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Correlation energy extrapolation by intrinsic scaling. IV. Accurate binding
energies of the homonuclear diatomic molecules carbon, nitrogen,
oxygen, and fluorine
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The method oExtrapolation by intrinsic scalingecently introduced to obtain correlation energies,

is generalized to multiconfigurational reference functions and used to calculate the binding energies
of the diatomic molecules £ N,, O,, and k. First, accurate approximations to the full
configuration interaction energies of the individual molecules and their constituent atoms are
determined, employing Dunning’s correlation consistent double-, triple- and quadrbpks sets.

Then, these energies are extrapolated to their full basis set limits. Chemical accuracy is attained for
the binding energies of all molecules. ZD05 American Institute of Physics

[DOI: 10.1063/1.1869493

I. INTRODUCTION lar properties with chemical accuracyrabderatecomputa-
tional cost is that of the model chemistries. These methods
Approaching the exact solution of the electronic combineab initio electronic structure methods with the in-
Schradinger equatidrin molecules with as low a computa- troduction of certain judiciously chosen adjustable param-
tional cost as possible remains a challenge for current workters, which are then determined by minimizing the errors in
in quantum chemistry. the atomization energies, ionization potentials, etc., for se-
Early on, Hylleraa$pioneered the construction of accu- lected large training sets of molecular systems. Examples are
rate compact wave functions through the explicit inclusion ofthe GN methods of Pople and co-work&té’the CBS suite
the internuclear distanag,. Later developments along these of methods by Petersson and co-workéfé and the WN
lines have been the transcorrelated wave functions of Boytheories of Martin and co-workef&** The marked suc-
and Handy, ® the Gaussian geminal methods by a number otesses of the model chemistry methods notwithstanding
authors'®>*?and the linear R12 method of Kutzelnigg and however, work on rigorous parameterless electronic structure
Klopper®**While high accuracy has been achieved by themethods remains important. Even systematic improvements
latter method, in particular in conjunction with of model chemistry descriptions are dependent upon
coupled-clustér—*8and multireference configuration interac- benchmark-qualityab initio results.
tion (Cl) approaches$] > the computational costs are stil By virtue of their variational character, full configuration
high. interaction(FCI) calculationd® furnish results that can serve
Without the help of the complicating,, terms, i.e., by as ab initio benchmarks. The problem is, as mentioned
using only orbital-based configurations, the attainment ofibove, that they suffer from the need for excessively long
chemical accuracy encounters computational limitations dueonfigurational expansions. Even with the progress achieved
to the excessive lengths of the CI expansions in the full conin Refs. 22—26, problems remain, notably when the zeroth-
figuration spaces of the necessary basis sets. Therefore, efirder reference function has multiconfigurational character,
cient configuration-based treatments as well as effective exas is often the case for instance along reaction paths. A num-
trapolations to the full basis set limit are needed. A numbeber of authors have therefore explored yet another path to-
of developments have led to substantial progress in treatingzards reducing the computational effort, namely, the use of
the full CI problem?**® Fundamental recastings of the suitable extrapolation procedures to approximate the FCI en-
configuration-based approach have been introduced by thergy for a given bast§>*within chemical accuracy.
coupled-cluster method$,in the density matrix renormal- A new extrapolation method for obtaining FCI energies
ization group approacft, and in variational density matrix was introduced in two recent publicatifi€ by the present
theory”® Of these, the coupled-cluster approach has proveauthors: Thecorrelation energy extrapolation by intrinsic
to be very effective and has found wide use. On the othescaling (CEEIS. In a third investigatiori: the implications
hand, considerable success has been achieved with regardfte compact wave functions were discussed. Using Dun-
the methods for extrapolating to the complete basis seting’s correlation consistent basis s#s* such CEEIS ex-
(CBY) limit.?"~3 trapolations were found to yield accurate approximations to
An approach towards theoretical predictions of molecu-the (valencé FCI energies for a number of prototype systems
with a considerably reduced computational effort.

30n leave from Institute of Theoretical Physics and Astronomy, Vilnius In the pres_ent |_nvest_|gat|on, we generall_ze the CEE'S
University, Gostauto 12, Vilnius 2600, Lithuania. method to multiconfigurational reference functions and use it
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to predict the binding energies of the diatomic molecules, C Our method is based on the resolution of the total energy
N,, O,, and k. These systems are often chosen as test cas@mprovement over the zeroth-order energy in the full space,
for new computational approachésee, e.g., Refs. 29, 55, viz. AE, as a sum of excitation contributiosE(x):

and 56 since their electronic structures embody serious chal- _ _ _

lenges for achieving high accuracy b initio methods. We AE=[E(N) ~E(O0)]= AR(D) + AR(2)

use the CEEIS method to determine accurate approximations +AE(3) + -+ + AE(), (1)

to the full Cl energies for Dunning’s correlation consistent
polarized valence X-tuple zetac-pVX2) basis sets wittX
=2,3,4 and, then, extrapolate these energies to the CBS AE(X)=E(X)-E(x-1), x=1,2,...f. 2
”T““ by means of established techniqtf@é_’fwé The pre- If f is even,AE can also be decomposed as

dicted binding energies are found to agree with the experi-
mental data within the chemical accuracy of 1 kcal/mol. AE=[E(f) - E(0)] = AE(1,2) + AE(3,4) + AE(5,6)

+ oo+ AE(F—-1,6), ©)

with the increments

Il. EXTRAPOLATION TO THE FULL Cl ENERGY where
BY INTRINSIC SCALING AE(xX - 1) = E(X) — E(x - 2) = AE(X) + AE(x~ 1),

Since the basic CEEIS method has been described in (4)
detail in Ref. 49, we shall sketch here only briefly the basic x=1,2, ... f.
notions and definitions. We shall however generalize the

thod 1o th f lticonfi tional ref ; The individual terms in the series expansion of EL,
method 1o e case of a mutticontigurational reierence TUncg, ;- correspond to the successive excitations, are indepen-
tion. While the method is manifestly applicable to all elec-

dent on the choice of the correlating orbitals that generate the

trons, we use it here only to recover the correlations W'thmconfigurations, as long as M correlating orbitals are used

valence shells, i.e., with the core shells assumed to be closed, .1\ aycitation leveFor small systems involving the at-
oms hydrogen to neon, the expansion given by Eg. (1) has
always been found to converge rapidly when the zeroth-order
space is near-optimizedmillihartree accuracy is usually

1. Expansion in terms of contributions reached fox=6, in some cases for=4 and rarely requiring
from successive excitations X=8.

The CEEIS method presumes the prior determination of It iS the expansion of eachE(x) in terms of determi-

a “zeroth-order configuration space” that is generated from &ants that converges very slowlyhese determinantal ex-
set of M, reference valence orbitals, called “occupiedrhis ~ Pansions, in particular thpse for higher excitations, are re-
zeroth-order reference space does not have to be limited togponsible for the excessive lengths of Cl expansions, and
single Hartree—Fock-type determinant, but can be multiconth€y are the object of the present approach.

figurational. The reference orbitals are presumed to be close ) )

to those that would result from the multiconfigurational self-2- Choice of orbitals

consistent-fied MCSCPH optimization in this zeroth-order The convergence of the expansion of each excitation
configuration space. In the present investigation, we use theontribution AE(x) in terms of determinants depends on the
full configurational reference space that is generated by thehoice of the molecular orbitals. It is therefore important to
occupied molecular orbitald10s). Let there beéM addition-  make an optimal choice of the configuration-generating or-
ally available valence orbitals, called “virtual” or “correlat- bitals and to order them according to their decreasing impor-
ing,” so that the total number of valence, i.e., noncore orbittance. A good set of correlating virtual orbitals would be the
als isMg+M. Substituting virtual valence orbitals in place of natural orbital¥NOs) of the full Cl solution’®® ordered by
occupied valence orbitals generates the additional correlatingccupation numbers, if they were available. An effective
determinants. They are classified as single, double, tripleyractical alternative is provided by the NOs of the SD-CI
etc., excitations, the set oftuple excitations being defined calculation’® The present analysis is therefore based on
as consisting of all determinants containigorrelating and wave functions and energies generated using these SD-NOs
(N-x) occupied valence orbitals, whekéis the number of for all orbitals. TheMg strongly occupied orbitals, which are
valence electrongdWe mention in passing that other refer- similar to the SCF or MCSCF orbitals, are used as the refer-
ence space choices are also compatible with the CEEI8nce orbitals, while th#! weakly occupied orbitals are used
method) as the correlating orbitals.

Let E(x) denote the Cl energy obtained by usalfcon- This choice entails, of course, that the zeroth-order en-
figurations containing up t® excited electrons in the virtual ergy E(0) is slightly higher than what is found when the
orbital space. Thusg(0) is the reference energy of the reference orbitals are taken equal to the SCF or MCSCF
zeroth-order wave functiori(1) represents the singles, i.e., orbitals and the correlating orbitals are obtained from diago-
S-Cl energy,E(2) is the SD-CI energyE(3) is the SDT-CI  nalizing only the projection of the SD density matrix in the
energy,E(4) is the SDTQ-CI energy, etc. The Cl energy in virtual orbital space. In the molecules studied here, this is
the full configuration space can then be denotedE&y,  also found to be the case for the singles-plus-doubles energy
wheref is the smaller of 1 andN. E(2). The energy differences resulting from the two orbital

A. Resolution of the full Cl energy

Downloaded 19 Sep 2013 to 128.135.12.127. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



154110-3 Correlation energy extrapolation J. Chem. Phys. 122, 154110 (2005)

choices become however uniformly less thanthe “fitting range.” The constants, andc, are then deter-

0.05 millihartree at the SDTQ excitation level. mined by least mean squar@sMSQ) fitting Eq. (10) to the
data in the fitting range.
3. Orbital contributions to a given excitation level This fitting-plus-extrapolation procedure is used to de-

To analyze the expansions AE(X) in terms of determi- dyce.the contributions for=4,6,8from AE(2) and the con-
nants, let us define agx{m}-Cl calculationg those ClI cal-  tributions forx=5,7,9from AE(3).
culations that include excitations up to level but where
only the first m of the set of ordered virtual correlating or-
bitals are utilized The resulting energy values will be de- 2. Scheme II
noted asE(x|m). They manifes?ly converge _to the energy Here, AE(4|M) is obtained as in Scheme I. But, far
E(x) as m—>|_v|, and t_he energy in the full orbital space will =5 one uses the relationships
be E(f|M) with f=min{N,2M}.
In analogy to Eq.(1), the energyE(x|m) from an AE(x = 1,xJm) = [E(x|m) = E(x - 2|m)]
{x|m}-ClI calculation can be decomposed as = AAE(1,2m) + BAE@m) +C,, (11)

E(qm) = EO|m) + AE(Lm) + AE@m) + -+ + AEXIM), hich are readily derived form Eq10). In this case, values
(50  of the three quantitiesAE(1,2|m), AE(3|m), and AE(x
-1,x|m) are calculated in a certain fitting range,, m,) for
a givenx value. For eaclx, the constants,, B,, C, are then
AE(x|m) = [E(x|m) — E(x - 1|m)] (6)  determined by LMSQ fit andAE(x|M) is obtained from
AE(1,2|M) andAE(3|M).

where

or, for x=even, by
E(xj/m) = E(0|m) + AE(1,2lm) + AE(3,4m)

+ -0+ + AE(x = 1,x|m) 7 3. Error prediction
with Since our objective is to obtain correlation energies in
systems where calculations with full basg@e., for m=M)
AE(x = 1,xjm) = [E(x|m) - E(x - 2|m)] are not feasible, the ability to estimate the possible error of
= AE(x|m) + AE(x— 1)m). (8)  the extrapolation is relevant. We have shown in Ref. 49 how
_ such an estimate can be deduced from the quality of the
For form— M, one manifestly has LMSQ fit discussed above. Consider, for instance, the use of

AE(XM) = AE(X), AE(x,x—-1M)=AE(Xx-1). (9) Eqg. (10) in Schgnje l. Let the values &fE(x-2|m) at the
borders of the fitting range be denoted M (x—2|my) =17,

as defined by Eq€2) and(4). and AE(x-2|m,)=7,. Let furthermore the full value\E(x
) o o -2) be denoted byAE(x-2|M)=17,,. Let the uncertainty of
B. Extrapolation of excitation contributions AE(x|m) inherent in the LMSit within the fitting rangebe

The CEEIS methoti*is deduced from the observation characterized by the quantig which can be chosen either
that certain similarities exist in the way the energiesas the root-mean-square deviation or as the maximum devia-
AE(X|m) and AE(X+2|m), considered as functions Of,m tion of the fit in the range. Then, the Uncertainty in the ex-
converge towards their respective full valua€(x) and trapolated value foAE(x|M) is predicted to be & with

AE(x+2). In fact, form larger than a certain threshold value e=8[1+ 2Any - n)!l(9,— 0] (12
my, the linear relationships
For those cases where we knew the accurate values, we
AE(x|m) = a, AE(x - 2|m) + ¢, (10

found the root-mean-square choice férto yield reliable
were found to give quite accurate representations of thesgStimates fors most of the time. The maximum-deviation
similarities for x=4,5,6 and higher x valuesUsing these choice foréis of course more conservative, but usually too
relations, several implementation schemes were developdBuch so. Both estimates efwill be listed in some of the
and described in detail in Ref. 49. Here we focus on two ofSubsequent tables.

them.

1. Scheme | Ill. FULL VALENCE CI ENERGIES FOR C,, Ny, O,,

Equation(10) permits the extrapolative determination of AND F,

the desired end valukE(x)=AE(x|M) from theknownend  A. Zeroth-order wave functions
value AE(x-2|M) provided the values oby and ¢, are For the molecules £ N,, F,, the zeroth-order wave

known. Since the latter vary not only W'm b.Ut also from functions can be taken as the dominating single determinants
system to system, they must be determined in each case. This

is accomplished by computing the values of the two quanti- C, (125): A{cor(20)%(207)%(2mx)?(27y)*(aB)%},
ties AE(x|m) and AE(x—-2|m) for a givenx value andfor a
set of low m values, defined say byssm=m; <M, termed N, ('29): Afcoré(20)4(20")%(30)2(2mx)4(2my)X(ap) "},
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F, (123); Alcoré(20)%(20")%(30)%(2mx)2(21ry)? and IV, were performed with the single-determinant refer-
- - 0 ence functions given in Sec. lll A. The calculations fog, O
X (2mx ) (2my ) (aB)}, reported in Table Ill, were performed with the two-
where A denotes the respective antisymmetrizers. The numdeterminant zeroth-order reference functions given in Sec.
ber of reference valence orbitals for,,CN,, F, is Mg Il A. The calculations for G, reported in Table |, were per-

=4,5,7,respectively. Since, in the cc-pVQZ basis, the totalformed using as zeroth-order reference function dloeni-

number of valence orbitals ilg+M=108 in all cases, the nantsingle determinargiven in the beginning of Sec. Il A.
number of correlation valence orbitals M4=104,103,101, 1he calculations based on the seven-determinant reference

respectively. function proceeded just as smoothly and the results will be

As regards G, it is however well known that the ground commented upon in Sec. VA. _
state full-valence-space MCSCF wave function contains IN each of the four tables, the first section documents the

about a 20% admixture of the second configuration resolution of the total valence-correlation energy in terms of
Tt o 2 ) o 6 the contributions from the single+double excitations, the
C, (Xg): Afcore'(20)%(30)*(2m)%(2my)*(ap), triple excitations, and the remaining excitatiodote that

and it is in fact this strong zeroth-order multiconfigurational the first row of this section is not the quantiy=(1,2) de-
character which is the cause of the difficulties that coupledfin€d by Eaq. (4) for x2, but the slightly different quantity
cluster methods encounter in trying to deal with this mol- _ _ _ _
ecule. From the point of view of the CEEIS methodology, AEWe(1,2) =E(2) ~Epp=AE(L,2D +E(0) ~ By, (13
one wonders which is the more effective choice for ourwhere Ei is the independently calculated Hartree—Fock en-
zeroth-order function: The single determinant mentioned irergy, which differs slightly fromE(0) because we have cho-
the preceding paragraph, or the small full configuration spaceen to work with the SD-NOs as reference orbitals, as has
generated by théive (Mr=5) reference valence orbitalsy2  been discussed in Sec. Il A 2. We Ii8E,£(1,2) rather than
20", 30, 27X, 2my. In 123 symmetry, this space is spanned AE(1,2) in order that the total becomes in fact the conven-
by seven determinant&vhich contain the two mentioned tionally defined valence-correlation energy and can be com-
above and all excitations are then generated with respect tgared with the results of other work. Note also that, while the
this seven-dimensional reference space. The CEEIS proc&EEIS procedure in ©of Table Ill is based on a two-
dure works for both approaches without problems and weleterminant zeroth-order reference function, the tEpin
shall investigate and compare both quantitatively below.  Eqg.(13) is here defined as the energy of thygtimized single
For O, on the other hand, because of the single occudeterminant¥; discussed in Sec. lll A. The second row of
pancy of therr orbitals, the zeroth-order function is neces- the first section in Tables I-IV contains the contribution
sarily a linear combination of the two determinants AE(3)=AE(3|M) just as defined by Eq2) for x=3.

e, D NDim N2 5 2 The determination of the correlation contributions of the
0z (2g): ¥y = Alcord(20)(20")*(30)*(2m0)*(2my) excitation levelsx=4-8 by theCEEIS extrapolation is docu-

X (2mx)(2my ) (aB) aal mented in the second section of each of the Tables I-IV. The
first three parts of this section contain the results for the

WV, = A{coré(20)%(20")%(30)2(2mxX")?(2my")?(27X) contributions of excitationg=4,5, 6 respectively, as calcu-
- lated by Scheme |. The next part lists the results for the total

X (2my)(ap) aal, contribution of the excitationsx=5+6, calculated in two

which are the only 12-electron functions &, symmetry in ~ ways, viz,, by adding the preceding results as well as by
the full configuration space generated by Mg=7 occupied direct application of Scheme II. The final part contains the
valence orbitals. The ORMA®Ref. 23 code determines the results for the contribution of excitations=7+8, calculated
optimal linear combination of¥’; and ¥, simultaneously by Scheme II. The contributions of the excitatiors9 and
with the coefficients of the excited configurations. The refer-higher manifestly become negligibly small.

ence multiconfigurationaMC)-function is found to contain ~ The first two columns in the second section identify the
about a 5% admixture o¥,. For O,, we haveM=101 so fitting ranges by specifying the valudey,m;}. The third
that againMg+M=108. column lists thecalculatedvalue of AE(x|my), i.e., from the

largest Cl calculation made for thisvalue, and the fourth
column gives theextrapolatedresult for AE(x)=AE(x|M).
The last two columns show the uncertainties predicted by
We illustrate the working of the CEEIS method by docu- Eq. (12) for the extrapolations, using the root-mean-square
menting the extrapolation to the FCI energies of the mol-deviation as well as the maximum deviation f&r
ecules G, N,, O,, and F;, for the largest basis sets used here,  The contributionsAE(4—8|M) in the first section of the
viz., cc-pVQZ:r’2 The calculations were executed using thetable are obtained by adding up those excitation contribu-
GAMESS program suitét notably the ORMAS cod&®  tions in the second section that are identified by bold print.
They were performed at the experimental equilibrium dis- It is apparent that the quantitative results shown in these
tances, as given by Huber and Herzb@r@xcept for G, tables are very similar for the four molecules. The energies
where the value of Douagt al®® was used. obtained by different extrapolations faE(4) of any given
The results for the four molecules are exhibited in Tablesnolecule are always within a few tenths of a millihartree of
I-IV. The calculations for N and F, reported in Tables Il each other, indicating the reliability of the method. The same

B. CEEIS procedure for quadruple- ¢ basis sets
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TABLE |. Contributions of the various excitation levels to the FCI valence-correlation energy of,theand
state in cc-pVQZ basiéin millihartree.

AE((1,2/104) 317.99 Calculated exactly, E¢L3)
AE(3]|104), 25.48 Calculated exactly, Eq&) and (9)
AE(4-8/104 53.55+0.3 Extrapolated, see below
Total valence-correlation energy 397.02+0.3 Eds.and (13
Fitting range Energy contributions Estimated abs. error, using
my m, -AE(x|m;)  —AE(x]|104 S(RMSQ S(max)

Excitationsx=4
Extrapolation toAE(4|104) by Scheme |

14 50 44.10 44.72 0.15 0.45
18 50 44.10 44.86

25 50 44.10 44.85

25 60 44.31 44.84 0.09 0.22

Excitationsx=5
Extrapolation toAE(5|104) by Scheme |
23 36 5.52 5.78 0.01 0.02

Excitationsx=6
Extrapolation toAE(6]|104) by Scheme |
26 28 2.39 2.63
21 28 2.39 2.73 0.03 0.04

Excitationsx=5+6
Sum of Scheme | extrapolations fer5 andx=6

AE(5|104) +AE(6]104 8.51 0.04 0.06
Extrapolation toAE(5,6|104) by Scheme I
12 28 7.68 8.48
15 28 7.68 8.48
17 28 7.68 8.54 0.02 0.03

Excitationsx=7+8
Extrapolation toAE(7,8/104) by Scheme II

9 20 0.16 0.20
12 20 0.16 0.21
13 20 0.16 0.20 0.004 0.008

holds for the extrapolations by Scheme | and by Scheme Italculations reported by Feller and Sofddor optimized
for the contributionsAE(5, 6|M), which yield nearly identi- internuclear distances. The higher level, viz., CCBD) and
cal estimates which lie within the predicted uncertainties ofCCSDTQ) results were obtained by McGuire and Piectith,
each other. The contributiohE(7,8|M) is always less than also at the experimental distances, and kindly given to the
0.1 mh except for gwhere it is 0.2 millihartree. present authors.

In as much as the CEEIS-FCI results are accurate within
C. Full CI energies for double-, triple-, fractions of millihartees, they can be considered as bench-
and quadruple- ¢ bases and comparison marks for the coupled-cluster calculations. The deviations of
with coupled-cluster results the coupled-cluster values from the CEEIS-FCI result are

indicated in parenthesés millihartree in Table V.
The overall observation is that these coupled-cluster en-
We determined very accurate FCI energy estimates alsergies differ from the full Cl results in the millihartree range,

for the doubleZ (cc-pVDZ) and triple{ bases(cc-pVT2), with the CCSDT theory, exhibiting the largest errors for the
either directly or by using the CEEIS procedure when thebetter basis setgeven though very good optimized geom-
direct FCI calculations were out of reach. In Table V, weetries can be obtained already at CGEDevel of theor)73].
compare all of these near-FCI energies with energies obFhe CCSI)T] approximation shows the smallest errgos-
tained from coupled-cluster methods including at least triplecasionally less than 1 millihartreeln C,, however, the
excitations. The CCS@) and CCSPT] result§*®* were  CCSOT] results drobelowthe FCI energies, while all other
obtained using a code due to Piecuch and co-wotkéns  CC energies in all molecules lie above the FCI energies.
GAMESS and they were determined at the same geometries All coupled-cluster results are in fact worst for the mol-
as the CEEIS-FCI calculations, viz., the experimental interecule G, the errors of the CCSDT calculations being 2.06,
nuclear distances. Also listed are the results of the CCSDB.93, 4.44 millihartree corresponding to the double- triple-
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TABLE II. Contributions of the various excitation levels to the FCI valence-correlation energy of,tgeoNind

state in cc-pVQZ basiéin millihartree.

AEL((1,2/103 364.76 Calculated exactly, E¢L3)
AE(3]103 16.95 Calculated exactly, Eq&) and(9)
AE(4-8/103 32.94+0.1 Extrapolated, see below
Total valence-correlation energy 414.65+0.1 Eds.and (13

Fitting range

Energy contributions

Estimated absolute error, using

Mo m, -AE(x|m;)  —AE(x|103 S(RMSQ S(max)
Excitationsx=4
Extrapolation toAE(4|103)
13 25 25.64 29.80
13 29 26.28 29.73 0.08 0.16
16 29 26.28 29.70
16 50 28.51 29.65 0.05 0.12
Excitationsx=5
Extrapolation toAE(5|103 by Scheme |
6 20 1.63 2.37 0.04 0.08
15 20 1.63 2.42 0.05 0.09
18 20 1.63 2.23 0.001 0.001
Excitationsx=6
Extrapolation toAE(6]|103) by Scheme I
6 17 0.85 0.016 0.057
15 17 0.99 0.007 0.009
Excitationsx=5+6
Sum of Scheme | extrapolations fer5 andx=6
AE(5|103 +AE(6]103) 3.22 0.008 0.010
Extrapolation toE(5,6|103) by Scheme II
5 12 1.52 3.21
5 14 1.72 3.14
5 17 211 3.17 0.04 0.08
Excitationsx=7+8
Extrapolation toAE(7,8/103 by Scheme I
5 13 0.03 0.07 0.002 0.003

and quadruple-bases, respectively. In view of the geometry V. EXTRAPOLATION TO THE COMPLETE BASIS SET
optimizations, the CCSDT energies would deviate from thelIMIT
FCI energies even more at the experimental internuclear disx. Approach of cc-pVXZ energies to the CBS limit

tance. Even the CCSD) calculation entails an error of

2.16 millihartree. Since the deviations are also substantial for

the CCSDT) and CCSIPT] approximations, it is likely that

As mentioned in the Introduction, chemical accuracy
may be achievable without extrapolations when the linear-

the reason for these errors is the partial multireference chaR12 methodology is used in conjunction with MCSCEF refer-

acter of the G ground state wave function.

ence functions andery large basis set¥. > Chemically ac-

One furthermore notes that the deviations of the CC eneurate determinations of electronic energies by the straight
ergies from the FCI energies are typically nearly constanCl approach require, however, extrapolations of the full Cl
when going from the cc-pVTZ to the cc-pVQZ basis sets ancenergies to the CBS limit. Considerable work has therefore

they also maintain the same sign.

Finally, one observes that CCEDQ) and CCSDTQ)
method&:%? provide a better accuracy than CCSD and
CCSIOT) approaches, especially in the case of tharfol-
ecule, as indeed they should. Nevertheless, thenGlecule
appears to remain a problem case even for CO&D and
CCSDTQ) methods. The inclusion of higher CC excitations
is expected to improve the CC results furthet

Downloaded 19 Sep 2013 to 128.135.12.127. This article is copyrighted as indicated in the abstract

been done in developing physically appropriate as well as
computationally efficient extrapolation '[echniqﬁfia‘é8 for
energies obtained with sequences of various basis set types.
One result of the theoretical analyses is that the soundest
procedure is to extrapolate the Hartree—Fock energy and the
correlation energy separately.

For sequences of Dunning’s correlation consistent cc-
pVXZ basis sets, the Hartree—Fock energy for Xatuple<
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TABLE IIl. Contributions of the various excitation levels to the FCI valence-correlation energy of the O
ground state in cc-pVQZ basiim millihartree.

AEL((1,2/10) 469.35 Calculated exactly, E¢L3)
AE(3]101) 25.30 Calculated exactly, Eq&) and(9)
AE(4-8/101) 16.89+0.02 Extrapolated, see below
Total valence-correlation energy 511.54+0.02 HGs.and (13
Fitting range Energy contributions Estimated absolute error, using
mo m -AE(x|my)  -AE(x|101) S(RMSQ s(max)

Excitationsx=4
Extrapolation toAE(4|101)

18 28 11.86 15.02
26 28 11.86 15.09
18 37 13.04 15.14 0.05 0.08
26 37 13.04 15.27
28 37 13.04 15.29 0.005 0.007

Excitationsx=5
Extrapolation toAE(5|101) by Scheme |

8 21 0.78 1.19 0.03 0.05
12 21 0.78 1.24
16 21 0.78 1.27 0.003 0.005

Excitationsx=6
Extrapolation toAE(6]|101) by Scheme I
8 18 0.20 0.30 0.006 0.009
12 18 0.20 0.31 0.002 0.003

Excitationsx=5+6
Sum of Scheme | extrapolations fe=5 andx=6

AE(5|101) +AE(6/102) 1.58 0.005 0.008
Extrapolation toAE(5,6|101) by Scheme I
7 14 0.65 1.34
9 14 0.65 1.38
7 18 0.91 1.59
9 18 0.91 1.62 0.03 0.05

Excitationsx=7+8
Extrapolation toAE(7,8/101) by Scheme II
7 11 0.01 0.02 0.0006 0.0007

basis approaches its CBS limit according to the exponentiaB. CBS extrapolation of the Hartree—Fock energy

78
law Formula (14) contains three unknownlE,(CBS), a,

Ene(X) = ELe(CBS) + a exp— aX). (14) a]. Three Hartree—FoclHF) energies are therefore required
to determine the desirdl;z(CBS) value. Since our calcula-
The correlation energy, on the other hand, has been shown @ns did not go beyond quadrupiebases, we were forced to
approach its CBS limit according to an inverse power law,yse the energies fox=2 as well as those fox=3,4. It is
the most likely candidate being however a relatively simple matter to determine HF-CBS
_ 3 5 limits accurately by going to larger bases sets, and they have
Ecor(X) = Ecor(CBS +ax™+ bX™, (19 indeed been reported in the literature for the atoms C, N, O,
where the powe(-3) is due to singlet-coupled terms and the F (Refs. 98—10pand for the molecules £N,, O,, F, (Refs.
power (=5) to triplet-coupled term&”°°"But it has been 99 and 100. We pursued both avenues and found that, in
observed that only a small error seems to be introduced bfact, the listed accurate HF-CBS limits and those obtained by
omitting of the(=5) term in Eq.(15).6*%° using our results foX=2,3,4 never differed by more than
On the other hand, it has been generally found that thd millihartree. Substitution of the accurate HF-CBS limit,
double{ (X=2) energies do not fit well into the extrapolation when comparing with experiment, entails of course a more
process and are better omitted from the procedure. stringent test for the correlation energies and, hence, also for
We confirmed these generally accepted inferences by exthe CEEIS method.
plicit calculations on the neon atom, which are discussed A slight complication arose, in the case of the atoms,
below in Sec. IV D. from the fact that, long before we came to this point, we had
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TABLE 1V. Contributions of the various excitation levels to the FCI valence-correlation energy of the F
ground state in cc-pVQZ basiim millihartree.

AEL((1,2/10) 528.27 Calculated exactly, E¢L3)
AE(3]101) 16.70 Calculated exactly, Eq&) and(9)
AE(4-8/101) 46.87+0.2 Extrapolated, see below
Total valence-correlation energy 591.84+0.2 Efsand (13
Fitting range Energy contributions Estimated absolute error, using
my m, -AE(x|m;)  —AE(x|101) S(RMSQ S(max)

Excitationsx=4
Extrapolation toAE(4|101)

14 26 34.00 43.12

14 33 36.29 43.15 0.15 0.28
14 40 38.23 43.15

33 40 38.23 43.10

25 40 38.23 43.29 0.08 0.14

Excitationsx=5
Extrapolation toAE(5|101) by Scheme |

10 16 0.68 1.99 0.083 0.18
10 20 1.04 2.01 0.037 0.09
16 20 1.04 2.05 0.007 0.01

Excitationsx=6
Extrapolation toAE(6]|101) by Scheme |
10 16 0.89 1.48 0.006 0.01

Excitationsx=5+6
Sum of Scheme | extrapolations fer5 andx=6

AE(5|101) +AE(6|101) 3.53 0.013 0.02
Extrapolation toAE(5,6|101) by Scheme I
7 16 1.57 3.36
8 16 1.57 3.47 0.09 0.15

Excitationsx=7+8
Extrapolation toAE(7,/101) by Scheme I
7 11 0.02 0.05 0.001 0.002

chosen to determine the Hartree—Fock energies for thedained by omitting theg-5) term and determining the two
open-shell atoms by restricted open shell Hartree-Fockonstants using onli{=3,4,which is also in agreement with
(ROHP calculations withnonequivalent pxpy, pz orbitals.  the observations by others mentioned in Sec. IIAmight

The quoted references report however only CBS limits forbe mentioned in passing that omitting tke5) term, but

the case of equivalent orbitals. Our deduction of the correretainingX=2 together withX=3,4 anddetermining the two
sponding CBS limits for nonequivalent orbitals is explainedconstants by least-mean-squares fitting also worsens the CBS
by Table VI. For each atom, the left side of this table con-extrapolation]

tains the following Hartree—Fock energies for the case of  Accordingly we adopt here the following two standard
equivalentorbitals: The cc-pVQZ energy, the CBS limit and, CBS extrapolation forms:

in the third numerical column, the difference between them

(in millihartree. Adding this difference to the cc-pVQZ CBS-1A = Hartree — Fock by Eq14), with X

Hartree—Fock energy for nonequiva_tlent orbitalsz listed in the =2,3,4 .. Correlation by Eq(15) without X",

fourth numerical column, we obtained the estimate of the
HF-CBS limit for nonequivalent orbitals, which is listed in usingX = 3,4, (16)
the last column.

CBS-1B = Exact Hartree — Fock CBS limit .
C. CBS extrapolation of the correlation energy Correlation by Eq(15) without X,

The determination of the three constants in Eldy) for usingX = 3,4. (17)
the correlation energy would require the usexaf2 as well
asX=3,4.But, as mentioned in Sec. IV A, the inclusion of If the energies for quintuplé-bases(X=5) are also avail-
double{ energies typically degrades the CBS extrapolatiorable, then application of the full E415) may yield the best
of the correlation energy. Much better results are indeed olresults for the CBS extrapolation of FCI energies.
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TABLE V. Comparison of FCI and coupled-cluster energies fgr B,, O,, F,. Total energies in hartree.
Deviations from CEEIS-FCI energies in parentheses in millihartree.

R VDZ \ap4 VQZ

C, ('%y)
CEEIS-FCI Expt. -75.728 55 -75.784 97 -75.802 80
ccsoT] Expt. -75.7307¢-2.17 ~75.787 48-2.46 -75.805 26-2.46
ccsoT) Expt. -75.726 601.86 -75.783 071.90 -75.800 811.99
CCSDT Optimized —75.726 42.06 ~75.781043.93 —75.798 394.41)
CCSOTQ) Expt. —75.727 4(1.14 -75.783 371.60 -75.801 081.77)
CCSDTQ) Expt. -75.727 68.90 -75.783181.79 -75.800 642.16)
ExperimentalRcc? (A) 1.242 44 1.242 44 1.242 44
OptimizedRc” (A) 1.2707 1.250 6 1.2455

N, (*Xg)
CEEIS-FCI Expt. -109.276 98 -109.37530 -109.405 73
ccsOT] Expt. -109.275 9@.05 -109.374 680.62 -109.405 280.49
ccsoT) Expt. -109.27528..73 -109.373 841.46 -109.404 371.36
CCSDT Optimized -109.276 50.46 -109.373 641.67) -109.403 971.76
CCSOTQ) Expt. -109.276 18.80 -109.374 261.09 -109.404 780.99
CCSDTQ) Expt. -109.276 7(.28 -109.374 560.74 -109.404 970.76
ExperimentalRy,° (A) 1.0977 1.097 7 1.097 7
OptimizedRy,” (A) 1.1185 1.1031 1.099 6

0, (°y)
CEEIS-FCI Expt. -149.987 87 -150.13055 -150.17553
CCSDT Optimized -149.986 (2.85 -150.128 991.56 -150.173811.72
ExperimentalRoo’ (A) 1.207 52 1.207 52 1.207 52
OptimizedRo” (A) 1.2159 1.2117 1.207 4

F, (%)
CEEIS-FCI Expt. -199.099 35 -199.297 38 -199.360 11
ccsoT] Expt. -199.097 9¢..43 -199.296 810.57) -199.359 710.40
ccsoT) Expt. -199.097 48..87) -199.296 101.28 -199.358 911.20
CCSDT Optimized -199.098 69.66 -199.296 101.28 -199.358 841.27)
CCSOTQ) Expt. -199.098 8®.55 -199.296 780.63) -199.359 480.66)
CCSDTQ) Expt. -199.099 3®.05 -199.297 160.22 -199.359 870.29
ExperimentalRe:° (A) 1.41193 1.411 93 1.411 93
OptimizedR:¢* (A) 1.4577 1.415 4 1.412 4

“Reference 83.
PReference 29.
‘Reference 82.

D. CBS extrapolation of the total energy Ero1(X) = E1or(CBS) + A exp(— aX) (19
A number of authors have pragmatically applied ex-

trapolation formulas to the total (HF+correlation

energie$? %% Oynically using one of the formulas Eror(X) = Eror(CBS) + B(X+b)#+C(X+c)™. (19)

TABLE VI. Deduction of atomic Hartree—FodliROHF) energy CBS limits for nonequivalent orbitals from the
analogous limits for equivalent orbitals.

Equivalent orbitals Nonequivalent orbitals

cc-pvQZ HF limit® Difference cc-pvQZ HF limit®
Atom (hartreg (hartree (millihartreg (hartree (hartree
C °p) -37.688 23 -37.688 62 -0.39 -37.688 30 -37.688 69
N (“9) -54.400 18 -54.400 94 -0.76 -54.400 18 -54.400 94
0 (®P) -74.807 98 -74.809 40 -1.43 -74.81084 -74.812 27
F (?P) —-99.406 98 -99.409 35 -2.37 -99.408 95 -99.411 32

*ROHF energies calculated with cc-pVQZ basis sets, for equivalent and nonequivalent orbitals given in the
EMSL basis set library describing informati¢Ref. 98.

PBest estimates for ROHF-CBS limits in the literatyReef. 98—100 for equivalent orbitals.

Estimates for ROHF-CBS limit for nonequivalent orbitals, obtained by adding the preceding two columns.
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TABLE VII. Errors of various CBS-extrapolation procedures for the neon errors, which cannot necessarily be relied upon in general.
atom (in milihartres). By contrast, in entry 15, the HF energy is error-free and the
correlation error is only 0.6 millihartree. It follows that, in

Extrapolation formula Energy error entry 14, there is only a cancellation between

Total energies extrapolated usiXg2,3,4 —0.6 millihartree in the HF energy and +0.6 millihartree in
(1) Exp(=aX) 5.2 the correlation energy.
2 (x)° 71 We have made comparisons similar to Table VII for the
® (x+0.9°% . 6.7 molecules and atoms that are the objects of the present in-
(4) [(X+0.57 and (X+0.57] -12.9 vestigation. They are exhibited in the Appendix and confirm
(5) (X+0.57%, a=optimized -16.8 . .

the aforementioned conclusions. Nonetheless, we shall occa-

Total energies extrapolated usidg 3,4 sionally also consider the results of extrapolations of the type
(6) (X+0.57° -10.8 given in entries 10 and 11 of Table VIl for the total energy.
X2 -4.2 They will be denoted as follows:
(8 (X-0.173 -2.9
(9) (X-0.273 -1.6 CBS-2 =Total energy extrapolated using

— -3 —
Ei(l’; 8(: 8:2_4 o (X+ 0.5 with X=3,4, (20)
Hartree—Fock and correlat_ion energies CBS-3 =Total energy extrapolated using
extrapolated separately using=2,3,4
(12) Exp(-aX) and -7.7 (X-0.373 with X=3,4. (22)
[(X+0.57% and (X+0.57%]
Hartree—Fock energy extrapolated usiXg2,3,4
correlation energies extrapolated usig3,4

(13) Expl—aX) and (X+0.5°3 a7 V. COMPLETE BASIS LIMITS FOR THE
(14) Exp(-aX) and (X)-® 0.0 FULL-VALENCE CI ENERGIES OF C, N, O, F
(15) HF-limit® and (X)~3 0.6 AND C;, Ny, Oy, F

Target energy ~128869.6 A. Analysis of the molecular valence-correlation

*The value in entries 1-15 are the deviations from the target value listed ifNergies

the last line.

PTaken from Ref. 99.

“Nonrelativistic valence-only-correlated energy deduced from Chakravorty ~ \We begin by analyzing the CBS limits of the correlation

and Davidson(Ref. 10 and Klopper(Ref. 17, as discussed in the text.  energies in terms of contributions from excitation levels in
order to gain a quantitative insight in the way in which the
In order to examine the claim that the method of separatearious excitation levels participate in the total valence cor-
extrapolations embodied in Eq&l4)—(17) is a sounder ap- relation.
proach, we tested a number of different extrapolations pro- The relevant results for the four molecules are summa-
cedures on the neon atom, for which all pertaining data areized in Table VIII. For each molecule, the various rows list
known very accurately. For th¥=2,3,4 cc-pVXZ bases, the contributions from the various excitation levels and the
the Hartree—Fock energies are given in Ref. 98 and the cocorrelation totals. Columns 2—-4 give the FCI energies for
relation energies are given in Ref. 49. The Hartree—Fockec-pVDZ, cc-pVTZ, and cc-pVQZ basis sets, the values for
CBS limit is very accurately given in Refs. 99 and 100.the quadruplg-bases being identical to those in Tables I-IV.
Chakravorty, Davidson, and co-work&ts'% have deter- The last column lists the CBS limits obtained via the ex-
mined the total nonrelativistic energy of neon to betrapolation method specified in Egkl6) and (17) for the
-128.9383 hartree, and Kloppgéhas determined the corre- correlation energy.
lations involving the core to be —68.65 millihartree. Subtrac-  For the G molecule, two sets of results are listed in
tion of the latter from the former yields the very accurateTable VIII, in accordance with the discussion in Sec. Il A.
value of —128.8696 hartree for the nonrelativistic valencedn the first set, the excitations are generated from the domi-
only-correlated energy of neon, which is the target of oumant single reference determinant, as was done in Table I. In
calculations. the second set, the excitations are generated from the seven-
The results of extrapolations by 15 different formulas aredeterminant zeroth-order reference space identified in Sec.
listed in Table VII. The abbreviations for the formulas givenlll A. The correlation energyotals obtained along the two
in the first column manifestly refer to Eq&l6)—(19). It is  avenues are manifestly the same, as they must be. The slight
evident that the results in entries 14 and 15, which corredifferences between them are within the uncertainties pre-
spond to the procedures advocated in E§6) and(17) are  dicted in Table | and could be readily reduced if desirable.
indeed superior to all others. It might appear that the extrapofhe two avenues differ significantly in the magnitudes of the
lation of the total energy in entry 10 is also good. Use of thisindividual contributions of the higher excitation, i.e., fer
formula yields however an error of —3.75 millihartree for the =4. These are much smaller for the calculations based on
Hartree—Fock-CBS limit and an error of 3.45 millihartree for the seven-determinant reference function and, in fact, more
the correlation CBS limit, so that the total value of similar to those in the other molecules. In this respect, this
-0.3 millihartree is the result of a cancellation between largechoice of reference function is preferable. The corresponding
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TABLE VIII. Analysis of the valence-correlation energy contributions i) 8,, O,, F, for the cc-p\XZ basis
sets(X=2,3,4 and the complete basis d@ millihartree).

Contribution VvDZ VTZ vQz CcBS
C, [single-determinant zeroth-order referehce
AE(1,2P 273.87 306.97 317.99 326.03
AE(3) 21.41 24.80 25.48 25.98
AE(4) 39.06 43.34 44.84 45.93
AE(5,6) 7.15 8.23 8.54 8.77
AE(7,8) 0.16 0.19 0.20 0.21
Total 341.65 383.53 397.02 406.86
C, [seven-determinant zeroth-order refergnce
AEL(MCREPR® 80.32 79.29 79.14 79.03
AEycred(1,2" 231.76 267.55 279.16 287.63
AE(3) 18.48 23.12 24.20 24.99
AE(4) 10.01 12.20 12.92 13.45
AE(5,6) 1.07 1.44 1.54 1.61
AE(7,8) 0.01 0.01 0.01 0.01
Total 341.65 383.61 396.97 406.72
N, [single-determinant zeroth-order referehce
AEH|E(1,2)b 287.45 344.98 364.76 379.19
AE(3) 10.86 16.01 16.95 17.64
AE(4) 22.35 27.70 29.65 31.07
AE(5,6) 2.14 3.07 3.22 3.33
AE(7,8) 0.04 0.06 0.07 0.08
Total 322.84 391.83 414.65 431.30
O, [two-determinant zeroth-order referefce
AE«(MCRER® 37.51 36.44 36.39 36.35
AEycred(1,2)° 317.85 403.85 432.96 454.20
AE(3) 14.90 2291 25.30 27.04
AE(4) 8.78 13.41 15.29 16.66
AE(5,6) 0.75 1.35 1.58 1.75
AE(7,8) 0.01 0.02 0.02 0.02
Total 379.80 477.98 511.54 536.03
F, [single-determinant zeroth-order referehce
AEHl:(l,Z)b 376.31 488.40 528.27 557.36
AE(3) 7.95 14.84 16.70 18.06
AE(4) 27.74 38.91 43.29 46.49
AE(5,6) 1.65 3.15 3.53 3.81
AE(7,8) 0.03 0.04 0.05 0.06
Total 413.68 545.34 591.84 625.77

“See Eqs(16) and (17).
bEnergy of wave function including single+double excitations minus energy of optimized single-determinant

HF energy, as defined in E¢L3).
‘Energy of SD-NO-based multiconfigurational reference function minus energy of optimized single determi-

nant.
dEnergy of wave function including single+double excitations minus energy of SD-NO-based multiconfigura-

tional reference function.

calculations are no more difficult than those for the single-between the energy of the multiconfigurational reference
determinant reference function. function (MCREF) and the optimized Hartree—Fock energy
For the three cases with single-determinant referencef the dominant single determinant. The contribution listed
functions (the first G set, N, F,), the contributions next, viz.AEycred(1,2), is the difference between the wave
AE, (1, 2) listed for the single+double excitations representfunction including all single and double excitations with re-
the differences from the Hartree—Fock energies, i.e., the opspect to the reference function and the energy of the refer-
timized single-determinant energigsee Eq.(13)], as was ence function.
done in Tables I-1V, so that the totals represent the conven- The data in Table VIII furthermore show the following.
tional correlation energies. For the two cases with a multide-  (A) In confirmation of the statement at the end of Sec.
terminant reference functiofthe second €set and G), the Il A 1, the convergence in terms of successive excitation lev-
contribution listed first, vizAEL-(MCRERP), is the difference els is rapid.
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(i) The excitationsx=1+2 contribute hundreds of milli- VQZ basis is —99.650 48 hartree, whereas the EMSL library

hartree to the correlation energy. information lists —99.650 45 hartree. The atomic correlation
(iil) The excitationsx=3+4 contribute tens of millihar- energies were calculated as differences between the FCI en-
tree to the correlation energy. ergies and the Hartree—Fock energies.
(iii) The excitationsx=5+6 contribute a few millihartree The final results of our calculations for the moleculgs C
to the correlation energy. N,, O,, F, as well as for the constituent atoms C, N, O, F are

(iv) The excitationsx=7+8 contribute hundredths of collected in Table IX. It exhibits the Hartree—Fock, valence-
millihartree to the correlation energy, provided the multicon-correlation, and total energies for the cc-pVDZ, cc-pVTZ,
figurtional reference for €is used. cc-pVQZ basis sets in the columns 2, 3, and 4. The fifth and

S sixth columns of Table IX list the CBS limits, obtained with

(B) The contributions fox=3 and forx=4 are compa-  he extrapolation methods CBS-1A of E46) and CBS-1B

rable in magnitude and both are always important. The cong¢ £ (17). The molecular correlation energies are identical

tributions of the quadruples are larger than those of th&ith the total correlation energies we had analyzed in Table
triples when the reference function is a singlet single detery;
minant, but the converse is true for the other two calies. Most of the accurate literature values for the HE-CBS
must therefore be concluded that any type of ClI procedurgits are slightly higher than oufVDZ-VTZ-VQZ-based
omitting triple excitations while including quadruple excita- 4r.cBS  estimates: by 0.55 millihartree for C, by
tions is unsound. o 0.54 millihartree for N, by 0.66 millihartree for O, by
(C) The singles+doubles contributions approach they gg miliihartree for F, by 1.02 millihartree for ,C by
CBS limit more slowly than those from the higher excita- o og mijllihartree for . On the other hand, our estimate is

tions. . o . higher by 0.08 millihartree for Nand by 0.82 millihartree
(D) The correlation energy contributions fror®2 in- for O,.

creases with the number of valence electrons in the system,
whereas that is not so for the contributions from the higher
excitations. This is consistent with recent observations by th&/|. RELATION BETWEEN EXPERIMENTAL DATA
present authors of a near linear increase of the correlatioiND CALCULATED ENERGY VALUES
energy with the number of valence electrdfis. A. Experimental values
We also observe that, in all cases, the same CBS total is ) ] ) ) ]
obtained regardless of whether one directly extrapolates the 1h€ experimental information to which our theoretical

totals or whether one extrapolates the contributions of eacfESults have to be related are the atomic enerBig&tom
excitation level separately and then adds these up. and the binding energieE,,(bond of the corresponding
As regards the comparison to previous work, we notdomonuclear diatomic molecules. The former are obtained as

that the correlation energy results of Bind K for the triple- the sums of the atomic ionization energies given in the tables

¢ as well as the quadruplebases are close to those from ©f Moore'*® and of Kelly™" For the binding energies, we
CCSDT) calculations, namely, —390.4 millihartree and USed the optimized values recently establlshedlgg Ruescic
~544.1 millihartree, respectively° On the other hand, our @l in the Active Thermochemical Data Projetf'* From

CBS correlation energies for these two molecules are considl€Se €xperimental data, one obtains the experimental mo-
erably larger than those mentioned in Ref. 104, viz.,/ecular energies
-421.4 millihartree and -609.5 millihartree, which were E.,(mol) = 2E,(atom + E.(bond, (22

based on CCSQ) extrapolations listed in Ref. 27. This may

be because the latter were obtained by an exponential rath§nere all quantities are taken to be negative. For each sys-
than aX~3 CBS extrapolatior(see Sec. V. tem, the values of these three energies for the various sys-

tems are listed in Table X in the four rows labeled “experi-
mental.”
These energies contain however a number of small ad-
For the atoms C, N, O, F, the full CI energies of theditional effects, which have to be accounted for in the in-
ground states were obtained as follows. For carbon and ntended comparison with our computations.
trogen, we calculated the FCI energies directly for the VDZ,
VTZ, and VQZ basis sets. In the case of oxygen, we took ths.:-B
FCI/ROHF values for the VDZ and VQZ basis sets from the ™
Environmental and Molecular Sciences LaboratMSL) First, the experimental binding energies are measured
basis set library informatioff Since the oxygen value for with respect to the lowest molecular vibrational level. The
the VTZ basis is not reported in the EMSL library, we cal- electronicbinding energy is therefore
culated its FCI/ROHF energy directly. For fluorine, the en- _
ergy values for all three basis set¥=2,3,4 were taken Ee(bond = Ee(bond = Ezpyfbond. 23
from the EMSL basis set Library. These energies have beewe obtained the zero-point-vibrational energigs,(bond
obtained from CCSDT/unrestricted Hartree—F@JKIF) cal-  from the tables of Huber and Herzbé?gwhich are also
culations. We found all of them to be within 0.1 millihartree quoted by Rusciet al 1?81 The values for the four atoms
of the FCI energies that we determined with the CEEISand their diatomic molecules are listed in Table X in the four
method. For example, the fluorine CEEIS-FCI energy for theows labeled “vibration-rotation.”

B. Total atomic and molecular energies

Zero-point vibrations
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TABLE IX. Summary of energies calculated for C, N, O, F ang B,, O,, F, (in hartreg.

Energy type vDZ VTZ VQz CBS-1A CBS-1B¢
C, molecule('s)
Hartree—Fock —-75.386 90 —-75.40145 —-75.40577 —-75.407 59 —-75.406 57
Valence correlation -0.341 65 -0.38353 -0.397 02 -0.406 86 —-0.406 86
Total —-75.728 55 —-75.784 97 —-75.802 80 -75.814 45 —-75.81343
C atom(°P)
Hartree—Fock -37.68242 -37.686 71 -37.688 30 -37.689 24 —-37.688 69
Valence correlation -0.078 36 -0.094 57 -0.098 76 -0.10182 -0.10182
Total -37.76078 -37.78128 -37.787 05 -37.791 06 -37.79051
N, molecule('S;)
Hartree—Fock -108.954 13 -108.983 47 -108.991 08 —-108.993 75 -108.993 83
Valence correlation -0.32284 -0.39183 -0.414 65 -0.4313 -0.4313
Total -109.276 98 -109.375 30 -109.40573 -109.425 05 -109.42513
N atom (*S)
Hartree—Fock -54.388 41 -54.397 36 -54.400 18 -54.401 48 -54.400 94
Valence correlation —-0.090 28 -0.117 64 -0.124 96 -0.1303 -0.1303
Total -54.478 70 -54.51500 -54.525 14 -54.53178 -54.531 24
0, molecule(’S;)
Hartree—Fock -149.608 08 -149.652 57 -149.663 99 —-149.667 93 —-149.668 75
Valence correlation -0.37980 -0.477 98 -0.51154 -0.536 03 -0.536 03
Total —-149.987 87 -150.130 55 -150.17553 -150.203 96 -150.204 78
O atom(®P)
Hartree—Fock -74.787 51 —-74.805 64 -74.81084 -74.812 93 -74.812 27
Valence correlation -0.12255 -0.168 59 -0.18297 -0.193 46 -0.193 46
Total -74.910 06 -74.974 24 -74.993 81 —-75.006 39 —-75.00573

F, molecule(*s;)

Hartree—Fock -198.685 67 -198.752 04 -198.768 27 —-198.773 52 -198.773 44
Valence correlation -0.413 68 -0.545 34 -0.591 84 -0.62577 -0.62577
Total -199.099 35 -199.297 38 -199.36011 -199.399 29 -199.399 21
F atom(°P)

Hartree—Fock -99.371 86 -99.400 93 -99.408 95 -99.412 01 -99.411 32
Valence correlation -0.15579 -0.21961 -0.24150 -0.257 47 -0.257 47
Total -99.527 65 -99.620 54 -99.650 45 -99.669 48 -99.668 79
%See Eq(16).

bSee Eq(17).

‘The exact ROHF-CBS limits are taken from Refs. 98—100 and adjusted to correspond to nonequivalent orbitals
as discussed in Sec. IV B, Table VI.

C. Relativistic effects cellent theoretical nonrelativistic total energies have been

. . 101-103
Next, the atomic as well as the molecular energies ir?'vir.] b);hChaI;ravorttﬁ/, Dswdsoat ?I. d and,_ by ?ulb-t
Egs. (22) contain relativistic effects, whereas our calcula- racting these from the above-mentioned expenmentaj atom

. . L . 0
tions do not. These energy contributions are commonly ext_anerg|es(obta|ned from the atomic ionization tabte%' 5

pressed as the sum of spin-orbit coupling energies and scaldf deduced the atomic relativistic energies. Further subtrac-
n of the spin-orbit coupling energies, where nonzero,

relativistic energies. For the systems at hand, only the atomté0 . L2, . ;
F O and C co?ﬂain spin-orbi}[/ couplings since irilN and inylelded then the atomic scalar-relativistic energies. Adding to

the four molecules, either the spin or the orbital angular mo-them the aforementioned scalar-relativistic energy differ-
onces of Feller and Sordd,we then found the scalar-

mentum vanishes. We took these three nonzero spin—orbiF lativisi . £ th lecules. All | lativisti
coupling energies from the work of Feller and Sdrtland relativistic energies of the molecules. scajar-refativistic

they are listed in Table X in the four rows labeled “spin-orbit contribution_s are listed in Table X in the four rows labeled
- “scalar relativistic.”
coupling.

Feller and Sordd also gave the scalar-relativistic con-
tributions to the energy differenceg€(bond=[E(mol)
—-2E(at)], and we used these values for the binding energies.

From them, we deduced the scalar-relativistic energies for  Finally, the energies in Eq$22) also contain the corre-
the separate atoms and molecules as follows. For atoms, ebation effects between the core electrons and between the

D. Electron correlations involving the core
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TABLE X. Relations between experimental and nonrelativistic valence-correlated energies of the ground states
of C, N, O, F and G, N,, O,, F, (in millihartree.

C, C 2C—C,
Experimental® -75935.3 -37851.8 -231.7+0.8
Vibration-rotatio®t 4.2 0.0 4.2
Scalar relativistit -13.0 -6.65 0.3
Spin-orbit coupling 0.0 -0.15 0.3
Core correlatiorfs -112.4 -55.0 -2.4
Nonrelativistic valence-correlated -75814.1 -37790.0 -234.1

N, N 2N—N,
Experimental® -109578.5 -54610.0 -358.5(<0.1)
Vibration-rotatio? 5.4 0.0 5.4
Scalar relativistit -41.2 -20.7 0.2
Spin-orbit coupling 0.0 0.0 0.0
Core correlatiorfs -119.0 -58.8 -1.4
Nonrelativistic valence-correlated -109423.7 -54530.5 -362.7

0, (0] 20—-0,
Experimental® —-150400.2 -75106.1 -188.0£(<0.1)
Vibration-rotatiof? 3.6 0.0 3.6
Scalar relativistit -76.4 -38.35 0.3
Spin-orbit coupling 0.0 -0.35 0.7
Core correlatiorfs -124.9 -62.1 -0.7
Nonrelativistic valence-correlated -150202.5 -75005.3 -191.9

F, F 2F—F,
Experimental® -199670.1 -99 805.6 -58.9+0.2
Vibration-rotatio®! 2.1 0.0 2.1
Scalar relativistit -141.8 -70.9 0.0
Spin-orbit coupling 0.0 -0.6 1.2
Core correlatiorfs -130.8 -65.4 0.0
Nonrelativistic valence-correlated -199 399.6 -99668.7 -62.2
*The molecular energy is that in the lowest vibrational level. See Secs. VI A and VI B.
PSee Sec. VI B.
‘See Sec. VIC.
ISee Sec. VID.
°See Sec. VIE.

core and the valence electrons, which are omitted in ouclosely with each other. Gdanitz’ valugswhich are ob-
calculations listed in Table IX. Fortunately, these additionaltained with ther;,-MR-ACPF methodr,, added to a multi-
correlation energy corrections have also been determined lrgference averaged-coupled-pair-functiéH)aJ,I appear to be
previous authors. They are summarized in Table XI. slightly more accurate. We chose however the values of
For the atomsNogaet al*® as well as GdanitZ*°have  Nogaet al,*® which are obtained using the CCSD-R12
made calculations of very high accuracy, which agree quitenethod, because the available molecular values are also

TABLE XI. Correlation energy contributions involving the corgsillihartree).

C, G N, N, 0,0 F R
Values used in the present study
Atom? -55.04 -58.78 -62.14 -65.44
Molecule -112.3% -118.98 -124.9% -130.7%
Binding -2.29 -1.42 -0.64 0.13

Other literature values for the binding energy
Petersoret al? (best estimate -2.39 -1.43 -0.48 0.16
Boeseet al (best estimate . -1.26 -0.37 0.16

alues obtained by Noget al. (Ref. 18 at the CCSDT)-R12 level of theory.

PDeduced by the present authors, as discussed in Sec. VI D, from the values given bygtldbgRef. 19 and
Klopper (Ref. 19 for Ny, F,, C, N, O, and F, using CCSD)-R12 calculationgsee Sec. IV B 2 for more
details.

‘Molecular values obtained by KloppéRef. 17 using the CCSDT)-R12 level of theory.

ISee Ref. 56.

°See Ref. 44.
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TABLE XII. Errors (in millihartree of the atomic, molecular, and binding energies for the CEEIS-FCI calcu-
lations and the corresponding CBS limits with respect to the nonrelativistic valence-corrected energies derived
from experiment in Table X.

CEEIS-FCI calculations CBS extrapolations

System vDZ VTZ vVQz 1A? 1B 2 3

C 29.2 8.7 3.0 -11 6.6 -0.4 -0.7
C, 85.6 29.1 11.3 -04 0.6 1.0 -0.1
2C—GC, 27.2 11.7 5.4 1.8 1.8 1.8 1.3
N 51.8 155 5.4 -1.3 6.7 -0.5 -11
N, 146.7 48.4 18.0 -14 4 0.4 -14
2N—N, 43.1 17.4 7.3 1.2 0.0 1.4 0.8
O 95.3 31.1 11.5 -11 &5 0.2 -1.0
O, 214.6 72.0 27.0 -15 23 1.0 -1.6
20—-0, 24.1 9.9 4.0 0.7 13 0.6 0.4
F 1411 48.2 18.3 -0.8 01 1.0 -0.8
F> 300.3 102.2 39.5 0.3 0.4 3.3 -0.4
2F—F, 18.2 5.9 3.0 1.9 0.6 1.3 1.2

CBS-1A extrapolation: see E(L6).
PCBS-1B extrapolation: see E(L7).
‘CBS-2 extrapolation: see E(RO)
dCBS-3 extrapolation: see E(QR1)

computed by this approach. These atomic values are listed in  The core correlation energy values of the first section of
the first row of Table XI. Table Xl are also entered in Table X in the four rows labeled
For the molecules Nand F,, Klopper’ as well as Noga “core correlation.”
et al® have determined very accurate values, the former
using the CCSDIN)-R12B method, the latter with the
CCSOT]-R12 method, in both cases using very large
(spdfgh basis sets. Their values agree very closely. Since The “total” energies calculated in Sec. Il and listed in
calculations of similar accuracy are not available for the mol-Table IX are the total electronic energies exclusive of the
ecules G and O, we estimated the correlation involving the correlations involving the core and exclusive of the relativ-
core here as follows. Assuming that the environment suristic effect. We call it thenonrelativistic valence-correlated
rounding the % core orbitals changes little when the atomsenergy Enr,vcrl). According to the preceding discussion,
combine to form a molecule, we conjectured a linear relatioreach of the threexperimentaknergies that occur in E22)
between the free atoms and the corresponding homonucleaan then be expressed as follows:
diatomic molecules for the correlation energyangesvhen
going from one atom to the next. Thus, we interpolated the
core correlation energies for,@nd G with the formula + E(scalar corrl + E(zero-point viby, (24)

if the value zero is assigned to appropriate contributions.
EcdCz or Oy) = EcdNp) +[Ec(C or O) — EcdN)] Conversely, experiment-based values for Efar,vcrl) can
X[EodFp) = Ecd(N) MEF) — E(N)],  be deduced from Eq24) by subtracting the four corrections
on the right-hand side frornk,,. These values are listed in
where E.(X) denotes the correlation energy involving the Table X in the four rows labeled “nonrelativistic valence
core of systenX. The core correlation energies of the mol- correlated” and they are thus the values with which our the-
ecules are listed in the second row of Table XI. SubtractiorPretical results ought to be compared.
of the first row, multiplied by 2, from the second row yields
the core correlation contributions to the binding energies iy cOMPARISON OF CEEIS-ECI-CBS ENERGIES
the third row of Table XI. WITH EXPERIMENT
The second section of Table XI contains core correlation
values for the binding energies that were obtained earlier b
Dunning and co-worker& and by Boeset al** For N, and
F,, they exhibit satisfactory agreement with the values of the  How close do our calculated nonrelativistic valence-
third row. For G and Q, the equally good agreement with correlated energie&(nr,vcrl) come to those deduced in
the third row implies that our interpolated values are reasonTable X from experiment? An overview of the relevant errors
able. is given in Table Xll. The columns list the CEEIS-FCI en-

E. The nonrelativistic valence-correlated energy

Eqy = E(nr,vcrl) + E(core corr) + E(spin-orbi}

. CEEIS-FCI-CBS predictions for atoms, molecules,
nd binding energies
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ergy errors for the three kinds of basis sets as well as for thB. Comparison with other methods

CBS limits obtained with the four CBS extrapolations for- In Table XIll we compare our CBS limits with the best
mulatgd in Sec. IV above by Eq(s:lG), (1), (20)_' and(21). recent calculations by other sophisticated methods. For each
The binding energies are obtained by subtracting the extrap%’ystem the first entry lists the nonrelativistic valence-
lated reactant and product values. '

. I in Table X fi i . Th
It is apparent that, for the calculated=2,3,4 FCI en- correlated energy deduced in Table X from experiment. The

. . L . next four rows list the deviations from these experiment-
ergies, the errors in the individual systems are con&derabl&educed target values for our four CBS extrapolations from
larger than the errors in the binding energies, implying thai

. . . . . tI'able XIl. The remaining rows list the analogous deviations
some cancellation of errors is taking place in forming the o 2
for the following investigations.

differences. Nonetheless, even for the largest basis(sets . . :
0VQZ), chemical accuracy cannot be achieved in any of (1) CCSOT)/CBS and internally contracted multirefer

these systems without extrapolation, even for the bindinqir;(t:grsgr?n{;\%:lsrgrt:o\r/lvgocrl:ﬂz;:(;)JISSr:r(\:iFjBFgS calculations - by

energies. The CBS extrapolations lead to substantial im- i i .
provement in the predictions and there remain only Slighﬁ(lop(?e rgiﬁgg/ El(l)Zaar\]/ilig)iSaDrgj i}jp;z%culaﬂons by

differences between the magnitudes of the errors of the indi- (3) R12-MR-ACPF calculations by Gdani3?!

vidual systems and those of the binding energies. .

There are only three errors in the table that fall inghtIyth Itt IS afpare”F that 9fn|y t:\e R12|—bas|ed m(tart]hogsng)Sprgg(I:h
outside the chemical accuracy criterion of 1 kcal/molCISS"’“ge,megerg'esf unrl] ormiy as cos:layt/ a?zlzeb d i It-
=~ 1.6 millihartree. The first is the binding energy of, C are o:r)/ea\?aiiabl(za fii BI(;V:ZVS’V;Z:OTEOZ(S by Kiossgr arr?ju S
1.8 millihartreg. As regards this system, we note that v .

( ¢ g y Noga et al. The error of 2.6 millihartree obtained by

Ruscic¢® give an uncertainty of 0.8 millihartree for their : o

best-estimated experimental val(gz=e Table X, line § and ESS%T,)'FL?;?AS;?;; surt)hr |s(;ngll3|/ If;lrge_. In the_case |0f

that the two most recently reported experimental vaflfes* anitz VIR method, all atomiC energies caicu-
lated in Ref. 20 are excellent, but the atomic and molecular

for this binding energy differ in fact by 0.5 millihartree. : biained i ¢ o1 f both | b
Thus, we may still claim “chemical accuracy within the ex- energies obtained in Ref. 21 for,Nare both in error by

perimental error bars.” The second error in excess 015 millihartree, so that the excellent binding energy appears to

1 millihartree is the binding energy of,K1.9 millihartreg resul_t_ from the —cancellation  of qujte large errors
for method 1A. But, for the better method 1B it is only (5 millihartreg. The methods that do not include R12 terms,
0.6 millihartree. The third error larger than 1.6 millihartree is ViZ- the coupled-cluster as well as the multi-reference-Cl
the energy of the oxygen molecule2.3 millihartreg for methods, yield larger errors.

method 1B. Since this molecule has a triplet ground state, it " Table XIV we compare the binding energy errors pre-
is possible that, here, our neglect of & term in the CBS dicted by the CEEIS-FCI-CBS approach with those obtained

extrapolation of Eq(15) causes a larger error than in the by a numbe_r of commonly used methods that include no R12
other molecules, which have singlet ground stdses Ref. Ferms. Not listed are any of the less accurate methods involv-
17). Also, the possibility of a slight error in the corrections N9 Only double excitationgsuch as MP2 and CCSD
applied in Table X for @ cannot be entirely excluded. The first four entr'|es list the blndlng.energy errors of the
Overall, the method CBS-1B, defined by Eq. (17), appresent Wprk found in Table XI. The_ﬂfth entry is another
pears to be the best of the four extrapolation choices, as ifXtrapolation of our cc-pVXZ data using the total energies,
fact it should be, and it is therefore printed in bold face. Which is elaborated in more detail as entry No. 3 in Table XV
Moreover, it allows for separate treatments of the Hartree10 be discussed below in the Appendix. Although it yields
Fock and the correlation parts. The only exception is the 0900d binding energies, Table XV shows that it does quite
molecule for the reason discussed above. It may also bRoorly for the individual systems.
noted that the errors of all calculateck¥ energies decrease Entries 6 and 7 list variational ICMRCI calculations. In
by a factor of about 3 in going from oneXZ basis to the the case of entry 7, they are complemented by the multiref-
corresponding YX+1)Z basis. One might therefore surmise erence analog of the Davidson correctiort'QEntries 8, 9,
a further decrease by a factor of 3 in the errors of the CBS0 are coupled-cluster calculations including triple excita-
limits when quintuplez basis sets are taken into account in tions. The extrapolation procedures used in entries 6, 7, 8
the FCI calculations, which would bring all of them below differ from those used in entries 9, 10 as indicated in the
1 millihartree. In this case, it would also be possible to usdable. In all of them the total energies are extrapolated. The
the CBS extrapolation formuld5), includingX ™ as well as  basis set ranges used in the extrapolation procedures are
X3 terms. given by theX values in the second column. It is apparent
It should be appreciated that the explicit full CI calcula- from theseX ranges thatin all of these calculations (entries
tions for the quadruplé-bases would have required the ca- 6 to 10), the basis sets are considerably larger than the
pability of handling 3.6<10%, 1.6x 10'%, 1.7x10Y, and quadruple basis sets used in the present work (entries
3.7x 10'° determinants for ¢ N,, O,, and R, respectively, 1-5): They are up to quintuplé bases in entries 6,7, up to
computational tasks that lie beyond the reach of current disextuple/ bases in entry 8, and up to augmented septdple
rect full Cl programs by a wide margin. The CEEIS methodbases in entries 9, 10
of determining full CI energies has therefore been essential Notwithstanding this use of larger basis sets, the meth-
in achieving the accuracy documented in Table XII. ods in entries 6-10 perform worse than the CEEIS-FCI
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TABLE XIIl. Errors of accurate theoretical methods for calculating the method in rows 1-5, which uses only quadrugleases. The
nonrelativistic valence-correlated energies of Gz, Oy, F, (in millihar- ra550n must be that certain relevant configurations, which are
tree. . . . . .
° taken into account in the latter, are missing in the former.
The most rigorous CCSDT method yields the worst results.
Ca c 2C—C, In recent years, the quantum Monte Carl@MC)

Deduced from eXp;”me”? “7e8l4l =377900 ~2341 - approach*®has received attention. Some results reflect-
EEE::EE: g:zjg _8;: :éé igigc ?ng the performance of these methods are the_refore included
CEEIS-FCI CBS.9 10 0.4 1813 in Table XIV. The results of flxed—_node dlfoS.I.OI’] quantum
CEEIS-FCI CBS-8 01 07 1.80.8] I\/!ontle15 Qarlo .(FN-DQMC) _ calculations by Luchp\_/v and
CCSDIT)+CBY 55 14 272.2° Fink,listed in entry 11, yield errors of about 9 millihartree
ICMRCI+Q+CBS 5.1 0.3 4.54.0F for the binding energy. The Ornstein—Uhlenbeck-type diffu-
R12-MR-ACPE 0.0 sion quantum Monte Carlo calculations by t§ listed as
entry 12, yield binding energies within chemical accuracy,
_ N2 N 2N—N, but the paper does not give any information regarding the
Deduced from experiment ~ -109423.7 -54530.5 -362.7 energies of the atoms and molecules.
CEEIS-FCI CBS-1A 14 "3 12 Tables XIIl and XIV suggest that the CEEIS-FCI-CBS
CEEIS-FCI CBS-18 -1.4 -0.7 0.0 . .
CEEIS-FC| CBS-2 0.4 05 14 fapproach compares favprably with qther high-accuraby
CEEIS-FCI CBS-8 14 11 08 initio methods in recovering the energ|e§ of.C, N, O, F atoms
CCSOT) +CBY 5.0 19 1.2 and G, N,, O,, F, molecules and their binding energies.
ICMRCI+Q+CBS' 6.2 2.1 2.0
R12-MR-ACPF 0.2
R12-MR-ACPE 5.0 25 0.0
cesom)-R128 22 ' VIIl. CONCLUSIONS
ccsOTl-R12 1.3 0.7 0.1
0, o} 20-0, Full ClI energies of the molecules,(N,, O,, F,, and of
Deduced from experimenf ~ -150202.5 -75005.3 -191.9 their constituent atoms were closely approximated, within
CEEIS-FCI CBS-1R -15 -11 0.7 the context of Dunning’s correlation-consistent double-,
CEEIS-FCI CBS-18 -23 -0.5 -13 triple- and quadruplé-basis sets, by the method of correla-
CEEIS-FCI CBS-2 1.0 0.2 0.6 tion energy extrapolation by intrinsic scalif@EEIS.**>°
CEEIS-FCI CBS-3 -16 -1.0 0.4 These accurate extrapolations to the optimal energies in very
ccsoT)+CBs 75 28 1.9 large full CI spaces are obtained frasequencesf Cl cal-
:?Cl'\gfv?;:é;?éq .”11'8 5"79 .2.'9 culations of much smallerdimensions, and increasing the
: latter will yield increasingly more precise extrapolations.
F, F 2F—>F, Here, we have pushed the method to approximate the varia-
Deduced from experimenf ~ -199399.6 -99668.7 -62.2 tional full Cl energies within about 0.3 millihartree, an accu-
CEEIS-FCI+CBS-1R 0.3 -0.8 19 racy usually not achieved by coupled-cluster methods. Also,
CEEIS-FCI+CBS-18 0.4 -01 0.6 in contrast to most coupled cluster methods, the CEEIS
CEEIS-FCI+CBS-2 3.3 10 13 method was found to work for reference wave functions of
CEEIS-FCI CBS-3 —04 —08 12 the multiconfiguration type equally well as of the single-
ccsOT)+CBY 8.6 35 1.6 determinant type.
Efgif;ﬁ;iw "‘17'6 07'82 32 The CEEIS-FCI method also provided an accurate elu-
CCSDT)-R12E 26 o qdatmg account of the relative cgntrlbutlons to the cqrrgla—
CCSOTI-R1Z 17 0.8 o1 tion energy that are due to the different levels of excitation

with respect to the zeroth-order reference wave function.
®Total nonrelativistic valence-correlated energy from Table X. For the theo- The ECI energies were then extrapolated to their CBS

retical entries, the differencégpredicted valugminus (experimentally de- - L -
duced target valué are listed. limits. For N, and F, the results agree within 1 millihartree

PCBS-1A extrapolation defined by E(L6). with the energies obtained by wave functions including

“The error in the square bracket corresponds to the comparison with thterms. For G and G, such wave functions are not yet avail-
experimental binding energy value reported by Urdathél. (Ref. 113. able and the present results appear to be the best existent to
CBS-1B extrapolation defined by E€L7). o . .

°CBS-2 extrapolation defined by E(0). date. The binding energies obtained by the present work
CBS-3 extrapolation defined by E¢R1). agree with the corresponding experimental values within the
zCCSD(T)+CBS estimate by Dunning and co-workeRef. 56. chemical accuracy criterion of 1 kcal/mol.

ICMRCI+Q+CBS estimate by Dunning and co-worké¢Ref. 56. It appears justified to expect the CEEIS-FCI-CBS ap-

?R12-ACPF: The results for atoms are taken from Gdaitzf. 20. h iel . for indivi |
IR12-MR-ACPF: The values for theNnolecule and for the binding energy Proach to yield accurate energies, for individual systems as

are taken from Gdanitz in Ref. 21. We have deduced the value for the NWell as reaction energies, with a computational effort that is
atom by subtraction. sufficiently smaller than that of standard full CI methods, so

k
CCSOT)-R12B value of KloppefRef. 17). : : :
'CCSIITI-R12 values of Nogat al. (Ref. 18 obtained with very large basis that these energies become accessible in cases where that has

. ) 5 .
set (spdfgh for molecules. For atoms the data corresponds to QCsD MOt he_retOfore been possibfle.g., for k, with 10'° determi-
R12 level of theory(Ref. 18. nants in the full quadruplé-Cl space.
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TABLE XIV. Absolute values of errorgin millihartree of various theoretical methods in calculating the

TABLE XV. Energy error8 (millihartreg of various FCI-CBS-extrapolations appliedXs2,3,4 for C, N, O, F and £ N,, O,, and k.

binding energies of & N,, O,, F,.

X range G N, O, F,

CEEIS—FCI method—-cc-pVXZ basis—CBS extrapolations as indicated
(1) cBS-1A4 2-4 1.8 1.2 0.7 1.9
(2) CBS-1F 2-4 1.8 0.0 1.3 0.6
(3) CBS-Z 3-4 1.8 1.4 0.6 1.3
(4) CBS-3 3-4 1.3 0.8 0.4 1.2
(5) CBS-£ 2-4 1.6 0.8 0.4 0.4
cc-pCVXZ Basis—Exponential CBS extrapolatifg. (18)]f
(6) IC-MRCI 2-5 2.1 0.5 4.9 7.0
(7) IC-MRCI+Q 2-5 45 1.9 1.9 3.0
(8) CCsOT) 2-6 2.7 1.1 1.8 14
aug-cc-pVXZ Basis—Mixed exponential/Gaussian CBS extrapofation
(9 CcCsOT) 5-7 2.9 0.8 1.3 0.6
(10) CCSDT 5-7 6.1 1.8 1.9 1.1
Quantum Monte Carlo method

(11) FN-DQMC’ 8.6(1.6) 8.8(1.6)
(12) oubQMC 1.3(+0.5) 0.0(+0.5)
See Eq(16).
PSee Eq(17).

‘See Eq.(20).

ISee Eq(21).

°CBS extrapolation of total energies by H49) with b=0.5, 3=3, C=0 usingX=2, 3, 4/LMSQ.
‘Petersoret al. (Ref. 56.

9Feller and SorddgRef. 29.

_hFixed—node diffusion quantum Monte Carlo method by Liichow and FAred. 115.
'Ornstein—Uhlenbeck diffusion quantum Monte Carlo method by(Ref. 118.

Formula G C 2C—GC, N, N 2N—N, 0, o 20—0, F, 2F—F,
Total energies extrapolated usiXg2,3,4
(1) exp(-aX) 3.0 0.7 1.6 4.3 1.4 1.4 6.3 2.9 0.5 10.4 4.1 2.3
2 (x)3 24 -05 33 23 -07 3.8 45 1.2 2.1 8.4 3.8 0.8
(3) (X+0.573 -38 -27 1.6 -84 -46 0.8 -11.2 -58 0.4 -13.4 -6.5 -0.5
(4) [(X+0.973 and -50 -1.9 -1.2 -94 -31 -3.1 -140 -6.0 -2.0 -17.7 -9.3 0.9
(X+0.97]
(5) (X+0.57¢, -5.7 -1.6 -2.5 -10.1 -2.5 -5.0 -15.7 -6.0 -3.8 -20.2 -11.1 2.1
a=optimized
Total energies extrapolated usixg 3,4
(6) (X+0.573 -46 -22 -0.2 -91 -36 -1.8 -13.0 -509 -1.2 -16.3 -8.3 0.4
(7 (X2 -1.8 -1.3 0.8 -4.2 -2.0 -0.2 -5.9 -2.8 -0.3 -6.3 -3.6 0.8
(8) (X-0.978 -1.2 -11 1.0 -3.3 -1.7 0.1 -4.4 -2.2 -0.1 -4.3 -2.6 0.9
(9) (X-0.273 -06 -0.9 12 -23 -14 0.5 -30 -16 0.1 -2.3 -1.7 1.0
(10) (X-0.3® -0.1 -0.7 1.4 -1.4 -1.1 0.8 -1.6 -1.0 0.3 -0.4 -0.8 1.1
(11) (X+0.5™ 1.0 -0.4 1.7 0.4 -0.5 1.4 1.0 0.2 0.6 3.3 1.0 1.3
Hartree—Fock and correlation energies extrapolated separately Xisidg3, 4
(12) exp(—aX) -3.0 -13 -0.4 -6.1 -19 -2.3 -89 -36 -1.7 -10.9 -5.7 0.6
and[(X+0.573
and (X+0.575]
Hartree—Fock energy extrapolated usikg2,3,4; correlation energies extrapolated uskws3, 4
(13) exp(—aX) -2.6 -1.7 0.9 -5.0 -2.4 -0.1 -6.8 -3.4 -0.1 -7.1 -4.3 1.4
and(X+0.573
(14) exp(—aX) and (X)™2 -0.4 -1.0 1.7 -14 -1.3 1.2 -15 -1.1 0.7 0.3 -0.8 1.8
(15) HF-limit and (X)3 06 -06 1.8 -1.4 -07 0.0 -23  -05 -1.3 0.4 -0.1 0.6

“Listed are the deviations from the nonrelativistic valence-correlated target energy values in Table XIII.
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