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MC-PDFT Can Calculate Singlet-Triplet Splittings of Organic Diradicals
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Department of Chemistry, Chemical Theory Center, and Minnesota Supercomputing Institute,
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Abstract. The singlet-triplet splittings of a set of diradical organic molecules are calculated
using multiconfiguration pair-density functional theory (MC-PDFT) and the results are compared
with those obtained by Kohn-Sham density functional theory (KS-DFT) and complete active
space second-order perturbation theory (CASPT2) calculations. We found that MC-PDFT, even
with small and systematically defined active spaces, is competitive in accuracy with CASPT2,
and it yields results with greater accuracy and precision than Kohn-Sham DFT with the same
parent functional. MC-PDFT also avoids the challenges associated with spin contamination in
KS-DFT. It is also shown that MC-PDFT is much less computationally expensive than CASPT2
when applied to larger active spaces, and this illustrates the promise of this method for larger

diradical organic systems.



Our objective here is to validate multiconfiguration pair-density functional theory (MC-
PDFT) for predicting the energy splitting between singlet and triplet states of organic diradical
molecules. Diradicals have two unpaired electrons, usually in degenerate or nearly degenerate
molecular orbitals. For the present study we define the singlet—triplet splitting (4Esr) as the
vertical transition energy between the lowest-energy triplet state and the lowest-energy singlet
state (positive if the triplet is lower in energy, negative if the singlet state is lower in energy).
Calculating AEsr can be challenging, since the lowest singlet state is inherently
multiconfigurational due to the near-degeneracy of the singly occupied molecular orbitals
(SOMOs)." Inherently multiconfigurational systems usually require careful balancing of dynamic
and static correlation energy, and in wave function theory this typically requires either expensive
post-self-consistent-field (SCF) dynamic correlation calculations to be added to a multi-
configuration self-consistent-field (MCSCF) reference function or even more expensive high
excitations (for example, quadruples) to be added to a single-configuration SCF reference
function.

If one wishes to use a theory with a single-configuration SCF wave function, such as
Kohn-Sham (KS) density functional theory (DFT), it is important to understand that open-shell
determinants are generally not spin eigenfunctions. As a result, the expectation value of the S*
operator (where S is total electron spin) is not equal to the correct value (i.e., S(S+1)) for a given
spin multiplicity;> this is commonly called “spin contamination.” In spin-unrestricted KS-DFT,
the expectation value of S* is calculated from the determinant,’ and nonzero amounts of spin
contamination are always present.” (A review of spin in open-shell KS-DFT calculations is
beyond the scope of this work; interested readers may consult the detailed discussion in Ref. 3.)
In order to obtain accurate singlet and triplet energies in KS-DFT, one uses broken-spin-
symmetry functions® in which the SCF determinants are mixtures of singlet and triplet states. For
diradicals, spin contamination is much greater than for simple radicals (e.g., the spin
contamination is much greater for very stretched Hy, which is a diradical, than for Li atom,
which is a simple radical). There have been numerous efforts to “decontaminate” broken-spin-

678910 and they have met with some success,’ but the methods are not
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symmetry results,
completely satisfactory.
Broken spin-symmetry is not required when the SCF function is a properly symmetrized
MCSCF wave function, such as a complete active space self-consistent field (CASSCF)'* or a
restricted active space self-consistent field (RASSCF)'” wave function. A CASSCF wave
function partitions the molecular orbitals into three categories: inactive, active, and secondary.
Active orbitals are permitted to take any occupation, while inactive and secondary orbitals are
kept doubly occupied and unoccupied, respectively. Static correlation, i.e., correlation arising

from inherently multiconfigurational character, is accounted for by doing full configuration



interaction (CI) within the active space. However, dynamic correlation (due to fully representing
the Coulomb hole at short electron-electron distances or correlating subsystem multipole
moments for separated subsystems) is not fully accounted for in CASSCF, and this necessitates a
post-SCF calculation such as second-order perturbation theory (CASPT2)'®". Similar remarks
apply to RASSCF and RASPT2,'® with the difference being that some less important excitations
are left out in the MCSCF step. While CASPT2 and RASPT2 methods provide good accuracy
for many problems, they rapidly become unaffordably expensive as active-space size increases.
Multiconfiguration pair-density functional theory (MC-PDFT)'® was created to combine the
benefits of multiconfigurational self-consistent field calculations, such as CASSCF or RASSCEF,
for representing the character and spin symmetry of inherently multiconfigurational states with
the speed and cost advantages of density functional theory (DFT) for calculating the dynamic
correlation energy. MC-PDFT employs an on-top density functional (which is a functional of the
total electron density and the on-top pair density, which is the probability that two electrons are
found at a given point); the kinetic energy and classical electrostatic energy are taken from the
MCSCEF results, while the electron exchange and additional correlation energy (where the latter
includes the difference between the accurate kinetic energy and the MCSCEF kinetic energy) are
provided by the on-top functional. Because the electron density and on-top densities are taken
from the MCSCF wave function, which is a spin eigenfunction, there is no spin contamination.

MC-PDFT has already been shown to be competitive in accuracy with the more
expensive CASPT2 method for a variety of cases, including electronic excitation energies of
organic molecules and transition-metal bond dissociation energies.””*!**** Additionally,
systematic choices for the active space in the preceding MCSCF calculation have been explored
with the correlated participating orbital (CPO) scheme.** CPO has been successfully used in
conjunction with MC-PDFT for both transition metal bond dissociation energies” and simple
divalent diradicals.*® In a recent paper’’ we described the application of the CPO scheme to anti-
aromatic diradical systems to design active spaces for CASSCF/CASPT2 and RASSCF/RASPT2
calculations. Due to the wide variances in other published 4Esy values, new reference
calculations were performed using doubly electron-attached (DEA) equation-of-motion (EOM)
coupled-cluster (CC) calculations. The CASPT2 and RASPT?2 results compared well with the
DEA-EOM-CC reference results for most of the active spaces considered. CASPT2 and
RASPT2 had mean unsigned errors (MUEs) of less than 1 kcal/mol, while the multireference
coupled-cluster results of Saito et al. had MUEs of over 3 kcal/mol. We now show that similarly
accurate results can be obtained using MC-PDFT, but at a much lower cost.

Computational details. The seven systems considered in this work are shown in Figure
1, namely square cyclobutadiene (1), cyclopentadienyl cation (2), aminocyclobutadiene (3),

formylcyclobutadiene (4), 1-amino-2-formylcyclobutadiene (5), 1,2



basis(methylene)cyclobutadiene (6), and 1,3-basis(methylene)cyclobutadiene (7). These systems
were chosen in our previous paper’’ for the sake of comparison to the multireference coupled-
cluster work of Saito et al.* To be consistent with the benchmark results to which we compare,
geometries were taken from Saito et al.* (Their geometries correspond to the triplet for systems 1
to 5, but for the other two systems it is not stated in their work whether the geometries are for the
singlet or the triplet.) The singlet-triplet energy gap, AEst, was calculated as the difference
between the lowest singlet state and the lowest triplet state:

AEst = Eginglet - Etriplet (1)
where a positive/negative sign indicates the triplet/singlet is lower.

oYY
e 0

Figure 1: Diradical systems under investigation. 1: C4Hy, 2: CsHs", 3: C4H3NH,, 4: C4H3CHO, 5:
C4H,NH,CHO, 6:C4H,-1,2-(CH,),, 7:C4Hz-1,3-(CHy),.”’

MC-PDFT calculations were performed using the maug-cc-pVTZ*® and ANO-RCC-
VTZP* basis sets with Cholesky decomposition®® using Molcas 8.2.>" For MC-PDFT, several
on-top functionals were used: translated' and fully translated® versions of LSDA,* BLYP,***
PBE,*® and revPBE,’® labeled as tLSDA, tBLYP, tPBE, and trevPBE for the translated and
ftLSDA, ftBLYP, ftPBE, and ftBLYP for the fully translated functionals.

We used the CPO active spaces developed in our previous work.”” The full descriptions
of these spaces can be found there, but we briefly summarize them here. In a CPO scheme, one

first selects a set of primary orbitals, and then one adds a correlating orbital to each primary



orbital that is not already correlated. The four levels of the CPO scheme employed here and their
corresponding choices of primary orbitals are as follows:

* nominal CPO (nCPO): The primary orbitals are the frontier orbitals, which in all
cases except 5 are the two singly occupied molecular orbitals (SOMOs). For
system 5, one of the frontier orbitals is doubly occupied and the other is
unoccupied, so the frontier orbitals are the highest occupied molecular orbital
(HOMO) and the lowest occupied molecular orbital (LUMO) instead of SOMOs.

* nCPO: The primary orbitals include all & orbitals of all atoms involved in the
frontier orbitals.

*  moderate CPO (mCPO): The primary orbitals include all p orbitals of all atoms
involved in the frontier orbitals.

* extended CPO (eCPO): The primary orbitals include all p and s orbitals of all
atoms involved in the frontier orbitals.

We used both CASSCF and RASSCF with the above active spaces. While in CASSCEF,
all active orbitals are in a single active space, in RASSCEF, there are three subspaces: RAS1
contains doubly occupied orbitals, with limited excitations into RAS2 and RAS3 permitted.
RAS3 contains unoccupied orbitals, with limited excitations from RAS1 and RAS2 permitted.
RAS?2 orbitals can have any occupancy, i.e., they are treated with full CI. We employed the same
space subdivisions as in our previous work:>’

* Valence-n RASSCF: All valence & orbitals are in RAS2. All remaining doubly
occupied active orbitals are in RAS1, and all remaining unoccupied active orbitals
are in RAS3.

* Limited-t RASSCEF: Similar to valence-m, except that only the highest two
occupied (singly or doubly) & orbitals are in RAS2. Any additional occupied
orbitals are in RAS1, and their correlating orbitals are in RAS3.

In both kinds of RASSCEF, up to 2 electrons are permitted to be excited from RAS1, and up to 2
electrons are permitted to be excited into RAS3.

As discussed in our previous work,”’ CI-only calculations (i.e., CI without SCF) were
used in three cases where CASSCF or RASSCF was not possible. For systems 6 and 7 with
limited-mr RASSCF-nCPO, the RASSCF calculations did not converge, so CI-only calculations
were performed using orbitals from the valence-t RASSCF-nCPO active space. The CASSCF-
mCPO calculation for system 2 was prohibitively expensive, so Cl-only calculations were
performed using orbitals from the valence-t RASSCF-mCPO active space.

Gaussian 09’7 with the maug-cc-pVTZ basis set was used for KS-DFT calculations using
the PBE and PBEO’® exchange-correlation functionals. All KS-DFT calculations were spin-

unrestricted. Two methods were used to calculate AEgr from KS-DFT energies: The first



method, called the variational method, uses Eq. 1 with the variationally lowest-energy solution,
and the second method, called the weighted-average broken-symmetry (WABS) method, uses

the Yamaguchi formula®*****' for the singlet energy, which results in

_ZStriplet(Etriplet - Esinglet)

AEgr =
ST <Sz>triplet - <52>singlet

()
where (S?) is the expectation value of the square of the total electron spin (calculated from the
electron density) and Siyipje; is calculated by

Striplet(striplet + 1) = <52>triplet

3)
Note that a similar equation was used in a previous paper, *° but here we insert a negative sign to
conform to the convention used here that AEst is negative when the singlet is lower in energy
than the triplet.

Results. In all cases, the MUEs of nCPO calculations are much larger than all the others.
As shown in our previous work,”” nCPO-based active spaces are insufficient. While most of the
multiconfigurational character is due to variable occupancy of the two frontier orbitals, the
second-highest occupied 7 orbital and second-lowest unoccupied = orbital also lead to significant
multiconfigurational character, which necessitates at least a tCPO active space. We also note
that functionals based on the simple LSDA approximation perform worse than the functionals
based on generalized gradient approximation (GGA) functionals, that is, based on BLYP, PBE,
and revPBE. Therefore nCPO results, tLSDA results, and ftLSDA results are relegated to the
supplementary material and are not discussed further here. Mean unsigned errors (averaged over
the seven molecules) for the other three active spaces with the other six functionals are in Table I
for the maug-cc-pVTZ basis set. Results with the ANO-RCC-VTZP basis set are similar and are
presented in the supplementary material.

Table I shows that the fully translated functionals perform noticeably better than their
translated counterparts. The functional yielding the smallest MUEs is ftPBE. None of the MUEs
for ftPBE exceed 2.2 kcal/mol, and they vary by only 0.6 kcal/mol, thus demonstrating both
accuracy and precision. The other fully translated functionals that we employed, ftrevPBE and
ftBLYP, are also quite good, but the MUEs of ftrevPBE span a larger range than those of {tPBE,
and MUESs of ftBLYP are slightly higher than those for ftPBE. For brevity, molecule-by-
molecule results will be discussed only for ftPBE, but molecule-by-molecule results for the other

functionals are presented in the supplementary material.



Table I: MC-PDFT mean unsigned errors (MUEs,a kcal/mol) for various translated functionals,
active spaces, and active space subdivisions with the maug-cc-pVTZ basis set.

Functional Active space  CASSCF  RASSCF RASSCF
Valence-n  Limited-nt

tPBE eCPO b 33 2.9
mCPO 2.8 1.7 1.6
nCPO 34 34 34
ftPBE eCPO b 1.9 1.7
mCPO 2.2 1.8 1.7
nCPO 2.0 2.0 2.0
trevPBE eCPO b 33 3.1
mCPO 2.8 1.9 1.8
nCPO 3.5 3.5 35
ftrevPBE eCPO b 1.5 1.4
mCPO 2.6 2.2 2.0
nCPO 1.8 1.8 1.8
tBLYP eCPO b 3.7 3.2
mCPO 3.1 1.9 1.8
nCPO 34 34 34
ftBLYP eCPO b 2.3 2.1
mCPO 2.6 2.2 2.0
nCPO 2.0 2.0 2.0

a . .
The MUEs exclude unavailable data, which are cases that we were unable to complete due to
computer time or memory requirements. MUEs are in reference to the DEA-EOM-CC reference

: : b :
values published prev10usly.27 Unavailable.



Table II: Singlet-triplet gaps (AEst, kcal/mol) by ftPBE, CASPT2/RASPT2, KS-DFT, and

. a
benchmark calculations

Val-n Val-r Lim-n Lim-n Benclzl%
System CAS CAS- RAS- RAS- RAS- RAS- PBE PBE0 mark
#PBE PT2> #PBE PT2°. fPBE PT2>

1 e b b 36 38 36 38 42
C,H, m 555 43° 44 40 44 40 | var 18 -48

1 25 44 25 44 25 44 |WABS 36  -103
2 e b b 113 145 113 145 13.9
CsHs" m 106 135 106 137 106 137 | var 50 45

n 148 149 148 150 148 150 |WABS 102 93
3 e b b 21 22 21 22 27
C,H;NH, m 33 27 37 28 37 28 |var 08 34

n 07 25 07 25 -07 25 |WABS -1.6 -7.1
4 e b b 25 35 25 35 3.6
C,H;CHO m 38 40  -62 40  -62  -40 |var 14 41

n 21 39 21 36 21 36 |WABS -29 88
5 e b b 2100 72 -100 72 5.7
C,H,NH,CHO m 114 -63 98 63 98 63 |var 87  -49

n 105 -67  -105 -74  -105 -74 |WABS 91 -5.1
6 e b b b b 789 759 777
C,Hy-1,2-
(CH,), m b b 770 751 <771 <770 | var. 743 135

n 776 755 -77.6 753 -77.6° -754° | WABS -74.1 -73.1
7 e b b b b 173 187 185
C,Hy-13-
(CH,), m b b 175 188 184 184 | var 74 122

C C

n 154 186 154 184 154 19.0° |WABS 139 222
MUE? e b b 19 06 17 07

m 22 03 18 06 17 03 var. 47 32

n 20 0.7 20 08 20 09 |WABS 25 42

aVal-n denotes Valence-m; Lim-n denoted Limited-w; e, m, and n denote eCPO, mCPO, and

b : L d : .
aCPO. " Not available. “CI optimization only. Mean unsigned errors excluding absent data.



Table III: Expectation values of the square of the total electron spin <Sz> from ftPBE” and

pBE.”
<Sz>

fPBE" PBE

System 25+1 Pure (MC-PDFT) (KS-DFT)
1: C4H, 1 0.00 0.00 1.03
3 2.00 2.00 2.00
2: CsHs" 1 0.00 0.00 1.02
3 2.00 2.00 2.00
3: C4H;NH, 1 0.00 0.00 1.03
3 2.00 2.00 2.00
4: C4H;CHO 1 0.00 0.00 1.03
3 2.00 2.00 2.01
5: C4H,NH,CHO 1 0.00 0.00 0.08
3 2.00 2.00 2.00
6: C4H,-1,2-(CH,), 1 0.00 0.00 0.00
3 2.00 2.00 2.01
7: C4H,-1,3-(CHa), 1 0.00 0.00 0.95
3 2.00 2.00 2.03

. b -
“MC-PDFT <S2 > values are pure by construction. PBEO results are similar to PBE ones and
are presented in the supplementary material.
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Calculated singlet-triplet gaps (AEst) for individual molecules are presented in Table II.
CASPT2 and RASPT2 singlet-triplet splittings from our previous work®’ are included for
comparison, along with KS-DFT AEgr results based on the parental functionals. Expectation
values of S* for PBE and ftPBE are presented in Table III. As discussed in the introduction, MC-
PDFT spin states are pure by construction because the electron density and on-top density are
taken from an MCSCF wave function that is a spin eigenfunction. In the KS-DFT calculations,
the calculated S* expectation values for the singlet states of 1, 2, 3, 4, and 7 are approximately
halfway between the values corresponding to the pure singlet and the pure triplet; this reflects the
spin contamination that is known* to be a common problem in KS-DFT for intermediate spin
states.

The MUEs for KS-DFT using the variational method are noticeably larger than those of
PT2 or ftPBE. While WABS is generally expected to perform better than the variational
method,® here it is inconsistent: The MUEs for KS-DFT using the WABS method are better than
for the variational method with PBE, but are worse than those with PBEQ. The differences are
much less dramatic for systems 5 and 6, which have less spin contamination in the singlet states.
In all cases, the MUEs of KS-DFT are greater than the MUEs of ftPBE, which does not require
or use any broken-spin-symmetry treatment. The maximum errors using the variational method
for KS-DFT are 11.0 kcal/mol for PBE (system 7) and 9.4 kcal/mol for PBEO (system 2). The
maximum errors for KS-DFT are smaller with the WABS method, with 4.6 and 6.1 kcal/mol for
PBE and PBEQO, respectively, but they are still quite large. The highest error for ftPBE is 5.8
kcal/mol (Table II: CASSCF, mCPO, system 5), but for other than for system 5, ftPBE’s error
never exceeds 3.2 kcal/mol, which is not far above PT2’s maximum error of 2.6 kcal/mol. Thus,
ftPBE is shown to have significantly greater reliability than the Kohn-Sham methods for the
cases studied, while also entirely avoiding all complications arising from spin contamination or
broken spin symmetry. Additionally, ftPBE performs competitively with CASPT2 and RASPT2.
With one exception (Table II: CASSCF, mCPO), ftPBE MUEs are within 1.4 kcal/mol of the
MUESs of CASPT2 and RASPT2.

In comparing MC-PDFT to CASPT2 and RASPT2, computational costs should also be
considered. Timings for all active spaces are presented in the supplementary material. For the
largest active space, which is eCPO with limited-t RASPT?2 for triplet 6, the post-SCF
perturbation theory calculations required several days to complete on a single processor, while
the post-SCF ftPBE step required less than a half hour on a single processor, with a savings of a
factor of 410. Note that the post-SCF steps of CASPT2, RASPT2, and MC-PDFT are all
preceded by MCSCEF calculations, which take considerable time for large active spaces. The total
time (SCF plus post-SCF) for the longest calculation was 217 hours for RASPT2, but only 13
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hours for MC-PDFT, a savings of a factor of 17. MC-PDFT also has the advantage of requiring
far less memory, as discussed in previous work.*

Conclusions. Our calculations of singlet-triplet splittings for several organic diradical
systems demonstrate that MC-PDFT is effective for these systems. When compared to
benchmark calculations from our previous paper,”’ the fiPBE on-top functional shows better
precision and accuracy than PBE, the KS-DFT parent functional, and it eliminates the
complexities of spin contamination and broken-spin-symmetry in KS-DFT. The accuracy of
ftPBE is competitive with CASPT2 and RASPT2, but at a much lower computational cost. As
active spaces become very large, CASPT2 and RASPT2 take much more time than the preceding
CASSCF and RASSCEF calculations. In contrast, MC-PDFT time requirements are small in
proportion to the CASSCF and RASSCF requirements, and this shows that MC-PDFT can be
used for much larger active spaces than CASPT2 or RASPT2. The quality of results using the
small tCPO active space scheme is particularly encouraging, as this suggests MC-PDFT could
be used on similar, but larger, systems requiring much larger active spaces which would be
unaffordable with CASPT2 or RASPT2.

Supplementary Material. See supplementary material for hardware information, sample
input files, ANO-RCC-VTZP results, nCPO results, tLSDA and ftLSDA results, PBEO spin
expectation values, and all absolute energies, active space sizes, numbers of CSFs, and timings

for all functionals and active spaces.

Acknowledgments. This work was supported in part by AFOSR grant FA9550-16-1-
0134.

REFERENCES

'D. H. Ess, E. R. Johnson, X. Hu, and W. Yang, “Singlet-triplet energy gaps for diradicals from
fractional-spin density-functional theory,” J. Phys. Chem. A 115, 76 (2011).

*I. A. Pople, P. M. W. Gill, and N. C. Handy, “Spin-unrestricted character of Kohn-Sham
orbitals for open-shell systems,” Int. J. Quantum Chem. 56, 303 (1995).

3C. R. Jacob and M. Reiher, “Spin in density-functional theory,” Int. J. Quantum Chem. 23, 3661
(2012).

* T. Saito, S. Nishihara, S. Yamanaka, Y. Kitagawa, T. Kawakami, S. Yamada, H. Isobe, M.
Okumura, and K. Yamaguchi, “Symmetry and broken symmetry in molecular orbital
description of unstable molecules IV: Comparison between single- and multi-reference
computational results for antiaromtic molecules.” Theor. Chem. Acc. 130, 749 (2011).



12

K. Yamaguchi, F. Jensen, A. Dorigo, and K. N. Houk, “A spin correction procedure for
unrestricted Hartree-Fock and Meller-Plesset wavefunctions for singlet diradicals and
polyradicals,” Chem. Phys. Lett. 149, 537 (1988).

°K. Yamaguchi, Y. Takahara, T. Fueno, and K. N. Houk, “Extended Hartree-Fock (EHF) theory
in chemical reactions III. Projected Moller-Plesset (PMP) perturbation wavefunctions for
transition structures of organic reactions,” Theor. Chim. Acta 73, 337 (1988).

7T. Saito and W. Thiel, “Analytical gradients for density functional calculations with
approximate spin projection,” J. Phys. Chem. A 116, 10864 (2012).

% H. P. Hratchian, “Communication: An efficient analytic gradient theory for approximate spin
projection methods,” J. Chem. Phys. 138, 101101 (2013).

° T. Saito, S. Nishihara, Y. Kataoka, Y. Nakanishi, Y. Kitagawa, T. Kawakami, S. Yamanaka, M.
Okumura, and K. Yamaguchi, “Reinvestigation of the reaction of ethylene and singlet oxygen

by the approximate spin projection method. Comparison with multireference coupled-cluster
calculations,” J. Phys. Chem. A 114, 7967 (2010).

9T, Saito, S. Nishihara, Y. Kataoka, Y. Nakanishi, T. Matsui, Y. Kitagawa, T. Kawakami, M.
Okumura, and K. Yamaguchi, “Transition state optimization based on approximate spin-
projection (AP) method,” Chem. Phys. Lett. 483, 168 (2009).

7. Wang, A. D. Becke, and V. H. Smith, “Evaluation of (S2) in restricted, unrestricted
Hartree—Fock, and density functional based theories,” J. Chem. Phys. 102, 3477 (1995).

12 J. M. Wittbrodt and H. B. Schlegel, “Some reasons not to use spin projected density functional
theory,” J. Chem. Phys. 105, 6574 (1996).

3 R. Costa, R. Valero, D. R. Maiieru, L. de P. R. Moreira, and F. Illas, “Spin adapted versus
broken symmetry approaches in the description of magnetic coupling in heterodinuclear
complexes,” J. Chem. Theory Comput. 11, 1006 (2015).

' B. 0. Roos, P. R. Taylor, and P. E. M. Siegbahn, “A complete active space SCF method
(CASSCEF) using a density matrix formulated super-CI approach,” Chem. Phys. 48 157 (1980).

S p-A. Malmgqvist, A. Rendell, and B. O. Roos, “The restricted active space self-consistent-field
method, implemented with a split graph unitary group approach,” J. Phys. Chem. 94, 5477
(1990).

16 K. Andersson, P.-A. Malmgqvist, B. O. Roos, A. J. Sadlej, and K. Wolinski, “Second-order
perturbation theory with a CASSCF reference function,” J. Phys. Chem. 94, 5483 (1990).

7K. Andersson, P.-A. Malmgqvist, and B. O. Roos, “Second-order perturbation theory with a
complete active space self-consistent field reference function,” J. Chem. Phys. 96, 1218
(1992).

¥p-A. Malmgqvist, K. Pierloot, A. R. M. Shahi, C. J. Cramer, and L. Gagliardi, “The restricted
active space followed by second-order perturbation theory method: theory and application to
the study of CuO; and Cu,O; Systems,” J. Chem. Phys. 128, 204109 (2008).



13

' G. Li Manni, R. K. Carlson, S. Luo, D. Ma, J. Olsen, D. G. Truhlar, and L. Gagliardi,
“Multiconfiguration pair-density functional theory,” J. Chem. Theory Comput. 10, 3669
(2014).

2 C. E. Hoyer, S. Ghosh, D. G. Truhlar, and L. Gagliardi, “Multiconfiguration pair-density

functional theory is as accurate as CASPT2 for electronic excitation,” J. Phys. Chem. Lett. 7,
586 (2016).

2l R. K. Carlson, G. Li Manni, A. L. Sonnenberger, D. G. Truhlar, and L. Gagliardi,
“Multiconfiguration pair-density functional theory: barrier heights and main group and
transition metal energetics,” J. Chem. Theory Comput. 11, 82 (2015).

**R. K. Carlson, D. G. Truhlar, and L. Gagliardi, “Multiconfiguration pair-density functional
theory: A fully translated gradient approximation and its performance for transition metal
dimers and the spectroscopy of Re,Clg™,” J. Chem. Theory Comput. 11, 4077 (2015).

'S, Ghosh, C. I. Cramer, D. G. Truhlar, and L. Gagliardi, “Generalized-active-space pair-
density functional theory: An efficient method to study large, strongly correlated, conjugated
systems,” Chem. Sci. 8, 1 (2017).

4 0. Tishchenko, J. J. Zheng, and D. G. Truhlar, “Multireference model chemistries for
thermochemical kinetics,” J. Chem. Theory Comput. 4, 1208 (2008).

2>J.L. Bao, S. O. Odoh, L. Gagliardi, and D. G. Truhlar, “Predicting bond dissociation energies
of transition metal compounds by multiconfiguration pair-density functional theory and
second-order perturbation theory based on correlated participating orbitals and separated
pairs,” J. Chem. Theory Comput. 13, 616 (2017).

*J. L. Bao, A. Sand, L. Gagliardi, and D. G. Truhlar, “Correlated-participating-orbitals pair-

density functional method and application to multiplet energy splittings of main-group divalent
radicals,” J. Chem. Theory Comput. 12, 4274 (2016).

*7'S. J. Stoneburner, J. Shen, A. O. Ajala, P. Piecuch, D. G. Truhlar, and L. Gagliardi,
“Systematic design of active spaces for multi-reference calculations of singlet—triplet gaps of
organic diradicals, with benchmarks against doubly electron-attached coupled-cluster data,” J.
Chem. Phys. 147, 164120 (2017).

* E. Papajak, H. R. Leverentz, J. Zheng, and D. G. Truhlar, “Efficient diffuse basis sets: cc-
pVxZ+ and maug-cc-pVxZ,” J. Chem. Theory Comput. 5, 1197 (2009).

*P. 0. Widmark, P.-A. Malmqvist, and B. O. Roos, “Density matrix averaged atomic natural
orbital (ANO) basis sets for correlated molecular wave functions,” Theor. Chim. Acta 77, 291
(1990).

OF, Aquilante, T. B. Pedersen, A. Sdnchez de Meras, and H. J. Koch, “Fast noniterative orbital
localization for large molecules,” J. Chem. Phys. 125, 174101 (2006).

3, Aquilante, J. Autschbach, R. K. Carlson, L. F. Chibotaru, M. G. Delcey, L. De Vico, L.
Fdez. Galvan, N. Ferré¢, L. M. Frutos, L. Gagliardi, M. Garavelli, A. Giussani, C. E. Hoyer, G.
Li Manni, H. Lischka, D. Ma, P.-A. Malmqvist, T. Miiller, A. Nenov, M. Olivucci, T. B.
Pedersen, D. Peng, F. Plasser, B. Pritchard, M. Reiher, I. Rivalta, I. Schapiro, J. Segarra-Marti,



14

M. Stenrup, D. G. Truhlar, L. Ungur, A. Valentini, S. Vancoillie, V. Veryazov, V. P.
Vysotskiy, O. Weingart, F. Zapata, and R. Lindh, “Molcas 8: New capabilities for

multiconfigurational quantum chemical calculations across the periodic table,” J. Comput.
Chem. 37, 506 (2016).

> W. Kohn and L. J. Sham, “Self-consistent equations including exchange and correlation
effects,” Phys. Rev. 140, A1133 (1965).

33§, H. Vosko, L. Wilk, and M. Nusair, “Accurate spin-dependent electron liquid correlation
energies for local spin density calculations: A critical analysis,” Can. J. Phys. 58, 1200 (1980).

** A. D. Becke, “Density-functional exchange-energy approximation with correct asymptotic
behavior,” Phys. Rev. A 38, 3098 (1988).

3% J. P. Perdew, K. Burke, M. and Ernzerhof, “Generalized gradient approximation made
simple,” Phys. Rev. Lett. 77, 3865 (1996).

299

%Y. Zhang and W. Yang, “Comment on ‘Generalized gradient approximation made simple,
Phys. Rev. Lett. 80, 890 (1998).

3" M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., Gaussian 09, Revision D.01, Gaussian, Inc.,
Wallingford, CT, 2009.

%% J. P. Perdew, M. Ernzerhof, and K. Burke, “Rationale for mixing exact exchange with density
functional approximations,” J. Chem. Phys. 105, 9982 (1996).

P K. Yamaguchi, Y. Takahara, and T. Fueno, “Ab-initio molecular orbital studies of structure
and reactivity of transition metal-oxo compounds,” in Appl. Quantum Chem. (1986), p. 155.

40R. Caballol, O. Castell, F. Illas, P.R. Moreira, and J.P. Malrieu, “Remarks on the proper use of
the broken symmetry approach to magnetic coupling,” J. Phys. Chem. A, 101, 7860 (1997).

ML Shoji, K. Koizumi, Y. Kitagawa, T. Kawakami, S. Yamanaka, M. Okumura, and K.
Yamaguchi, “A general algorithm for calculation of Heisenberg exchange integrals J in
multispin systems,” Chem. Phys. Lett. 432, 343 (2006).

*2 R. Peverati and D. G. Truhlar, “Quest for a universal density functional: The accuracy of
density functionals across a broad spectrum of databases in chemistry and physics.” Phil.
Trans. Roy. Soc. A 372, 20120476 (2014).



	MC-PDFT Can Calculate Singlet-Triplet Splittings of Organic Diradicals.
	Recommended Citation

	180115-MCPDFT_diradcal_v20_black

