQZ 67.0 (1.0)
CBS® 68.0

LMRACPF aDZ 64.2 (3.5) 67.5 (0.2)
aTZ 65.7 (2.0) 67.3 (0.4)
aQzZ 66.8 (0.9)
CBS® 67.7

MRCI+Q aDZ 69.6 (3.3) 72.2 (0.7)
aTZ 70.8 (2.1) 723 (0.6)
aQz 72.0 (0.9)
CBS® 72.9

LMRCI+Q aDZ 69.1 (3.1) 71.7 (0.5)
aTZ 70.4 (1.8) 71.7 (0.5)
aQZ 71.4 (0.8)
CBS® 72.2

MRCI aDZ 70.8 (1.6) 73.4 (1.0)
aTZ 70.9 (1.5) 72.2 (0.2)
aQz 71.7 (0.7)
CBS® 724

LMRCI aDZ 70.4 (1.5) 73.0 (1.1)
aTzZ 70.5 (1.4) 71.8 (0.1)
aQz 712 (0.7)
CBS® 71.9

“The 298 K binding enthalpies are presented. The experimental/
literature BDEs range is 53.4—76.3 kcal/mol. The energies in
parentheses are absolute errors in the BDEs relative to the associated
(conventional and local) CBS values. ?“aXZ” refers to the aug-cc-
pVXZ basis set. “E(CBS) = Ecpgscr(2QZ) + Eop(extrapolated).

distance. The BDE value reported in the literature is 173.46 +
0.29 kcal/mol.*°

Figure 3 displays absolute BDE errors (relative to the
associated conventional CBS extrapolated values) that are
computed with conventional and explicitly correlated methods.
The (L)MRACPF and the (L)MRCI+Q_explicitly correlated
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Perfluoroethene BDE Absolute Errors

MRACPF

LMRACPF

MRCI+Q

LMRCI+Q

MRCI

LMRCI

W Dz
M aDZ+2JR12
alZ
W aTZ+2]R12
W aQz
N oD e »

Absolute Error (kcal/mol)

Figure 2. Absolute errors in the C=C BDE (kcal/mol) for perfluoroethene relative to the CBS extrapolated values. BDEs are computed with the
local and nonlocal MRACPF, MRCI+Q, and MRCI methods with the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets. [2],, results are

presented only for the aug-cc-pVDZ and aug-cc-pVTZ basis sets.

Table 3. Conventional and Explicitly Correlated C—=C BDEs
from Equilibrium and Dissociated Structures for Propene”

conventional +

conventional BDE [2]x1, BDE
method basis set” (kcal/mol) (kcal/mol)

MRACPF aDZ 163.0 (9.2) 168.8 (34)
aTZ 168.9 (33) 1712 (1.0)
aQZ 170.9 (1.3)
CBS* 1722

LMRACPF aDZ 163.5 (8.7) 169.2 (3.0)
aTZ 169.4 (2.8) 171.7 (0.5)
aQZ LDAO?

MRCI+Q aDZ 163.6 (9.3) 169.4 (3.5)
aTZ 169.5 (34) 172.0 (0.9)
aQZ 171.6 (1.3)
CBS* 172.9

LMRCI+Q aDZ 1639 (9.0) 169.6 (3.3)
aTZ 169.8 (3.1) 172.2 (0.7)
aQZ LDAO?

MRCI aDZ 162.5 (82) 1682 (2.5)
aTZ 167.7 (3.0) 1702 (0.5)
aQzZ 169.6 (L.1)
CBS* 170.7

LMRCI aDZ 162.6 (8.1) 168.4 (2.3)
aTZ 167.8 (2.9) 1703 (0.4)
aQZ LDAO?

“The energies are computed with the (conventional) aug-cc-pVXZ
basis sets. The 298 K binding enthalpies are presented. The literature
BDE is 173.5 + 0.3 kcal/mol.>® The energies in parentheses are
absolute errors in the BDEs relative to the conventional CBS 298 K
binding enthalpy value. b4aXZ” refers to the aug-cc-pVXZ basis set.
‘E(CBS) = Ecasscr(aQZ) + E,.(extrapolated). 9LDAO refers to
linear dependency in the AO basis set.

BDEs that are computed with the aug-cc-pVDZ basis set are
slightly less accurate than the conventional BDEs computed
with the aug-cc-pVTZ basis set. Conversely, the MRACPF and
the MRCI+Q_explicitly correlated BDEs computed with the
aug-cc-pVTZ basis set are more accurate than conventional
BDEs computed with the aug-cc-pVQZ basis set. In addition,
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the MRACPF and the MRCI+Q_explicitly correlated BDEs are
less accurate than their local counterpart by on average 0.4 and
0.2 kcal/mol, respectively. This discrepancy may be attributed
to comparing the local BDEs to nonlocal CBS BDEs (since the
local CBS BDEs are unavailable). Lastly, the MRCI and the
LMRCI explicitly correlated BDEs that are computed with the
aug-cc-pVDZ basis set are more accurate than the conventional
BDEs that are computed with the aug-cc-pVTZ basis set.

Because of linear dependencies in the aug-cc-pVQZ basis set
space, generation of a complete set (within the aug-cc-pVQZ
space) of orthonormal localized orbitals is impeded, so the local
aug-cc-pVQZ BDEs are unavailable. As previously shown, the
energetic inconsistencies between correlation calculations
computed with the conventional Dunning basis sets (aug-cc-
pVXZ) and June calendar basis sets (jun-cc-pVXZ) tend to
diminish as the cardinal number (X) of the basis set increases.
So, the June calendar basis sets are employed next in order to
study their suitability as a substitute for the conventional
Dunning basis sets when linear dependencies in the orbital
basis sets are problematic.

Table 4 displays propene BDEs that are calculated with the
June calendar basis sets. Total energies for the equilibrium and
dissociated structures can be found in Table S4 in the
Supporting Information. With respect to the LMRCI, LMRCI
+Q, and LMRACPF BDEs, the differences between BDEs
computed with the Dunning basis sets (Table 3) and with the
June basis sets (Table 4) for X = D (T) are 1.0 (0.4), 1.0 (0.4),
and 0.9 (0.9) kcal/mol, respectively, with the June basis sets
having the larger error compared to their respective CBS BDEs.
Further, the absolute differences between LMRACPF+[2]g,,
LMRCI+Q+[2]g1;, and LMRCI+[2]g;, BDEs that are
computed with Dunning basis sets and June basis sets for X
= D (T) are 0.1 (0.1), 0.0 (0.1), and 0.1 (0.1) kcal/mol,
respectively.

As can be gleaned from Figure 4, the explicitly correlated
BDEs with the June basis sets are more accurate than the
conventional BDEs computed with basis sets that are one
cardinal number higher. This is in contrast to aug-cc-pVXZ
results in which the (L)MRACPF and the (L)MRCI+Q
explicitly correlated aug-cc-pVDZ BDEs are slightly less
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MRACPF

LMRACPF

MRCI+Q

LMRCI+Q

MRCI

LMRCI

aDZ
aDZ+[2]R12
alzZ
aTZ+2]R12
aQZ

Absolute Error (kcal/mol)

Figure 3. Absolute errors in the C=C BDE (kcal/mol) for propene relative to the CBS extrapolated values. BDEs are computed with the local and
nonlocal MRACPF, MRCI+Q, and MRCI methods with the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets. [2],, results are presented
only for the aug-cc-pVDZ and aug-cc-pVTZ basis sets. Local aug-cc-pVQZ BDEs are unavailable due to linear dependencies in the atomic orbital
basis set, which impedes the construction of a set of orthonormal localized orbitals.

Table 4. Conventional and Explicitly Correlated C=C BDEs
from Equilibrium and Dissociated Structures for Propene®

conventional +

conventional BDE [2]z:, BDE
method basis set” (kcal/mol) (kcal/mol)

MRACPF junDZ 162.3 (9.9) 169.0 (32)
junTZ 168.5 (3.7) 171.1 (1.1)
junQZ 170.7 (1.5)
CBS*® 1722

LMRACPF junDZ 162.6 (9.6) 169.3 (2.9)
junTZ 168.5 (3.7) 171.6 (0.6)
junQZ 171.3 (0.9)

MRCI+Q junDZ 162.7 (10.2) 169.4 (3.3)
junTZ 169.1 (3.8) 1722 (0.7)
junQZ 171.4 (1.5)
CBS*® 172.9

LMRCI+Q junDZ 162.9 (10.0) 169.6 (3.3)
junTZ 169.4 (3.5) 172.1 (0.8)
junQZ 171.6 (1.3)

MRCI junDZ 161.5 (9:2) 168.2 (2.5)
junTZ 167.3 (34) 170.1 (0.6)
junQZ 169.4 (13)
CBS*® 170.7

LMRCI junDZ 161.6 (9.1) 168.3 (2.4)
junTZ 167.4 (33) 170.2 (0.5)
junQZ 169.5 (12)

“The energies are computed with the jun-cc-pVXZ basis sets. The 298
K binding enthalpies are presented. The literature BDE is 173.5 + 0.3
keal/mol.>® The energies in parentheses are absolute errors in the
BDEs relative to the conventional CBS 298 K binding enthalpy value
computed with the aug-cc-pVXZ basis sets (see Table 3). b5unXx2”
refers to the jun-cc-pVXZ basis set. “CBS value taken from Table 3.

accurate than the conventional aug-cc-pVTZ BDEs; however,
these latter deviations are no larger than 0.2 kcal/mol.

3D. 2-Butene. Figure S displays the PESs that correspond
to contracting and expanding the C=C double bond for 2-
butene, with other intermolecular degrees of freedom frozen. In
the correlation calculation, the 1s orbitals from the carbon
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atoms are frozen, there are 10 inactive orbitals, and the C=C
(0, m, ©*, o*) orbitals are active. Conventional and explicitly
correlated curves are computed with the aug-cc-pVDZ basis set
for local and nonlocal MRCI/MRCI+Q/MRACPF. For the
nonlocal MRCI, MRCI+Q, and MRACPF methods, the aug-cc-
pVTZ curves were also generated. Due to complications from
linear dependencies when the orthogonal LMOs are generated
with the aug-cc-pVTZ basis set, the local methods (LMRCI,
LMRCI+Q, and LMRACPF) employed the jun-cc-pVTZ basis
set to compute the potential energy curves.

It is evident from Figure 5 that for bond lengths greater than
or equal to the equilibrium C=C bond distance, the aug-cc-
pVDZ+[2]g,, curve overlaps closely with the aug/jun-cc-pVIZ
curve for all levels of theory. For MRCI and LMRCI, the
overlap between the aug-cc-pVDZ+(2]y,, and triple-{ basis set
curves is slightly less than that for LMRACPF and MRACPF
for bond lengths larger than equilibrium. However, the energy
differences are small.

The nonparallelity errors (NPEs) for the aug-cc-pVDZ
energy curves and the aug-cc-pVDZ+[2]g;, energy curves
relative to the nonlocal aug-cc-pVTZ energy curves and the
local jun-cc-pVTZ energy curves are shown in Table 5. The
NPE is defined as the difference between the maximum and
minimum errors in the energy along a PES, here with respect to
the triple-{ values. Two different NPEs are reported, one that is
computed from points on the PES in which the C=C bond is
varied from 1.0 to 1.36 A (equilibrium), the short-range, and
another set in which the C=C bond is varied from 1.36 to 11.4
A, the long-range.

The LMRCI, LMRCI+Q, and LMRACPF aug-cc-pVDZ
NPE:s for the long-range portion of the surface are significant at
4.7, 6.4, and 5.5 kcal/mol, respectively. Once explicit
correlation is incorporated, the NPEs for LMRCI, LMRCI
+Q, and LMRACPF aug-cc-pVDZ+[2]g,, decrease to 1.1, 1.4,
and 0.7 kcal/mol, respectively. A similar trend is seen for
MRCI, MRCI+Q, and MRACPF.

Overall, the short-range NPEs are much larger than the long-
range NPEs. The short-range NPE for the LMRCI, LMRCI+Q,
and LMRACPF aug-cc-pVDZ curves are 182, 17.8, and 19.4
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Figure 4. Absolute errors in the C=C BDE (kcal/mol) for propene relative to the CBS extrapolated values. BDEs are computed with the local and
nonlocal MRACPF, MRCI+Q, and MRCI methods with the jun-cc-pVDZ, the jun-cc-pVTZ, and the jun-cc-pVQZ basis sets. [2]g;, results are

presented for the jun-cc-pVDZ and the jun-cc-pVTZ basis sets.

kcal/mol, respectively. At distances shorter than equilibrium,
the atomic orbitals get distorted significantly from their
“normal” shapes, and this could make both CASSCF and
correlation energies harder to describe using basis sets
optimized for isolated atoms and small active spaces.
Comparatively, the LMRCI+[2]g;;, LMRCI+Q+[2]g;, and
LMRACPF+[2]y,, aug-cc-pVDZ NPEs decrease substantially
to 11.8, 12.1, and 13.0 kcal/mol, respectively. Conventional
versus explicitly correlated LMRCI, LMRCI+Q, and
LMRACPF NPEs are consistent with their nonlocal counter-
parts, differing by approximately 1.0 kcal/mol.

4. CONCLUSIONS

The explicitly correlated LMRCI+[2]g;, and LMRACPF
+[2]r1> methods have been assessed using the BDEs of four
molecules as a metric. It was shown that explicitly correlating
only the strongly occupied LMOs (inactive + active) provides
reliable results, which is consistent with previous studies.>* Such
an approach provides a practical means to treat larger molecular
systems (e.g., 2-butene).

For ethene, perfluoroethene, and propene, the LMRCI
+[2]r1py LMRCI+Q+[2]p;, and LMRACPF+[2]y;, BDEs
computed with aug-cc-pVXZ (X = D, T) basis sets were
shown to converge more rapidly to the extrapolated CBS
results than the conventional approaches (LMRCI, LMRCI+Q,
and LMRACPF). The LMRACPF aug-cc-pVTZ+[2]g;, 298 K
BDE for ethene is 172.7 kcal/mol, off by 1.9 kcal/mol
compared to the literature value of 174.6 + 0.1 kcal/mol.*® For
perfluoroethene, the LMRACPF aug-cc-pVTZ+[2]z;, 298 K
BDE is 67.3 kcal/mol, within 1.6 kcal/mol of the 68.90 + 0.35
kcal/mol literature value.*® For propene, the LMRACPF aug-
cc-pVTZ+[2]g1, (jun-cc-pVTZ+[2]g;,) 298 K BDE is 171.7
(171.6) kcal/mol, lower by 1.8 (1.9) kcal/mol from the 173.5
+ 0.35 kcal/mol literature value.>®

For propene, the aug-cc-pVXZ and jun-cc-pVXZ explicitly
correlated results show good agreement (errors 0.0—0.2 kcal/
mol). LMRCI, LRMCI+Q, and LMRACPF aug-cc-pVQZ
BDEs are not presented since the orthogonal localization
procedure employed here is unable to form a complete set of
LMOs (within the aug-cc-pVQZ space) for the equilibrium
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structure. This is due to linear dependencies in the AO basis
set. Typically, this situation is remedied by removing the basis
function that led to the numerical issue. However, this is not an
attractive option since the dissociated propene structure does
not exhibit the linear dependency seen in the equilibrium
structure. Thus, the AO basis sets would be inconsistent
between the equilibrium and dissociated structures. One
solution is to also apply the orthogonal transformation that
removes the linear dependency in the equilibrium structure to
the dissociated structure. Another option is to employ the jun-
cc-pVXZ basis sets. The latter option reduces the chances of
encountering linear dependencies by reducing the diffuse
functions in the basis set that typically result in these
dependencies, while at the same time retaining the accuracy
of the conventional aug-cc-pVQZ basis set. The LMRCI,
LMRCI+Q, and LMRACPF jun-cc-pVQZ BDEs produce small
energy differences compared to the MRCI, MRCI+Q, and
MRACPF/aug-cc-pVQZ BDEs (errors 0.0—0.4 kcal/mol). In
all fairness, it should be noted that linear dependencies could
still result when using the June calendar basis set, and thus the
linear dependent basis functions would need to be consistently
removed across the potential energy surface.

The LMRCI+[2]p; LMRCI+Q+[2]p, and LMRACPE
+[2]g1, aug-cc-pVDZ PESs for 2-butene (Table S) indicate
faster convergence of the correlation energy than the
conventional LMRCI, LMRCI+Q, and LMRACPF approaches.
Compared to the local jun-cc-pVIZ PESs for 2-butene, the
aug-cc-pVDZ LMRCI+[2]g,,, the LMRCI+Q+[2]gy,, and the
LMRACPF+[2],, (LMRCI, LMRCI+Q, and LMRACPF)
NPEs for the long-range are 1.1, 1.4, and 0.7 kcal/mol (4.7,
6.4, and S.5 kcal/mol), respectively. These NPEs indicate that
the explicitly correlated aug-cc-pVDZ PESs mimic the triple-{
basis set PESs more accurately than the conventional aug-cc-
pVDZ PESs.

Overall, the convergence behaviors of explicitly correlated
LMRCI+[2]p;5, LMRCI+Q+[2]p;5, and LMRACPE+[2]g;,
methods are similar. As understood from the tests presented
here, it is typical for the explicitly correlated aug-cc-pVXZ
+[2]g1, energies (where X = D, T) to be as accurate as the
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Figure S. Potential energy curves (kcal/mol) in the vicinity of the MCSCF aug-cc-pVDZ C=C equilibrium bond distance for 2-butene. The aug-cc-
pVDZ and aug-cc-pVDZ+[2]g,, PESs are shown for MRACPF, MRCI+Q, MRCI, LMRACPF, LMRCI+Q, and LMRCL. The aug-cc-pVTZ PESs are
shown for MRACPF, MRCI+Q, and MRCI. The jun-cc-pVTZ PESs are shown for LMRACPF, LMRCI+Q, and LMRCI.

Table 5. Nonparallelity Errors (NPEs; kcal/mol) of aug-cc-
pVDZ C=C Bond Breaking PESs for 2-Butene”

NPE [1.0 A—1.36 A] NPE [1.36 A—11.4 A]

(kcal/mol) (kcal/mol)

method aDZ aDZ + [2]r12 aDZ aDZ + 2]z
MRACPF® 183 11.9 5.6 0.7
LMRACPF® 194 13.0 5.5 0.7
MRCI+Q” 169 112 6.4 1.4
LMRCI+Q° 17.8 12.1 64 1.4

MRCI? 17.5 112 5.0 0.9

LMRCI® 182 11.8 47 1.1

“The NPE is computed in two different regions of the PES: [1.0 A—
1.36 A] and [1.36 A—114 A]. YNPE relative to the aug-cc-pVIZ
results. “NPE relative to the jun-cc-pVTZ results.

conventional energies that are computed with the aug-cc-pV(X
+1)Z basis set (one cardinal number larger).
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