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An extension of density functional theory to situations with significant nondynamical correlation is
presented. The method is based on the spin<8i§ approach which is capable of describing
multireference wave functions within a single reference formalism as spin—flipping,ae-g3,
excitations from a high-spinM =1) triplet reference state. An implementation of the spin—flip
approach within the Tamm-—Dancoff approximation to time-dependent density functional theory
(TDDFT) is presented. The new method, SF-TDDFT/TDA or simply SF-DFT, describes target states
(i.e., closed- and open-shell singlets, as well as low-spin triphgtéinear response from a reference
high-spin triplet M;=1) Kohn—Sham state. Contrary to traditional TDDFT, the SF-DFT response
equations are solved in a subspace of spin—flipping operators. The method is applied to
bond-breaking(ethylene torsional potentialand equilibrium properties of eight diradicals. The
results demonstrate significant improvement over traditional Kohn—Sham DFT, particularly for
50/50 hybrid functional. ©2003 American Institute of Physic§DOI: 10.1063/1.1545679

I. INTRODUCTION size-consistent, and relatively cost-effective. This work pre-
sents a new extension of the SF approach.

Electronic degeneracy is ubiquitous in chemistry. For ex-  Within the SF approach;**a high-spin M¢=1) triplet
ample, bonding and antibonding orbitals may become degerstate with two unpaired-electrons is chosen as a reference.
erate at a dissociation limit or transition state, degeneratarget M;=0 states(both closed- and open-shell singlet
frontier orbitals are common in diradicals and other open-states, andi;=0 components of triplet stateare then de-
shell intermediates. Orbita(neaj-degeneracies result in scribed as a spin—flipping, e.gx— /3, excitation from the
wave functions which are not dominated by a single configureference. In cases where large nondynamical correlation de-
ration, but rather include several leading determinantsrives from a single HOMO-LUMO paife.g., bonding and
Therefore, the Hartree—Fock description of such multicon-antibonding orbitals in single-bond breaking reactions and
figurational wave functions is qualitatively incorrect. This homosymmetric diradicals, nonbonding orbitals in hetero-
often causes a breakdown of single-reference post-Hartreesymmetric diradicaf$), the SF approach provides a more
Fock methods, e.g., Mgller—Plessé¥lP) and coupled- balanced description than the corresponding traditional
cluster(CC) methods: single-reference methods which overemphasize the impor-

The traditional approach to these problems is a two-stepance of the closed-shell Hartree—Fock configuration. More-
procedure. First, a zero-order wave function which consistever, SF is a multistate approach and is therefore capable of
of a small number of near-degenerate configurations is cadescribing several states in one calculation. For example, the
culated in order to recover nondynamical correlation. ThisSSF models accurately describe all three low-lying singlet
can be done by the multiconfigurational self-consistent fieldtiradical stated®i.e., closed-shell singlet, open-shell singlet,
(MCSCB proceduré:® most often implemented as complete and second closed-shell singlet which is a doubly-excited
active space SCECASSCH. Remaining effects, i.e., dy- state with respect to the first closed-shell singtét:
namical correlation, are then recovered by configuration in- By employing theoretical models of increasing complex-
teraction (MRCI), perturbation theorfMRPT), or MRCC ity for the reference wave function, the description of the
(see Ref. 4 for a comprehensive review of multireferencdinal SF states can be systematically improved. The simplest
methods. member of the SF hierarchy of models is the SF configura-

Recently, several single-reference methods capable afon interaction singles methd®F-CIS (Ref. 11) which em-
describing some multireference situations have been deveploys the SCF wave function for the reference, and describes
oped: the valence optimized-orbitals coupled-cluster doublethe final states as single excitations flipping the spin of one
(VOO-CCD) method?~’ quadratic CCD{QCCD),2° doubly  electron(e.g., where am-electron is excited into # virtual
ionized equation-of-motion CCSH#,and the spin—fligSPH orbital). SF-CIS has been shown to give a reasonable ac-
approach’™* These single-reference methods arecount of the nondynamical correlation, thus extending the
application-independeriin the sense that no specification of SCF/CIS models to bond-breaking and diradicals. Moreover,
near-degenerate configurations or active orbitals is reqyiredfor excited statege.g., singlet—triplet energy gaps in diradi-
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calg it represents a considerable improvement over CIS, it€IS equations(with properly redefined Coulomb and ex-
traditional spin-conserving counterpart. More accurate deehange integra)$*?which greatly simplifies the implemen-
scription is achieved by recovering more dynamical correlatation. Although invoking the TDA within TDDFT yields a
tion through higher-order excitations by PBF-CISD)],®>  formally inexact theory, it has been shown that the TDA does
Cl (SF-CISD,*? or CC (SF-OO-CCD or SF-Op* not considerably affect excitation energies in most c&%&s.
Since target SF states can formally be considered alloreover, the TDA sometimes yields improved results over
linear response states of the reference triplet state, the SBIl TDDFT,?%% although this surely results from cancella-
idea can be implemented within time-dependent densityion of errors.
functional theory(TDDFT). Even though DFT(Refs. 16— TDDFT has been shown to yield more accurate results
18) and TDDFT (Refs. 19-25 are formally exadf'®?°  than CIS?*#including valence excited states with consider-
practical implementations involve an unknown functional ofable doubly excited character for which CIS fails dramati-
the density, for which a number of models have beercally.* However, the TDDFT description of Rydberg states
developed®~3® So far, the success of these functionals is(or diffuse valence statgss rather poor due to the incorrect
limited to systems whose ground state electronic structure ig@Symptotic behavior of the available functiondkee, for
dominated by a single Slater determinant. This can be relategkample, Ref. 56 As far as bond-breaking is concerned,
to the parameterization of the density by a fictitious SlaterTDDFT inherits all the limitations of ground-state DFT.
determinant (i.e., the Kohn—Sham determinanin the  Therefore, a combination of the SF approach with TDDFT
Kohn—Sham equatiorié.Had the exact functional existed, can be a simple tool to recover both nondynamié@am SH
this parameterization would yield the exact density for anyand dynamicalfrom DFT) correlation. The attractive feature
(i.e., including multiconfigurationalwave function. With the  of this approach is that it is based on formally exact response
available inexact functionals, however, the Kohn—Sham detheory, and, therefore, SF-TDDFT will yield exact results
terminant not only represents the total density, but also ret@lso identical to non-SF DHTif the (yet unknown exact
flects the leading electronic configuration in the many-functional of the density is used. In this paper, we present
electron wave function. It is therefore not surprising thatthis method in the Tamm-Dancoff approximatidSF-
such a description can fail for systems with strong multiref-TDDFT/TDA, or simply SF-DFT and investigate its per-
erence charactéf. formance. We choose to invoke TDA because of the simpli-
Despite the above limitation, DFT has become Veryfications it offers, although SF-TDDFT/TDA is an approxi-
popular for its ability to describe dynamical correlafiyrs’ ~ mation to the full SF-TDDFT theory.
within a computationally inexpensive one-electron computa- "€ paper is organized as follows: in the next section,
tional scheme. In many chemical applications, its accuracy i¥/€ present the working equations for SF-DFT. Section il
comparable to MP2 and sometimes even CCSD metffbds.Presents the results for twisted ethylene and selected diradi-
This success has motivated the development of several ap@lS. Our concluding remarks are given in Sec. IV.
proaches for including nondynamical correlation within
Kohn—Sham DFP#3739-5Many of these techniques adhere
to a single Kohn—Sham determinant representation of thg. THE METHOD
electron density, e.g., the sum methiSdestricted open shell
theory for singletsROSS-DFT:;344? ensemble theor§* 4 In Kohn—Sham DFT, the electron densigyx) is ex-
and the fractional occupation numb&ON) method**~46  panded over a set dfl one-electror(real-valued orthonor-
Alternatively, one can employ a wave-function-like ap- mal basis functionge,(x)}yL

proach, and use several Kohn—Sham determinants for the M

H : ~34,37,47-5 H
parametenzatpﬁ. 4'I'hese.determm(:mts can be chosen ) Poqbp(X) (%), 1)
by using multireference techniques, such as valence-bond, Pq

MCSCF, or VOO-CCD. Thus, these hybrid methods combine

DFT (to simulate dynamical correlatipmvith the multirefer- wherex denotes spatla_l and spin coort_jmates_ of an electron,
. . x=(r,o), and the density matriR is subject to idempotency
ence modelgto treat nondynamical correlatipnUnfortu-

. . - . and normalization conditions:
nately, a multi-determinantal parameterization will generally

make these methods significantly more expensive. Moreover, p2=p, 2
the possible double counting of electronic correlation must
be accounted fo¥*°%5! Nevertheless, the ability of wave tr[P]=N, 3

function based methods to extend DFT suggests it is worth-
while to explore the SF approach to describe nondynamica‘1v
correlation within the single-determinantal Kohn—Sham
scheme.

The merge of the SF approach with DFT proceed
through TDDFT®~2° a formally exact single-excitation 9P
theory based on Kohn—Sham orbitals. TDDFT describes ex-  [F+AV(1),P]=i—, (4)
cited states as a linear response of the ground state density.

When implemented within the Tamm-Dancoff approxima-where\V(t) is an infinitesimal oscillatory perturbation, and
tion (TDA),* the resulting equations are isomorphic to theF is the Kohn—Sham Hamiltonian matri%,which consists

hereN is a total number of electrons.

In TDDFT, the time-evolution of the reference state
density matrix follows the time-dependent Kohn—Sham
Sequation:
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of the fictitious one-electron kinetic energy, nuclei—electronand 8 electrons does not change upon excitation. In the SF
attraction, electron—electron Coulomb repulsion, and theémplementation, we consider onlgB blocks of X, which
exchange-correlation potentié.: results in a net change of and B electrons upon excitation
(one a-electron is promoted to the empgrorbital). In the

qu:f bp(X)| — EVS_Z i subsequent section, we discuss contributions intaiBie3
2 A TR block of the coupling matriXA from Egs.(13) and(11).
x")dx’ A. Contributions to the coupling matrix
# [P0 40 | g0 ® o P |
r=r’| Similarly to the non-SF case, the diagonal part of the

By applying time-dependent perturbation theory to Eq_matrix A is simply differences betwe_en energies of
(4), the time-independent Kohn—Sham equation for the refe-occupied andg-virtual Kohn—Sham orbitals. In case of
erence state density matrix is retrieved in the zero-order: Noninteracting electrons, these differences give exact excita-

tion energies. The correlation effects are described by the

0 0)1— . . . .
[F©,P@]=0, (6)  dependence of the effective one-particle Hamiltonian on the

FO_s ¢ 7) electron density. This dependence couples different one-
Pa- TpaTpe electron excitations. Below we discuss the contributions to

Pi(jO): Sij (8)  the SF block ofJF/dP by analyzing how different parts of the
0) 50 o(0) Fock matrix from Eq(5) depend upon the density matix

Pia’=Pai’=Pap =0, (9 Note that the Fock matrix5) which appears in the excited

where e, denotes the Kohn—Sham orbital energies, indexesta® equationfEgs. (13) and (11)] depends upon thesfer-

i,j,... are reserved for the spin—orbitals which are occu®nce states density . .
pied in the reference Kohn—Sham determinant, indexes 'The first two terms in Eq(5), i.e., the Qne—electron ki-
a,b, ... are used for the unoccupied spin—orbitals, and inetic energy and nyclear—electron attraction, do not'depend
dexesp,q, . .. denote spin—orbitals which can be either oc-on the de_nsny matrix, and the_refore they do not contribute to
cupied or unoccupied in the reference. the coupling part ofA. The third term, the Coulomb opera-

Conditions that define the Bohr frequenciexcitation ~ tOF IS represented in matrix form as
energies from the reference ground state are obtained from

; rount : !
terence st doncty maicst o ae= [yt [ ax 2
A B\[X 1 0\/X -
(B* A*)(Y):“’(o —1)(\()’ (10 ;Pstd’s(x/)(ﬁt(x/)
IF.. =f ¢p(x)_fdx’ o Pq(x)dx
Aia,jb:(fa_fi)5ab5ij+ﬁa (11
ib 1
Fa =3 [ axax 0100 g0 80 P

Bai,bjzﬁjb- (12 st lr=r’|
Within the TDA, one obtairf => (pt|qs)Py, (15)

AX'=w X', (13 ¥

where w, denotes an excitation energy to thth excited 2and the corresponding derivative is

state, whose density can be calculated from the correspond-
ing response matriX' as follows:

apjb=<ib|aj>. (16)

Pilj':5ij_2 Xilax}a1 Plabzz X:axgb' (14) . . N . .
a [ It vanishes for spin—flipping excitations because in the

The above equation allows one to interpret an electron exc2-€/ectron repulsion integrgliblaj) two spin—orbitals for
tation in terms of changes in populations of the Kohn—Shanihe first electron have opposite spahas/-spin whilei has
orbitals. Likewise, Eqs(13) and(11) show that there are two @-SPin. Similarly, the two spin—orbitals of the second elec-
different contributions to the excitation energy : the en- tron also have opposite spin. Th_erefqre_, the _Coulomb poten-
ergy difference between the Kohn—Sham orbitals whosd@! does notcouple different spin—flipping single electron
populations change upon the excitatitthis would be an excitations. This is hardly surprising, since n(_elther the
exact excitation energy for noninteracting electjpasd the a-electron nor tth—_eIectron reference state .densny_ are af-
correlation part which is folded into the dependence of thd€cted by changes in thea block of the density matrix.
Fock matrix on the density matrix. The e>.<change—correlat|on potential from Ef) can be

In the traditional TDDFT implementatio?é2?® only ~ Parameterized as follow:
spin-conserving blocks, i.ea« and BB, of the response ma-
trix X are allowed to be nonzero. In this case, humbew of Dy X)=Cad (1) +Cod (1) +Cad i (), (17)
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where the first two terms represent exchange and correlatiofock exchange relative to B3LYP. We shall denote calcula-
potentials, respectively, and the last term is the Hartree—Foctons with these functionals as SF-BLYP, SF-B3LYP, and SF-

(or exacj exchange:

!)A

,| X, X" 1

OHF(x) = — f ax P (18)
[r—r

whereﬁx‘x, is a permutation operator. Just like the Coulomb

5050, respectively.

Note that there is an interesting connection between SF-
DFT and the DFT/MRCI method of Grimme and WaletzRe.
They employ KS theory to obtain orbitals and orbital ener-
gies, and then perform truncated Cl calculations with
screened integrals. The method of Grimme and Walétzke
becomes equivalent to the SF-5050 model if the SF proce-

potential, pure exchange or correlation potentials depenf, e of generating the CI determinantal space and the screen-

only on a- or B-electron densities and their gradients, and
therefore they do not couple single electron SF excitations

The Hartree—Fock exchange, however, involves off-
diagonal elements of the density matrix which can be af

fected byaB-block changes in the density matrix,

X,X")
fdx’p( )PXX,
r=r'[ ™

qu:_f ¢p(X) dq(x)dx

> Pohs(X) (X))

! St !

:_J dx¢p(x)f dx ] dq(X")
1
-3 | [ axax g0 40x D 90X P
== (ptlsq)Px. (19
The derivative is given by

aKia_ T
75, ~ ~iblia) 20

and is indeed nonvanishing for the SF excitations. Thuagy

ing parameter of 0.5 are used within their DFT/MRCI
'scheme.

In the next section, we discuss two chemically important
‘situations where currently available DFT models fail: bond-
breaking(ethylene torsional potentiahnd diradicalsequi-
librium properties and singlet—triplet ggp&or ethylene, we
have employed a DZP basis set which is the standard
Huzinaga—Dunning DZ basis augmented by sixd-type
functions with the exponent 0.75 for carbons and by three
p-type functions with the exponent 0.75 for hydrogens. The
diradicals have been studied with the 6-31G* basi$%&he
optimized geometries and total energies for diradicals’ triplet
states have been calculated by using klheg=0 SF states
rather than théVl ;=1 reference states. In all the SF calcula-
tions, spin-unrestricted triplet references have been used.
Adiabatic energy separations have been calculated as differ-
ences between total energies calculated at the geometries op-
timized at the same level of theory as used for the energy
calculation.

[Il. RESULTS AND DISCUSSIONS
A. Ethylene torsion

Ethylene’s torsional potential is a classical example of
nondynamical correlation. At equilibrium, the and 7* or-
bitals are well separated in energy, and the Hartree—Fock

the Hartree-Fock exchange contributes to the SF couplingdeterminant, )2, is a qualitatively correct wave function.

block of the matrixA.

B. Implementation and computational details

However, at 90°, ther and 7* orbitals become degenerate,
causing a breakdown of standard spin-restricted single-
reference methods. Thus, in order to accurately describe the

We have implemented the SF-DFT method in thetorsional potential, the wave function should include both

Q-CHEM ab initio package?® This implementation is direct

(m)? and (7*)? configurations. Moreover, qualitatively cor-

meaning that no two-electron integrals are stored. Furtherect wave functions should be flexible enough to treat these
more, all operations involving two-electron integrals are per-configuration on an equal footing. This can be achieved, for
formed in the atomic orbital basis. Practically, a SF-DFTexample, by two-configurational SCHCSCH augmented

calculation with a pure exchange functioriaé., containing

by configuration interaction including single and double ex-

no HF exchanggeis trivial in the sense that the excitation citations (TC-CISD). Below, we use TC—CISD curv®as
energies are simply the orbital energy differences betweethe reference. Ther—#* degeneracy does not affect the
a-occupied ang3-virtual Kohn—Sham orbitals. The SF-DFT man™ « triplet state, which is well described by a single de-

implementation with a hybrid exchange functiofialich as

terminant at all torsional angles. Since both)t and (7*)?

B3 (Ref. 32 is similar to a SF-CIS calculation, the main determinants are single spin—flipping excitations from the
difference being that the Hartree—Fock exchange contribusran* « triplet, the SF model can accurately describe the

tion from Eq.(20) needs to be weighted in SF-DFT.

ground-state state wave-function at all torsional angte®

In our calculations, we use three exchange-correlatiorRefs. 11—14

functionals: (i) BLYP;?®>%° (ii) B3LYP (Ref. 32 [20%

Potential energy curves along the torsional coordinate

Hartree—Fock 8% Slatef®+72% Becké® for exchange and calculated by spin-restricted HF and DRUsing BLYP,

19% VWN (Ref. 279+81% LYP (Ref. 30 for correlatior;
and(iii) the 50/50 functional50% Hartree—Fock8% Slater
+42% Becke for exchange and 19% VWH81% LYP for

B3LYP, and 5050 functionalamethods are shown in Fig. 1.
Since the second important determinant* 2, is com-
pletely neglected by the Hartree—Fock model, RHF produces

correlatior) which includes a larger fraction of the Hartree— a potential curve with an unphysical cusp and overestimates
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FIG. 1. Ethylene torsional potential, DZP basis. All curves are shifted sucHFIG. 3. Ethylene torsional potential, DZP basis. All curves are shifted such
that the energy at 0° is zero. Spin-restricted Hartree—Fock and DFT curvethiat the energy at 0° is zero. All SF curvexcept for the SF-BLYP oneare
display a sharp cusp around the barrier. The barrier height is considerablgmooth.

overestimated.

symmetry breaking improves DFT curves much more drasti-

the barrier helght by about 1.5 eV. Spin-restricted DFTca”y than the wave function based mod@igor examp|e,
curves are qualitatively and quantitatively similar to the RHFy-B3LYP underestimates the barrier height by only 0.25 eV.
one. Nevertheless, the heavy spin-contamination and difficulties

The spin-unrestricted HF method yields a smooth curvegssociated with finding an appropriate spin-symmetry broken
but at the price of spin-contamination: at the barri)  solution are discouraging as far as practical use of U-DFT is
~1 which corresponds to an even mixture of singlet andconcerned.
triplet states. Moreover, the barrier height and the shape of potential energy curves calculated by the SF-CIS, SF-
the unrestricted curve is not very accurate: UHF underestiBLYp, SF-B3LYP, and SF-5050 methods are shown in Fig.
mates the barrier height by 1.1 éthe RHF erroris 1.5e) 3, SF-CIS, SF-B3LYP, and SF-5050 curves are all smooth
The heavy spin-contamination is not rectified by using cor-around the barrier. In contrast, the SF-BLYP curve has a
related wave function¥: Likewise, correlated models which cusp, due to the fact there is no coupling between different
use UHF references yield only marginally more accurate enexcitations in pure exchange-correlation functiorfakse Sec.
ergies than their RHF-based counterpéfts. Il A). The residual spin-contamination is very small for all

Figure 2 shows spin-unrestricted curves calculated bynhe methods: thés?) values are less than 0.1. The SF-5050
the UHF, U-BLYP, U-B3LYP, and U-5050 models. The spin- parrier height is less than 0.2 eV from the reference TC-

CISD value.
Selected total energies from Figs. 1-3 are given in Table
012 - ' ‘_‘U_'HF ] I. Table Il presents the optimized geometries and barrier
gL e—e U-BLYP heights. As far as optimized barrier heights are concerned,
PR A= SF-CIS underestimates the barrier by 0.32 eV, SF-B3LYP
—— TCSCF-CISD overestimates the barrier by 0.65 €& compared with the
| more accurate SF-OD modelThe SF-5050 optimized bar-
2 rier height is 3.15 eV, which is 0.35 eV higher than the
5 SF-OD value.
(@ B. Diradicals

As defined by Salem, diradicals are molecules with two
electrons occupying two (neay-degenerate molecular
orbitals!® While diradicals are essential in interpreting reac-

tion mechanism&2-°° their theoretical treatment is difficult
‘ ‘ : due to the multiconfigurational character of their singlet
60 90 120 180 . . . . .
Torsion angle, deg wave functions. Their high-spin triplet states, however, are
single-configurational—just like the triplet7 state in the
FIG. 2. Ethylene torsional potential, DZP basis. All curves are shifted sucht

that the energy at 0° is zero. Spin-unrestricted Hartree—Fock and DFT methWISted ethylene example. As has been demonstrated in the

ods yield smooth curves, at the price of spin-contamination. Moreover, barreC_ent benChr_nark _Studﬁl’, the _SF approach aCCU'_'ately d_e'
rier height is underestimated. scribes low-lying diradicals’ singlet states as spin—flipping
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TABLE I. Ethylene torsion, DZP basis. Total energies, hartree, for the SF- Figures 4—7 show SF-DFT optimized geometries of the

BLYP, SF-B3LYP, and SF-5050 nam"de's' Unoptimized barrier Reimf' above diradicals in their lowest triplet and singlet states. Ge-

;E_(:?Oe )AES;C)H: 'flg Ig? _ showr. Geometry usedrcc=1.330 4 fen g metries calculated by the restricted and unrestricted HF and
DFT models are not shown. Table Il presents the corre-

Angle (deg SF-BLYP SF-B3LYP SF-5050 sponding adiabatic singlet—triplet energy gaps calculated by
0 _78.506 23 7857070 7853417 unrestricted HF and DFTUHF, U-B3LYP, U-5050, and by
15 —78.50311 —78.566 87 —78.52957 the SF model$SF-CIS, SF-B3LYP, and SF-50bk0rable Il
30 ~78.49236  -7855482  —7851596 also presents experimental restif€and best available the-
S nme i TmE orotoal estmaeti
75 _78.407 09 — 78466 89 7842882 Bemg the simplestr-7 aromatic d|rac_i|cals, benzyne iso-
80 ~78.39305 —78.45334 —78.417 99 mers (Fig. 4) have attracted considerable theoretical
85 ~78.37821  —78.44047  —78.40965 attentiont#344243.73-8/rddjtional interest inp-benzyne 8)
87 —78.37205 —78.436 34 —78.407 58 originates in its role as an antitumor ag&hfThe ground
89 —78.36578  —7843381  —78.40649 state of all the three isomers is a singlet, and the lowest
90 —78.36257 —78.43344 —78.406 34 . . . L .
excited state is a triplet. The diradical character increases as
AE 301 3.74 348 the distance between the unpaired electrons increases in the

T — — i ortho-— meta— para- sequence. The increase in diradical
- orsional potentials can be tound In Ret. , € corresponain H H —tri H
unoptimized_ barrier height is 2.92 eV. The uhoptimized TC-CISD andi:r?:r:::ﬁé rg%uel':’s ‘I:S ad:lzgrlﬁltnetgpllr?tueltr::\t;?(gllegtaghgf(;:erleeacstreo:’ln
SF-OD barriers are 3.27 and 3.23 eV, respectivi@ef. 13. The corre- :
sponding valuesin eV) for the traditional HF and DFT calculations are: Spectroscopy experiments of Wentheldal *’ AE,, are 35.5
4,76 and 2.15 eMRHF/UHP (Ref. 61, 4.12 and 3.11(R-BLYP and +0.3, 21.0:0.3, and 3.80.3 kcal/mol, respective|y_ As
:65%_?65"’(5_24 and 3.03R-B3LYP and U-B3LYR, 4.44 and 2.83R-5050 g0 in Table 11, RHF reverses the state ordering in all the
three isomers. Restricted DFT models yield correct state or-
dering inortho- andmetaisomers, however, the errors in the
correspondingAEg; are quite large, e.g., R-B3LYP results
excitations from the high-spin triplet referen@ehich some-  gre off by 8 and 5 kcal/mol foo- andm-CgH,, respectively.
times happens to be a diradical's ground state, such as iQioreover, both R-5050 and R-B3LYP fail dramatically for
methylene or trimethylenemethane the most problematip-benzyne. Errors in the spin-restricted
In this work, we investigate the performance of SF-DFT methods are rather systematic: both RHF and R-DFT place
for (i) equilibrium structures and frequencies of singletihe triplet too low with respect to the singlet, the imbalance
diradicals; and(i) energy gaps between the lowest singletincreasing with the increase in the diradical character in this
and triplet statedthis is a chemically important question, sequence. Spin-unrestricted results for these three diradicals
because the reactivity of singlet and triplet diradicals is ofteryre much less systematic. tabenzyne, UHF yields correct
considerably diffgreﬁf_). We have selected the following  gtate ordering, howeveAE,, is off by 16 kcalimol. U-5050
eight moderate-size diradicals as our benchmark®éto-  pjaces the singlet too low with respect to the triplet. No
benzyne(1), metabenzyne(2), para-benzyne(3), mbenzo-  jngiapilities have been found for the B3LYP model. In
quinodimethane ro-xylylene, GHg, 4), propane-1,3-diyl m henzyne, only the Hartree—Fock model exhibits instabili-
(CsHe, 5), 2,2-difluoropropane-1,3-diyl (1,F>, 6), cyclo-  ies however, the singlet's stabilization due to the spin-
pentane-1,3-diyl  (€Hs, 7), and 22-difluorocyclo-  ontamination is not sufficient to yield the correct state or-
pentane-1,3-diyl (€Hs, 8). dering. No instabilities for the DFT models have been found
at the corresponding equilibrium geometries. There are, how-
ever, lower-energy spin-symmetry broken solutions at the
TABLE II. Optimized geometries for ethylene at the equilibriubi,() and  triplet's equilibrium geometries, but the total energies of
aF the barrier D), DZP basis. Total energies and barrier height are alsothese solutions at their optimized geometries are higher than
given. total energies of restricted solutions at their minima. This is
Method Rec: A Reys A ZHCH Ey, hartree AE, eV because restricted models yield structures with the unphysi-
cally short distance between two radical cent&se, for

gﬁrgrg,pz“) 1352 1077 1171 —78.06924 example, Ref. 6} In p-benzyne, all unrestricted models
SE-5050 1335  1.080 116.9 —78.534 24 yield the correct state ordering, however, UHF again over-
SF-B3LYP 1.339 1.088  116.8 —78.57120 stabilizes the singlet. The SF-CIS method predicts correct
SF-CISD)? 1345 1.084 1169 -—78.34681 multiplicity of the ground state for all three isomers. The
SF-0D* 1351 1088 1171 -78.38929 SF-5050 results are in quantitative agreement with the ex-
Twisted D,q) periment: errors do not exceed_4 kgal/mol. . _
SF-CIS 1472 1.080 117.3 —77.97817  2.48 Our next systemm-benzoquinodimethane}( Fig. 9), is
SF-5050 1450  1.083  116.7 —78.41837  3.15 an example of a non-Kekulmolecule. EPR studié&have
SF-B3LYP 1437  1.095 1154 -78.44436  3.45 suggested a triplet ground state for this molecule, which has
gi:ggma i'isg i'ggg Eg'g :;gggggé ;-gg been confirmed by the TCSCF/STO-3G calculatithor
' i i ' ' this molecule, the SF models predict the triplet state to be
Reference 13. 7-10 kcal/mol below the singlet. Similarly to the previous
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1 H 3 H
A, 1 B,
H H
1188 - 1198
119.8 - 1200
1.269 nos 1190 1.385 A 1181
1.247 1.387
1252 122.3 |1.399 1384

122.4 |1.406

1.384 1.373
y 1.387 1.076 ’ 1.393 1.075
113516 1.397 1.079 H }igg 1.396 1.078 H
. 1414 1.088 h— 1.389 1.089
H H
Enye = 188.2488, 188.7384, 187.3794 Enuc = 186.4299, 186.4656, 183.9054

Enue = 185.5351, 188.5342 Enue = 185.0726, 186.8880

3
Tu ya74 s
1.370
H 1.376 122.3 H
71256 123.4
126.8
1283 1.393
1.308
117.2
11.8772 1166 1417
1W/\
H H
E, . = 186.4486, 186.8864, 185.2847 Enuo = 186.6397, 186.7889, 186.2876

FIG. 4. Optimized geometries for the singlet and triplet states of benZyoesl lengths are in angstroms, angles in degrees, and nuclear repulsion energies
in hartree using SF-CIS(norma), SF-5050(italic), and SF-B3LYRunderling methods.

example, restricted models place the triplet state too low irample, because the multiplicity of the ground state changes
energy with respect to the singlet which results in the grosslyipon fluorination: the former diradical has a triplet ground
overestimated\E,. Spin-symmetry breaking improves the state, and the latter has a singlet ground $taf@CASPT2/
results. 6-31G* calculation& have predicted E, be —0.7 kcal/mol

The next pair of molecule§-ig. 6), propane-1,3-diy(5)  and 4.8 kcal/mol in(5) and (6), respectively. Restricted HF
and 2,2-difluopropane-1,3-diyi6), are an interesting ex- and DFT fail to describe this change: in both cases, triplet
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Enue = 321.5909, 323.7606, 321.1906 Enue = 320.7056, 323.5468, 321.3784

FIG. 5. Optimized geometries for the singlet and triplet statesxdsenzoquinodimethan@ond lengths are in angstroms, angles in degrees, and nuclear
repulsion energies in hartreasing SF-CIS(norma), SF-5050(italic), and SF-B3LYRunderling methods.

state is placed 10-80 kcal/mol below the singlet. Spin——1.35 kcal/mol. The corresponding fluorinated molecule,
unrestricted HF and DFT yield qualitatively correct results,2,2-difluorocyclopentane-1,3-diyB), has a singlet ground
however, the changes between the two systems seem to btate 9.8 kcal/mol below the lowest triplgts determined by
underestimated by these metho@s compared with the the CASPT2 calculatiod. The performance of the re-
CASPT2 results Both the SF-CIS and the SF-5050 resultsstricted and unrestricted HF and DFT models is very similar
are in quantitative agreement with CASPT2. to the previous example. The SF-CIS results are qualitatively
Similarly to (5) and(6), fluorine substitution reverses the correct, while SF-5050 is in quantitative agreement with
state ordering in Closs’s diradicdtig. 7). Cyclopentane-1,3- CASPT2.
diyl (7) has a triplet ground state as determined in the ESR  To summarize, the SF-CIS has been found to yield quali-
and CISNP experimenf§;>°and confirmed by the CISD cal- tatively correct results in all eight diradicals. The most accu-
culations of Sherrillet al”* who have reportedAEg, be rate results are obtained by the SF-5050 method; the corre-

Enuc = 180.7965,180.7656, 178.7638 Enue = 180.5194,180.3010, 178.2088

FIG. 6. Optimized geometries for the singlet and triplet states of propane-1,3-diyl and 2,2-difluopropane-t8rdiylengths are in angstroms, angles in
degrees, and nuclear repulsion energies in hartrsiag SF-CIS(norma), SF-5050(italic), and SF-B3LYRunderling methods.
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Enue = 168.9839,169.9532 Euc = 168.8309,169.8294
1 3
A E. 1035 B E. 1045
101.5 N 1053 N
99.4 N 1.359 1029 > 1.354
s & 1367

1.397

. : 1.556
H¥ 4064 2 1.533 : H H™ 1064 - 1.552 : H
1055 = 1539 - 1053 = 1.566 -
- ¥ ~1.086 L280 ~1.086
1046 = -1.092 - =1.092
H Hi104 H 1.104
Enue = 311.9242, 312.5402, 309.7207 Enue = 311.4930, 311.8805, 309.2111

FIG. 7. Optimized geometries for the singlet and triplet states of cyclopentane-1,3-diyl and 2,2-difluorocyclopentanedigBdligihgths are in angstroms,
angles in degrees, and nuclear repulsion energies in hausesy SF-CIS(norma), SF-5050(italic), and SF-B3LYRunderling methods.

spondingAEg, are within 4 kcal/mol from the experimental For example, SF-5050 and SF-B3LYP reverse state ordering
or ab initio values. Spin-restricted models yield large errors:in CH,, and yield too small singlet—triplet gaps in the C, O,
they systematically place triplet state too low with respect toSi atoms, and in NH, NF, and OThe reason why SF-DFT
the singlet state. Therefore, for diradicals with a singletfails for smaller molecules while it succeeds quite well for
ground state, the ST gaps calculated by RHF and RDFT arthe larger species is not clear to us.
either too small, or state ordering is reversed. For molecules In addition to equilibrium structures and adiabatic en-
with a triplet ground state, the ST gaps are grossly overestiergy gaps, we also investigate how accurately the SF models
mated. Reference 14 explains the reasons for these systeneproduce shapes of potential energy surface. For this pur-
atic errors. Spin-unrestricted methods oftent not always, pose, we consider vibrational frequenciespbenzyne, a
e.g., mbenzyne improve the results, however, they often challenging test case for thab initio methods. At the equi-
overstabilize singlets. The SF model provides systematic imlibrium geometry of this molecule, spin-restricted methods
provement over the spin-restricted and spin-unrestricted HBuch as RHF, R-MP2, R-CCS$D), suffer from orbital insta-
and DFT. Moreover, SF-CIS and SF-DFT are multistatebilities and fail to reproduce experimental vibrational spec-
methods and are capable of describing higher singlet statesum even qualitatively correct; for example, they yield two
(see, for example, Ref. 14 which presents SF-CIS and SHarge imaginary frequencié§®! Spin-unrestricted methods
DFT results for the higher excited singlet states of trimeth-have been more successful; U-CGSDfrequencies are in
ylenemethane diradical reasonable agreement with experiméntable IV presents
While SF-5050 gives a good account of the singlet—calculated harmonic vibrational frequencies for the singlet
triplet gap for these medium-size radicals, it should belAg ground state op-benzyne as obtained by the SF-5050
pointed out that SF-DFT apparently fails for small diradicals.and SF-B3LYP methods with a 6-31G** basis set. Experi-
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TABLE lIl. Adiabatic singlet—triplet energy gap&cal/mo) calculated by the restricted and unrestricted HF,
B3LYP, 5050, and the SF-CIS, SF-B3LYP, SF-5050 methods in a 6-31G* basis set. Zero-point energy correc-
tions are not included into the theoretical results.

0-CgHy m-CgH, p-CgH, CgHg CiHg  CiH4F, CsHg CsHgF,

1 2 3 4 5 6 7 8
RHF —6.4 -29.1 —-835 -884 —842 —-633 —819 —495
R-5050 214 8.1 —36.4 —474 —424 272 —460 —14.9
R-B3LYP 29.4 14.2 —14.9 -316 —-240 -115 —294 —0.6
UHF 22.0 -6.5 12.9 -248 1.0 1.2 —-1.0 2.7
U5050 56.4 (a 1.8 -107 -06 2.4 -0.8 5.1
UB3LYP @ (a 2.4 -6.72 02 3.4 -0.6 7.1
SF-CIS 23.1 8.5 5.9 -7.3 -11 2.8 -1.3 5.8
SF-B3LYP 53.9 n.a. 12.8 -6.8 3.8 15.1 n.a. 22.7
SF-5050 41.7 22.3 35 -106 0.2 6.8 -1.13 12.6
Theor. 37.8 19.3° 3.9° -10.0¢ -o0.7¢ 48d -1.35¢  9.8f
Expt. 37.5-0.39 21.0t0.39 3.8+0.39 <QOf

#No lower unrestricted singlet solution could be found.
PReference 14.
‘Reference 69.
YReference 70.
*Reference 71.
Reference 72.
9Reference 67.
"Reference 68.

mental value$® restricted and unrestricted HF and Moreover, U-B3LYP frequencies are very close to
CCSOT), and unrestricted B3LYP resuffsare also tabu- U-CCSDT). Both SF-B3LYP and SF-5050 yield real fre-
lated for comparison. Note that the usually reliable CCBD quencies for these two problematic modes. Moreover, SF-
method fails to improve RHF results and yield very large5050 frequencies are following closely the U-CQ$DPnum-
imaginary frequencies fow,o and wqg. Unrestricted HF, bers. For the seven measured frequencies, the SF-5050
B3LYP, and CCSDT) do not yield imaginary frequencies. frequencies are all slightly higher than experimental values
For seven experimentally measured frequencies, the agre@which is not surprising since no anharmonicity corrections
ment between U-CCSD) and the experiment is good. have been included Some of the SF-B3LYP frequencies

TABLE IV. Harmonic vibrational frequencies (cm) for the groundLAg state ofp-benzyne, 6-31G** basis set.

Mode RHFE UHF* U-B3LYP® R-CCSOT)® U-CCSDT)® SF-B3LYP SF-5050 Expt.
01 (ay) 3414 3370 3264 3258 3220 3317
0, (ag) 1379 1538 1342 1498 1269 1440
w3 (ag) 1256 1194 1174 1183 1170 1202
04 (3g) 980 993 1018 1044 964 1065
s (ag) 775 630 608 620 705 660
wg (ay) 1004 965 913 938 896 994
w7 (ay) 489 390 417 407 442 450
wg (by) 961 806 349 771 337 722
wg (byy) 946 943 832 897 865 961
oy (by) 310 673 5612 577 493 616
w11 (bs) 3396 3353 3250 3242 3205 3302
w1 (bsg) 1869 1624 1657 1683 1697 1738
w13 (bs) 1335 1369 1301 1309 1248 1327
wi(bsg) 592 625 586 584 552 597
w5 (by) 3391 3353 3238 3241 3200 3300
wy(by) 1504 1559 1458 1482 1489 1402 1511 1403
w7 (by) 1164 1074 1054 1058 1067 1081 1101 976
wg(by) 621 1024 940 3730 953 669 973 918
wo(by) 3415 3368 3263 3257 3221 3316
wx(by) 1546 1411 1403 1388 1391 1477 1448 1331
wy (by) 1144 1388 1256 1275 1256 1107 1254 1207
wy (by) 306 1117 1068 1079 864 1076
wy(by) 812 786 757 750 766 738 796 721
w (by) 519 443 445 443 439 463 477 435

aReference 76.
PReference 91.
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seem to be closer to the experimental values, however, forNO; radical revisited: A theoretical investigation of potential energy sur-
wqg SF-B3LYP yields 669 cm! which is too low as com- faces and conical intersections,” in ACS Conference Proceedings, 2001
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