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Abstract We have investigated the through-bond

exchange interactions in three non-Kekulé hydrocarbon

diradicals on the basis of single- and multireference cou-

pled cluster and related broken-symmetry (BS) methods.

The singlet–triplet energy gap (S-T gap) and diradical

characters for these species are evaluated. It is found that

the spin contamination involved in the BS solutions is

non-negligible and the approximate spin-projection method

greatly improves the usual BS solutions. As for Mukherjee’s

state-specific multireference coupled cluster (MkMRCC)

computations, the size-consistent correction with the UHF

localized natural orbitals (ULO) is useful to obtain the

qualitatively correct 2J values.
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1 Introduction

The singlet and triplet energy separations in diradical

species have attracted great attention in relation to pos-

sible reaction mechanisms [1, 2]. Trimethylenemethane

(TMM) and oxyallyl (OXA) diradicals have been widely

investigated by both experimental and theoretical

approaches [3–25]. TMM is a typical example of non-

Kekulé hydrocarbon diradical, and electron paramagnetic

resonance (EPR) spectroscopy confirmed its ground state

to be the triplet. The adiabatic S(1A1)-T(3A2
0) gap of

*16.1 kcal/mol was determined by photoelectron spec-

troscopic measurements [8]. OXA can be viewed as a

derivative of TMM, where a methylene group is replaced

by an oxygen atom. For organic reactions, OXA is con-

sidered to be a transition state or a diradical intermediate

in the rearrangement of allene oxide to cyclopropanone,

in the ring opening of cyclopropanone, in the Favorskii

rearrangement, and so on [4, 11, 14, 18]. In contrast to

TMM, the highest occupied molecular orbital (MO)

(HOMO) (2b1) and lowest unoccupied MO (LUMO) (1a2)

of OXA are not exactly degenerate due to the oxygen

substitution. Although the S-T gap of OXA predicted by

early and recent theoretical calculations varied among

methods [5, 6, 21, 22, 25], the rigorous assignment of the

ground state had not been achieved because there was no

experimental data for comparison. Very recently, how-

ever, Ichino et al. revealed that the ground state is 1A1,

but the adiabatic energy of the 3B2 state is only (55 ± 2)

meV (1.3 kcal/mol) higher than that of the singlet ground

state [22].

Since the strong electron correlation effects in p-conju-

gated organic radicals should be considered, first-principle

calculations with high accuracy beyond the ‘‘gold-stan-

dard’’ coupled cluster (CC) singles and doubles with
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perturbative triples excitations (CCSD(T)) are required

[26, 27]. It is well known that the single-reference spin-

restricted Hartree–Fock (RHF)-based approach provides a

poor description of such degenerate or near-degenerate

systems [28]. The post-RHF methods even RCCSD(T) do

not improve the zeroth-order RHF wave function. Instead,

broken-symmetry (BS) and multireference (MR) methods

have been utilized for these systems. The perturbation

theory based on the complete active space self-consistent

field (CASSCF) wave function such as MRMP2 [29] and

CASPT2 [30] can describe both the nondynamical and

dynamical correlation effects at a reasonable computational

cost. However, in some cases, calculated results heavily

depend on the active space. For example, the barrier height

of 1O2 ? C2H4 reaction differs by the selected active space.

The barrier height calculated at the CASPT2 (10e,10o)

level was 17.5 kcal/mol [31], while that calculated at the

MRMP2(12e,12o) level was 6.1 kcal/mol [32]. Note that

(12e,12o) represents 12 electrons in 12 orbitals. The intru-

der state problem involved in the MR-based perturbation

theories can also affect this difference [33]. Therefore,

more rigorous approaches including the genuine multire-

ference coupled cluster (MRCC) theories are desirable to

deal with (quasi-)degenerate systems. Recently, many

types of MRCC have been formulated and implemented

by several groups [34–40]. Among various types of MRCC,

the state-specific MRCC, which is size-extensive and

intruder free, is a promising approach to overcome these

problems.

Although the BS methods can treat nondynamical

correlation effects with low computational cost as com-

pared to the MR methods, they involve spin contamina-

tion, which then has to be treated [41, 42]. We have

examined the spin contamination effect quantitatively by

using an approximate spin-projection (AP) method

[43–45]. To assess the applicability of AP-BS approaches

for diradical systems, we took Mukherjee’s state-specific

multireference coupled cluster singles and doubles

(MkMRCCSD) method as a reference [37, 40]. The

results of the spin-unrestricted Hartree–Fock (UHF)-based

coupled cluster singles and doubles (UCCSD) method and

those of the coupled cluster doubles based on the spin-

unrestricted Brueckner orbital (UBD) method [46, 47]

after the AP correction (AP-UCCSD and AP-UBD) were

in good agreement with the MkMRCCSD results [48–51].

In the present study, we focus on the validity of AP-BS

methods to through-bond ferromagnetic coupling as well

as anti-ferromagnetic coupling in p-conjugated organic

systems as follows: (1) TMM, (2) iminoallyl (IA), and

(3) OXA. Thus, systematic comparisons between BS

methods with MkMRCCSD are performed based on the

singlet–triplet energy gaps (2J) and diradical character of

(1)–(3).

2 Theoretical backgrounds

2.1 Approximate spin-projection method

The effective exchange interactions between local spins

can be described by using the Heisenberg spin Hamilto-

nian. In the case of two spin systems, it is defined as

HHeisenberg ¼ �2JS1 � S2; ð1Þ

where S1 and S2 are spin operators for each site and J

represents an effective exchange integral. According to

Yamaguchi and his co-workers [43–45], the effective

exchange integral (J) is given as follows:

J ¼ ELS � EHS

Ŝ
2

D EHS

� Ŝ
2

D ELS
; ð2Þ

where LS and HS mean, respectively, the low-spin and

high-spin states. E and \S2[ denote the total energy and

total spin angular momentum, respectively. The exact

\S2[LS value is zero in the case of the singlet (S = 0)

state. When using the BS methods, however, the \S2[LS

value is not always equal to the corresponding exact value.

The \S2[LS value is often considered as a measure of

spin contamination involved in the BS solutions. The

extrapolation with Eq. 2 yields the approximate total

energy of the pure LS state as

EAP ¼ ELS � J SLS
z ðSLS

z þ 1Þ � S2
� �LS

� �
: ð3Þ

In this way, the approximate spin-projection (AP) method

removes the spin contamination from UHF-based methods

and UDFT methods.

The \S2[LS values of the post-UHF methods are

assumed as

S2
� �

X
¼ WXh jS2 WXj i

WXh jWXi
; ð4Þ

where X denotes UCCSD, UBD, and so on. The evaluation

of Eq. 4 involves very high computational cost. In this

study, we adopted the practical scheme proposed by Purvis

et al. [52], where S2
� �

UCC
is assumed as

S2
� �

X
� WUHFh jS2 WXj i

WUHFh WXj i : ð5Þ

The Eq. 5 is also employed for the UBD method.

2.2 Estimation of diradical character

and effective bond order

To obtain symmetry-adapted picture from the BS solutions,

the natural orbitals are defined as eigenfunctions of the

first-order density matrices [53]
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qðr; r0Þ ¼
X

ni /iðrÞf g�/iðr0Þ; ð6Þ

where ni denotes the natural orbital occupation numbers

(NOON). NOONs of bonding and anti-bonding natural

orbitals are almost 2.0 and 0.0, respectively. wþi and w�i
represent the BS MOs.

w�i
�� �

¼ cos hi /b
i

�� �
� sin hi /a

i

�� �
: ð7Þ

h is the mixing parameter between the symmetry-adapted

bonding /b
i

�� �
and anti-bonding /a

i

�� �
orbitals. The

corresponding NOONs ðnþi and n�i Þ are given by the

orbital overlap Si between the corresponding orbital pairs.

n�i ¼ 1� Si; ð8Þ

where

Si ¼ wþi
�� w�i

� �
¼ cos 2h: ð9Þ

The diradical character is given by the weight of the doubly

excited configuration WD in CI terminology, and it is

expressed by

Yi ¼ 2WD ¼ 1� 2Si

1þ S2
i

: ð10aÞ

For diradical systems, i corresponds to the highest occupied

natural orbital (HONO)–lowest unoccupied natural orbital

(LUNO) pair. The effective bond order Bi is also

introduced to express the reduction in bond order by

using diradical character

Bi ¼ 1� Yi ¼
2Si

1þ S2
i

ð10bÞ

In the case of the smallest active space (2e,2o), four

reference configurations are applied to MkMRCCSD

calculations.

U1j i ¼ ðcoreÞ2nðinactiveÞ2mx�x
�� E

;

U2j i ¼ ðcoreÞ2nðinactiveÞ2my�y
�� E

;

U3j i ¼ ðcoreÞ2nðinactiveÞ2mx�y
�� E

;

U4j i ¼ ðcoreÞ2nðinactiveÞ2my�x
�� E

;

ð11Þ

where n and m represent the number of the doubly occupied

frozen-core and inactive orbitals, respectively. The term (x,

y) is the (HOMO, LUMO) pair. The singlet and triplet states

of the MkMRCCSD wave functions are described by

WSj i ¼ c1eT1 U1j i þ c2eT2 U2j i c1� c2ð Þ ð12Þ

and

WTj i ¼ 1ffiffiffi
2
p eT3 U3j i � eT4 U4j i
� 	

; ð13Þ

respectively. Note that Eq. 12 is correct only if the HOMO

and LUMO belong to the different irreps such that the

contribution of the open-shell singlet configurations

U3j i; U4j ið Þ is excluded. The CI coefficient c and

amplitude T are determined via an iterative procedure.

Therefore, the diradical character (Y) can be defined using

the coefficients c in Eq. 12 of the ground and doubly

excited configurations as follows:

Y ¼ 2c2
2 ð14Þ

The MkMRCCSD is designed to satisfy the size-extensive

condition, but it does not satisfy the size-consistent

condition, which is critical to investigate the bond

dissociation problems [40]. In addition to the delocalized

active orbitals, we also used localized ones. The localized

active orbitals can be obtained from the symmetry-adapted

bonding /b
�� �

and anti-bonding /aj i orbitals as

w�
�� �

¼ 1ffiffiffi
2
p /b
�� �

� 1ffiffiffi
2
p /aj i: ð15Þ

3 Computational details

Figure 1 illustrates computational schemes for diradical (or

polyradical) species starting from the BS calculations: (1)

semi-canonical spin-restricted open-shell HF (ROHF)

orbital, (2) CASSCF natural orbital (CNO), (3) UHF nat-

ural orbital (UNO), and localized ones of (1)–(3), namely,

RLO, CLO, and ULO. The computational methods in

Fig. 1 are applied to elucidate electronic and spin states of

the following diradical species: TMM, IA, and OXA as

illustrated in Fig. 2. Full geometry optimizations were

performed at the UCAM-B3LYP level [54]. The geometry

optimizations were employed in the singlet (BS) and triplet

(HS) states. For single-point energy calculations, the

cc-pVDZ basis sets [55] were used unless otherwise noted.

The UBLYP, UB3LYP, UBHandHLYP, ULC-BLYP, and

UCAM-B3LYP methods were employed as the UDFT

computations [54, 56–59]. The parameters of Coulomb

Fig. 1 Computational scheme for MkMRCCSD computations
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division scheme were l = 0.47 for LC-BLYP functional,

and l = 0.33, a = 0.19, a ? b = 0.65 for CAM-B3LYP

functional, respectively. The UHF, UCCSD, UCCSD(T),

UBD, and UBD(T) methods [27, 46, 47] were also

performed for single-point energy calculations. The BS

(e.g., UHF and UDFT) calculations were performed by

Gaussian09 program package [60], which was modified to

calculate S2
� �

X
values in the Eq. 5. The CASSCF calcu-

lations were performed by GAMESS program package

[61], and MkMRCCSD calculations were performed by

PSI3 program package [62], which was modified to use the

initial orbitals.

4 Results and discussions

4.1 Trimethylenemethane

The optimized geometries are provided in the Supporting

Information. The obtained\S2[values are summarized in

Table 1. The adiabatic S-T gap (2J) determined by the

energy difference between EAP at the BS optimized geom-

etry and EHS at the HS optimized geometry. It must be noted

that the 2J value used hereafter in this paper differs from the

vertical 2J value defined by Eqs. 1–3. The 2J values for

TMM, IA, and OXA calculated by the present and previous

single-reference methods with the experimental data are

summarized in Table 2. The corresponding results calcu-

lated by the present and previous MR methods with the

experimental data are summarized in Table 3. The calcu-

lated Y values are summarized in Table 4.

Figure 3 shows two singly occupied MOs (SOMOs) for

TMM, IA, and OXA obtained at the ROHF/cc-pVDZ level

together with the orbital energies of the two SOMOs in the

parentheses. As shown in Fig. 3, the energies of non-

bonding HOMO-LUMO pair are exactly degenerate, and

the obtained \S2[LS and Y values support it. The \S2[LS

value often plays an important role in measuring the degree

of the spin contamination effect. The dynamical electron

correlation corrections for the UHF solution such as

UCCSD rather enhance the \S2[LS values, while the

\S2[LS values obtained by UDFT methods are close to

1.0. This can be attributed to the fact that post-UHF

methods stabilize the BS solutions by increasing the spin

contamination when the HS state is the ground state as in

the case of CH2 [48]. The use of spin-unrestricted Brue-

ckner orbital, in which the contribution of single excita-

tions is set to zero, also provides the\S2[LS value similar

to the UCCSD result. The \S2[HS value calculated by

Fig. 2 Calculated diradical species: TMM, IA, and OXA

Table 1 Total spin angular momentums \S2[ values for trimethyl-

enemethane (TMM), iminoallyl (IA), and oxyallyl (OXA) by the

broken-symmetry (BS) methods

Method TMM IA OXA

LS HS LS HS LS HS

UHF 1.0198 2.1932 1.0722 2.1965 0.9710 2.1778

UCCSD 1.1107 2.0278 1.0575 2.0269 0.9331 2.0218

UBLYP 1.0037 2.0173 0.9444 2.0160 0.7547 2.0120

UB3LYP 1.0051 2.0334 0.9643 2.0324 0.8363 2.0249

UCAM-B3LYP 1.0078 2.0697 0.9821 2.0709 0.9031 2.0579

UBHandHLYP 1.0056 2.0490 0.9755 2.0463 0.8824 2.0342

ULC-BLYP 1.0060 2.0722 0.9842 2.0656 0.9203 2.0443

UBD 1.1293 2.0132 1.0609 2.0117 0.9195 2.0082

Table 2 The 2J values (kcal/mol) for trimethylenemethane (TMM),

iminoallyl (IA), and oxyallyl (OXA) calculated by the single-refer-

ence methods

Method TMM IA OXA

AP-UHF 44.3 39.6 22.3

AP-UCCSD 25.0 18.3 4.7

AP-UCCSD(T) 17.9 13.5 1.8

AP-UBD 26.1 18.3 4.9

AP-UBD(T) 18.3 13.3 2.2

AP-UBLYP 15.8 9.5 -3.5

AP-UB3LYP 21.6 15.2 1.2

AP-UCAM-B3LYP 25.6 18.4 3.9

AP-UBHandHLYP 29.6 23.5 8.4

AP-ULC-BLYP 30.4 21.2 5.7

RMRCCSD/cc-pVTZa 23.8

SS-EOM-CCSD[?2]b 19.8

EOM-SF-CC(2,3)/cc-pVTZc 18.2

EOM-SF-CCSD(dT)/aug-cc-pVTZd -1.5

Expt. 16.1e -1.3f

The results with the use of the cc-pVDZ basis sets are presented

unless otherwise noted
a Ref. [20]
b Ref. [19]
c Ref. [16]
d Ref. [25]
e Ref. [8]
f Ref. [22]
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UHF is slightly larger than the exact value. This deviation

is caused by the spin polarization of the (HOMO - 1)-

(LUMO ? 1) pair in the UHF solution. The\S2[HS values

decrease with increasing the dynamical correlation effects

in accordance with the behavior of the UDFT results.

The 2J value for TMM has been predicted to be positive

at many different levels of theory. Since the spin polari-

zation effect in the HS state is large at the UHF level, the

calculated 2J value significantly overestimates the experi-

mental value by 28 kcal/mol. The inclusion of the

dynamical electron correlation corrections improves the 2J

value. As listed in Table 2, the AP-UCCSD and AP-UBD

methods with the cc-pVDZ basis sets yield results similar

to the reduced multireference coupled cluster with singles

and doubles (RMRCCSD) with multiconfigurational SCF

(MCSCF) MOs result with the cc-pVTZ basis sets

(23.8 kcal/mol) [20]. The perturbative triple excitation

corrections (T) decrease the 2J value by *8 kcal/mol.

These results become comparable to the state-specific

equation-of-motion CCSD (SS-EOM-CCSD[?2]) with the

cc-pVDZ basis sets (19.8 kcal/mol) [19] and equation-of-

motion spin-flip CC (EOM-SF-CC(2,3)) with the cc-pVTZ

basis sets (18.2 kcal/mol) [16]. As for the AP-UDFT

results, the calculated 2J value heavily depends on the

XC functional, especially the HF exchange ratio. The

magnitude of the 2J value increases in the following order:

Table 3 The 2J values (kcal/mol) for trimethylenemethane (TMM),

iminoallyl (IA), and oxyallyl (OXA) calculated by the MR methods

Method TMM IA OXA

CASSCF(2e,2o) 11.6 4.3 -5.2

ROHF-MkMRCCSD(2e,2o) 20.6 14.6 1.6

CNO-MkMRCCSD(2e,2o) 21.0 13.0 1.5

UNO-MkMRCCSD(2e,2o) 21.3 13.5 1.7

RLO-MkMRCCSD(2e,2o) 20.0 12.2 -0.2

CLO-MkMRCCSD(2e,2o) 14.9 8.2 -2.3

ULO-MkMRCCSD(2e,2o) 15.8 9.1 -1.6

4R BWCCSD it/cc-pVTZa 17.8

CASPT2(12e,11o)b 12.7 (12.0)

CASPT2(2e,2o)/6-31G*c 3.4

CASPT2(4e,4o)/6-31G*c 3.1

CASPT2(4e,4o)/aug-cc-pVTZd -0.4

CASPT2(6e,5o)e 1.6

MRCISD(2e,2o)/6-31G*c -1.5

MRCISD(4e,4o)/6-31G*c 3.2

MR-ACPF(6e,5o)/cc-pVTZe 0.3

Expt. 16.1f -1.3d

The results with the use of the cc-pVDZ basis sets are presented

unless otherwise noted
a Ref. [17]
b Ref. [10]. Values in the parenthesis represent the results together

with the cc-pVTZ basis sets
c Ref. [21]
d Ref. [22]
e Ref. [11]
f Ref. [8]

Table 4 The Y values (%) for trimethylenemethane (TMM), imino-

allyl (IA), and oxyallyl (OXA) by the BS (Eq. 10a is used) and MR

(Eq. 14 is used) methods

Method TMM IA OXA

AP-UHF 98.9 78.2 58.6

AP-UBDa 98.9 77.0 48.3

AP-UBLYP 99.7 53.9 20.1

AP-UB3LYP 99.4 61.1 29.7

AP-UCAM-B3LYP 99.2 66.2 37.6

AP-UBHandHLYP 99.1 68.6 41.6

AP-ULC-BLYP 99.5 71.1 46.2

CASSCF(2e,2o) 97.1 71.3 52.9

ROHF-MkMRCCSD(2e,2o) 97.9 –b 46.5

CNO-MkMRCCSD(2e,2o) 98.5 68.9 46.3

UNO-MkMRCCSD(2e,2o) 98.4 70.0 45.5

The corresponding effective bond order B (%) is give by 100-Y
a The Y values are calculated in the Fermi vacuum
b The Y value is not defined

Fig. 3 Two singly occupied MOs (SOMOs) of TMM, IA, and OXA

obtained at the ROHF/cc-pVDZ level. Values in parentheses
represent the orbital energies of the two SOMOs
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AP-UBLYP \ AP-UB3LYP \ AP-UCAM-B3LYP \ AP-

UBHandHLYP \ AP-ULC-BLYP. According to the exp-

erimental value, the AP-UBLYP method, which does not

contain HF exchange term, outperforms the global hybrid

and range-separated hybrid methods.

The CASSCF(2e,2o) method, which is free from the

spin contamination effect, provides the smaller 2J value

than the AP-UHF method as summarized in Table 3. The

CC exponential ansatz in the MkMRCCSD theory greatly

changes the CASSCF(2e,2o) result. The choice of the

reference orbitals for MkMRCCSD calculation does not

effect on the S-T gap of TMM. The differences in the 2J

values among the three reference orbitals are within

0.7 kcal/mol. On the other hand, the RMRCCSD or sta-

te-universal CCSD (SU CCSD) results can vary with

reference orbitals [63]. In fact, the RMRCCSD energy

differences between MCSCF MOs and RHF MOs reach at

most 6.8 kcal/mol [20]. In this way, the MkMRCCSD

method with the delocalized active orbitals is less sensi-

tive to the types of reference orbitals. However, the

MkMRCCSD results with localized active orbitals change

the situation. The ULO- and CLO-MkMRCCSD methods

reduce the 2J value more than 5 kcal/mol from the results

with the delocalized active orbitals, while the RLO-

MkMRCCSD method involves a relatively small change

(1.3 kcal/mol). It suggests that the choice of reference

orbitals is important when using the localized active orbi-

tals. On the basis of the MkMRCCSD and experimental

results, the AP-UCCSD(T), AP-UBD(T), and AP-UBLYP

methods perform well for the S-T gap of TMM.

4.2 Iminoallyl

Iminoallyl (IA) can be viewed as a derivative of TMM,

where a methylene group is replaced by the NH group. In

1998, Cramer and his co-workers first investigated the aza

analogs of TMM including IA [10]. The calculated 2J

value was 12.7 (12.0) kcal/mol at the CASPT2(12e,11o)/

cc-pVDZ (cc-pVTZ) level as summarized in Table 3. They

suggested that the replacement of CH2 by NH group might

stabilize the singlet state relative to the triplet state by

about 7 kcal/mol. In other words, the best estimate of 2J

value for IA is about 9 kcal/mol. The\S2[LS values for IA

are smaller than those for TMM except for UHF, whereas

there is not much difference in \S2[HS value between

TMM and IA. The HOMO (2b1) and LUMO (1a2) are not

perfectly degenerate due to the NH substitution as shown in

Fig. 3. The obtained Y values range from 53.9 to 78.2%,

supporting this behavior.

The relation between the 2J values and calculated

methods of IA is almost similar to that of TMM. The

AP-UHF method seems to overestimate the 2J value, while

the AP-UCCSD and AP-UBD stabilize the BS state with

respect to the HS state. The results of AP-UCCSD(T) and

AP-UBD(T) are in good agreement with those of CAS-

PT2(12e,11o). In the case of UDFT, the calculated 2J value

systematically increases with increasing HF exchange ratio

for the pure and global hybrid XC functionals in the fol-

lowing order: UBLYP \ UB3LYP \ UBHandHLYP.

Unlike TMM, AP-UCAM-B3LYP and AP-ULC-BLYP

yield smaller 2J values as compared to AP-UBHandHLYP.

The difference in the 2J value between CASSCF(2e,2o)

and MkMRCCSD is *10 kcal/mol as in the case of TMM.

The obtained ROHF-MkMRCCSD wave function includes

the U3j i and U4j i configurations with coefficient 0.21

because IA has an asymmetric structure. Therefore, the

diradical character based on the ROHF-MkMRCCSD

solution cannot be defined correctly (see Sect. 2.2). The

unstable ROHF-MkMRCCSD solution causes the overes-

timation of the 2J value by more than 1 kcal/mol in com-

parison with the CNO- and UNO-MkMRCCSD results.

This trend is more remarkable when using the localized

active orbitals. Both the CLO- and ULO-MkMRCCSD

methods reproduce the best estimate value of *9 kcal/mol,

whereas the RLO-MkMRCCSD method does not remedy

the 2J value. From the results, the ROHF can be less

reliable than UNO and CNO for TMM and IA. Also, the

AP-UBLYP method is comparable to the MkMRCCSD

calculations with the size-consistent correction.

4.3 Oxyallyl

As described above, many questions with respect to OXA

had remained unsolved until the detection of the singlet

(1A1) and triplet (3B2) states by using negative ion photo-

electron spectroscopy [22]. The answers to the important

questions are as follows: The singlet state is the ground

state. OXA is not a local minimum on the potential energy

surface and undergoes barrierless ring-closure to form

cyclopropanone. The sophisticated EOM-SF-CCSD(dT)

calculations performed by Krylov et al. were in good

agreement with the experimental facts [25], while many

theoretical methods have tended to provide the triplet

ground state [5, 6, 11, 21]. Here, we would like to inves-

tigate the scope and applicability of the MkMRCC and

AP-BS approaches on the 2J value for OXA.

In contrast to TMM and IA, the differences in the

\S2[LS and Y values between calculated methods are

notable. The 2J value calculated at the AP-UBLYP level

qualitatively agrees with the experiment in accordance with

TMM and IA. On the other hand, the other single-reference

methods even AP-UCCSD(T) in combination with the

cc-pVDZ basis sets predict that the triplet state is the

ground state, although the magnitude of the 2J value

decreases with increasing the electron correlation. The

CASSCF(2e,2o) calculation gives the singlet ground state,
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but it can be due to the fact that it overstabilizes the singlet

state, judging from the results of TMM and IA. The

MkMRCCSD calculations with the delocalized active

orbitals also give the positive 2J values as in the case of the

most AP-BS methods. The sign of the 2J value changes

with the use of the localized active orbitals. The ULO-

MkMRCCSD result agrees with the multireference con-

figuration interaction method with all singles and doubles

(MRCISD) with the (2e,2o) active space [21] and EOM-

SF-CCSD(dT) results [25] as well as the experiment (see

Table 3). Hence, the MkMRCCSD(2e,2o) computations

with the size-consistent correction should be imperative to

reproduce the qualitative 2J values for OXA qualitatively.

However, the computations with larger active space

including 1b1 and 3b1 orbitals show a confused behavior.

As listed in Table 3, the MRCISD(4e,4o) and more rigor-

ous MR averaged coupled-pair functional (MR-ACPF)

with the (6e,5o) active space computations predicted the

triplet ground state with the positive 2J values of 3.2 and

0.3 kcal/mol, respectively [11, 21]. These results are

qualitatively consistent with the CASPT2(4e,4o)/6-

31G(d) result performed by Shen et al., while the CAS-

PT2(4e,4o)/aug-cc-pVTZ calculation performed by Ichino

et al. confirmed the singlet ground state. This discrepancy

suggests that the active space and basis sets used for the

single-point energy calculations can affect the sign of

2J value because the CASSCF geometry optimizations

were performed in both the cases. For this reason, we

performed additional CASSCF and MRMP2 calculations in

combination with the cc-pVDZ and cc-pVTZ basis sets. To

check the basis set dependency strictly, natural orbitals

obtained by the spin-unrestricted quadratic configuration

interaction singles and doubles (UQCISD) method were

used for the reference orbitals as shown in Fig. 4.

The (HONO - 1)-(LUNO ? 1) pair, which appears in

the (4e,4o) active space, is just the same as the conven-

tional one adopted consciously. Note that it is determined

automatically if the NOONs of post-UHF methods are

used. The calculations with the active spaces consisting of

(HONO - X)-(LUNO ? X) pairs (X = 0, 1, 2,...) up to

X = 5 (i.e., (12e,12o)) were employed in a black box

manner (instead of using experience to choose them). All

active orbitals used in the present study are depicted in Fig.

S1 in the Supporting Information. Table 5 summarizes the

2J values obtained by the CASSCF and MRMP2 methods.

The UCCSD and UCCSD(T) calculations were also

employed by using larger aug-cc-pVDZ, d-aug-cc-pVDZ,

cc-pVTZ, aug-cc-pVTZ d-aug-cc-pVTZ, and cc-pVQZ

basis sets [64]. The 2J values calculated by the AP-UCCSD

and AP-UCCSD(T) methods are summarized in Table 6.

As listed in Table 5, at the cc-pVDZ level, CASSCF

(6e,6o) gives the singlet ground state in accord with

CASSCF(2e,2o), but larger active spaces settle into the

triplet ground state with small positive 2J values. The

singlet state seems to be overstabilized at the CASS-

CF(6e,6o) level and the subsequent the MRMP2(6e,6o)

calculations yield large positive 2J value, which is signif-

icantly different from the other results. None of the

MRMP2 calculations reproduce the singlet ground state

with the use of the cc-pVDZ basis sets. In contrast to the

cc-pVDZ basis sets, the cc-pVTZ basis sets together with

Fig. 4 The natural orbitals of the (4e,4o) active space with their

occupation numbers obtained at the UQCISD/cc-pVDZ (cc-pVTZ)

level

Table 5 The 2J values (kcal/mol) for OXA at the CASSCF(Xe, Xo)

and MRMP2(Xe, Xo) (X = 2, 4, 6, 8, 10, 12) levels with the cc-pVDZ

and cc-pVTZ basis sets

Method Active space cc-pVDZ cc-pVTZ

CASSCF (2e,2o) -3.7 -6.3

(4e,4o) 5.1 3.8

(6e,6o) -6.1 -7.5

(8e,8o) 0.3 -0.9

(10e,10o) 0.6 -0.7

(12e,12o) 0.6 -1.2

MRMP2 (2e,2o) 2.2 1.9

(4e,4o) 2.6 1.4

(6e,6o) 5.6 4.5

(8e,8o) 2.9 1.9

(10e,10o) 2.8 1.9

(12e,12o) 2.2 -0.1
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CAS sizes larger than (6e,6o) give the negative 2J values.

Nevertheless, the MRMP2 calculation shows negative

2J values only with the (12e,12o) active space. Thus, it is

quite difficult to choose an appropriate active space for

OXA if it is greater than (2e,2o). It is found that adding

only the (HONO - 1)-(LUNO ? 1) pair to the HONO-

LUNO pair seems to be insufficient for the prediction of

the 2J value for OXA appropriately. On the other hand, the

AP-UCCSD and AP-UCCSD(T) methods represent the

decrease in the 2J values with increasing basis set size.

Table 6 shows that a larger basis set, probably of at least

aug-cc-pVTZ quality is needed to exhibit the singlet

ground state within a single-reference framework. At the

aug-cc-pVTZ level, the AP-UCCSD(T) result is qualita-

tively consistent with EOM-SF-CCSD(dT) result despite

the fact that the former slightly underperforms the latter on

the basis of the experimental value.

5 Conclusions

In this study, we have performed systematic comparisons

of MkMRCCSD and BS methods focusing on the through-

bond interactions of TMM and related species based on the

S-T gaps (2J) and diradical characters. The spin contami-

nation effect involved in the BS solutions is non-negligible,

and it arises mainly from the triplet state. The AP method

with the use of the approximate \S2[ value for post-HF

methods greatly improves the usual BS solutions. In the

case of TMM and IA, the AP-UCCSD(T), AP-UBD(T),

and AP-UBLYP results perform well concerning the adi-

abatic S-T gap on the basis of MR methods. The sign of the

2J value for OXA is sensitive to the CAS size since the

singlet and triplet states are nearly degenerate in energy.

However, the best choice of the active space is unclear. To

avoid the dependency of the active space, the minimal

active space based on the UNO should be rigorous without

requiring chemical intuition. Then, the dynamical electron

correlation effects should be considered by highly accurate

CC methods including UNO-MkMRCCSD. As for

MkMRCC computations, it is found that the size-consistent

correction with the localized active orbitals is requisite to

obtain the qualitatively correct 2J values, although the

calculated results can depend on the reference orbitals.

Judging from the calculated results, the UNO-based ULO

as well as CNO-based CLO is more reliable than the

ROHF-based RLO. In fact, the ULO-MkMRCCSD(2e,2o)

calculation predicts the singlet ground state. When the

AP-BS methods are performed, the combination with high-

level ab inito methods with large and flexible basis sets is

imperative. The AP-BS methods together with cc-pVDZ

basis sets do not reproduce the singlet ground state of OXA

except for AP-UBLYP, while the AP-UCCSD(T)/aug-

cc-pVTZ calculation qualitatively reproduces the EOM-

SF-CCSD(dT)/aug-cc-pVTZ and experimental results.

Acknowledgments T. S. is grateful for the Research Fellowships

from Japan Society for the Promotion of Science for Young Scientists

(JSPS). This work has been supported by Grants-in-Aid for Scientific

Research (KAKENHI) (Nos. 21550014, 19750046, 19350070) from

JSPS and that on Grant-in-Aid for Scientific Research on Innovative

Areas (‘‘Coordination Programming’’ area 2170, No. 22108515) from

the Ministry of Education, Culture, Sports, Science, and Technology

(MEXT).

Appendix

Definitions of acronyms are given in Table 7.

Table 6 The 2J values (kcal/mol) for OXA at the AP-UCCSD and

AP-UCCSD(T) levels with the aug-cc-pVDZ, d-aug-cc-pVDZ, cc-

pVTZ, aug-cc-pVTZ, d-aug-cc-pVTZ, and cc-pVQZ basis sets

Basis sets Method

AP-UCCSD AP-UCCSD(T)

aug-cc-pVDZ 2.5 -0.3

d-aug-cc-pVDZ 2.6 0.3

cc-pVTZ 2.8 0.2

aug-cc-pVTZ 2.1 -0.5

d-aug-cc-pVTZ 2.2 -0.5

cc-pVQZ 2.0 -0.6

Table 7 Acronyms used in the text

Acronym Method

MRCC Multireference coupled cluster

MkMRCCSD Mukherjee’s state-specific coupled cluster

singles and doubles

HONO Highest occupied natural orbital

LUNO Lowest occupied natural orbital

UNO UHF natural orbital

CNO CASSCF natural orbital

ULO UHF localized natural orbital

CLO CASSCF localized natural orbital

RLO ROHF localized molecular orbital

RMRCCSD Reduced multireference coupled cluster

singles and doubles

SS-EOM-CCSD[?n] State-specific equation-of-motion coupled

cluster singles and doubles. n more

electrons in the vacuum state than in the

final state of interest

EOM-SF-CC(2,3) Equation-of-motion spin-flip coupled

cluster. (2,3) denotes SD for the CC part

and SDT for the excitation-energy part
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