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Equilibrium structures have been determined for 19 molecules using least-squares fits involving
rotational constants from experiment and vibrational corrections from high-level electronic-structure
calculations. Equilibrium structures obtained by this procedure have a uniformly high quality.
Indeed, the accuracy of the results reported here likely surpasses that reported in most experimental
determinations. In addition, the accuracy of equilibrium structures obtained by energy minimization
has been calibrated for the following standard models ofab initio theory: Hartree–Fock, MP2,
CCSD, and CCSD~T!. In accordance with previous observations, CCSD~T! is significantly more
accurate than the other models; the mean and maximum absolute errors for bond distances of the 19
molecules are 0.09 and 0.59 pm, respectively, in CCSD~T!/cc-pCVQZ calculations. The maximum
error is obtained forROO in H2O2 and is so large compared with the mean absolute error that an
experimental reinvestigation of this molecule is warranted. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1357225#
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I. INTRODUCTION

In the development ofab initio electronic structure
methods, molecular equilibrium structures have been on
the properties receiving the most attention.1–3 The accuracy
with which equilibrium structures can be calculated fro
first-principles quantum mechanics has improved stea
over the years. Indeed, electronic structure calculations
represent a viable alternative to experiment for determin
accurate molecular equilibrium structures.

Hierarchies of basis sets and wave-function models h
been introduced that give a systematically improved ac
racy in calculations of equilibrium structures.4 In a previous
study, some of us examined the accuracy obtained by
following standard hierarchy ofab initio models.2 Hartree–
Fock theory, second-order Møller–Plesset theory~MP2!,
coupled-cluster singles-and-doubles~CCSD! theory,5 and
CCSD theory with perturbative treatment of triple
~CCSD~T!!.6 In accordance with previous investigations, w
found that the CCSD~T! method gave structures of hig
quality.2 In particular, for 19 small molecules where th
equilibrium structure is reasonably well-known from expe
ment, CCSD~T! gives a mean intrinsic error of about 0.2 pm
Clearly, these error estimates assume that the experimen
determined equilibrium structures are correct; more relia
calibration of the accuracy of CCSD~T! could be obtained if
the accuracy of the experimental structures is also improv
6540021-9606/2001/114(15)/6548/9/$18.00
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The present paper reports a detailed investigation of the
certainties and inconsistencies associated with both the
culated CCSD~T! structures and the experimental structur
used as reference data in Ref. 2.

Experimental equilibrium structures are typically o
tained from least-squares fits involving experimental ro
tional constants for the vibrational ground state and the c
responding vibration-rotation interaction constants.7 Whereas
accurate experimental rotational constants are available
most small molecules, accurate vibration-rotation interact
constants are more scarce. In principle, they can be obta
from rotationally resolved vibrational spectra. Howeve
these constants are difficult to obtain for larger molecu
and assumptions are often made about the anharmonici
the force field, leading to uncertainties in the experimen
equilibrium structures. As has been amply documented in
literature, accurate vibrational corrections to rotational co
stants can be obtained from quantum chemical calculat
and subsequently used for the determination of highly ac
rate structures.8–13 In addition, recently developed analyti
derivative techniques—in particular, those for CCSD~T! sec-
ond derivatives11—provide efficient schemes for the precis
calculation of vibration-rotation interaction constants, e
abling the routine determination of the required vibration
contributions.11–13 In this paper, we use calculated sums
vibration-rotation interaction constants together with expe
mental rotational constants to obtain a set of empirical eq
8 © 2001 American Institute of Physics
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librium structures. This set of geometrical parameters ha
uniformly high accuracy and is used to judge the quality
previously determined experimental values. This new se
parameters is also used to reassess the accuracy of eq
rium structures obtained from standardab initio calculations.

The calculations previously used to establish an intrin
CCSD~T! error of about 0.2 pm were carried out in basis s
constructed to describe valence correlation, although all e
trons were included in the correlation treatment. Since
valence basis sets are not sufficiently flexible to adequa
describe core correlation, the question naturally arises a
what extent this has affected the obtained accuracy. Here
address this question by carrying out all-electron calculati
using the corresponding core-valence basis sets.

In the previous investigation, we considered 19 clos
shell systems that comprise a representative set of molec
containing hydrogen and first-row atoms joined by sing
double and triple bonds. The systems chosen for that s
had a varying degree of single-configurational dominance4 a
single molecule~ozone! has relatively significant multicon
figuration character. We are in the process of building a
tabase which serves to calibrate the accuracy of a rang
theoretical approaches for various molecular properties
range from equilibrium structures to atomization energi
So that statistics are not skewed by including difficult m
ecules that exhibit significant multiconfigurational charact
ozone has been excluded and H2 has been included becaus
of its role in a wide variety of important chemical reaction
The resulting set of 19 molecules is precisely that which
involved in the study presented here, and will be used
other calibration work that is currently being carried out
our groups.

In this paper, we report a statistical analysis of the ac
racy of calculated equilibrium bond lengths and bond ang
for the nineteen molecule test suite.

II. COMPUTATIONAL DETAILS

We consider the determination of equilibrium structur
for the nineteen molecules H2, CH2, CH4, H2O, NH3, HF,
N2, F2, CO, HCN, HNC, C2H2, C2H4, CH2O, N2H2, HOF,
H2O2, CO2, and HNO. As mentioned above, they are t
same as those of Ref. 2 except that ozone has been rep
by H2. For these molecules~except for H2 and the nonrigid
H2O2 molecule!, equilibrium structures have been obtain
using experimental rotational constants and sums of ca
lated vibration-rotation interaction constants. The vibratio
corrections to the rotational constants are usually expre
as14

Bv5Be2(
r

a r
B~v r1

1
2!1¯ , ~1!

i.e.,

B05Be2
1

2 (
r

a r
B , ~2!

whereBe is inversely proportional to a principal moment
inertia of the equilibrium structure andBv the rotational con-
stant in the vibrational statev. The sum is taken over th
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
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normal modesr, a r
B is the vibration-rotation interaction con

stant andv r is the corresponding quantum number. Accura
experimental rotation constants for the vibrational grou
stateB0 are available for most small molecules and for ma
of the corresponding isotopomers. We use these rotatio
constants together with sums of vibration-rotation interact
constants calculated at the all-electron CCSD~T!/cc-pVQZ
~Ref. 14! level @except for C2H4, where CCSD~T!/cc-pVTZ
is used# to determineBe and subsequently the equilibrium
structure by least-squares fitting. Details of which rotatio
constants and which isotopomers are used will be given
future publication.15 The vibration-rotation interaction con
stants are obtained using second-order perturbation the
starting from the rigid-rotor harmonic-oscillator Hami
tonian. Details can be found in Ref. 16. The vibratio
rotation interaction constants have been calculated from q
dratic and cubic force fields using a local version of t
ACESII program.17 The wave function/basis set convergen
of vibrational corrections to the equilibrium structures is
lustrated in Table I through calculations on the HF molecu

Equilibrium structures have also been obtained by dir
energy minimization using the HF, MP2, CCSD, an
CCSD~T! models and the cc-pCVDZ, cc-pCVTZ, and c
pCVQZ core-valence sets.18 Comparisons have also bee
made with calculations using the corresponding augmen
valence sets aug-cc-pVxZ ~Ref. 19! and with the previous
calculations using the valence sets cc-pVxZ.14 The calcula-
tions reported here are all-electron calculations~no orbitals
are excluded from the correlation procedure! and have been
carried out using theACESII program.17

III. EXPERIMENTAL EQUILIBRIUM STRUCTURES

Experimental equilibrium bond lengths are given
Table II and bond angles in Table III; both sets of values
marked with Exp. Only independent bond angles are liste
Table III; where angles are dependent, we have used
smallest bond angle.

The experimental equilibrium structures have varyi
accuracy. The diatomic structures are given with three s
nificant digits after the decimal point and the uncertainty
mostly in the last digit. For larger systems, the experimen

TABLE I. Wave function/basis set convergence of the vibrational corr
tions to the rotational constant~in cm21! and of the empirical structure~in
pm! for hydrogen fluoride.

Method/basis Vibrational corrections Empirical structur

CCSD~T!/cc-pVDZ 0.4028 91.666
CCSD~T!/cc-pVTZ 0.3857 91.704
CCSD~T!/cc-pVQZ 0.3935 91.687
CCSD~T!/aug-cc-pVDZ 0.4186 92.560
CCSD~T!/aug-cc-pVTZ 0.3876 91.699
CCSD~T!/aug-cc-pVQZ 0.3908 91.693
CCSD~T!/cc-pCVDZ 0.4025 91.667
CCSD~T!/cc-pCVTZ 0.3856 91.704
CCSD~T!/cc-pCVQZ 0.3939 91.686
MP2/cc-pVQZ 0.3875 91.700
CCSD/cc-pVQZ 0.3893 91.698
Experimental valuea 0.3961 91.680

aD. U. Webb and K. N. Rao, J. Mol. Spectrosc.28, 121 ~1968!.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE II. Equilibrium bond lengthsRe in pm.

Molecule Bond Expt. Emp. Emp.2Expt.
CCSD~T!/
cc-pCVQZ

H2 RHH 74.144a ¯ ¯ 74.19
HF RFH 91.680~8!a 91.69 0.01 91.58
H2O ROH 95.72b 95.75 0.03 95.71
HOF ROH 96.57~16!c 96.78 0.21 96.57
H2O2 ROH 96.7d

¯ ¯ 96.19
HNC RNH 99.40~8!e 99.49 0.09 99.53
NH3 RNN 101.1~6!f 101.16 0.06 101.12
N2H2 RNH 102.9~1!g 102.86 0.04 102.84
HNO RNH ¯ 105.17 ¯ 105.24
C2H2 RCH 106.215~17!h 106.13 20.09 106.21
HCN RCH 106.501~8!i 106.53 0.03 106.55
C2H4 RCH 108.1~2!j 108.07 0.03 108.09
CH4 RCH 108.58~10!k 108.59n 0.01 108.64
N2 RNN 109.768~5!a 109.77 0.00 109.81
CH2O RCH 110.05~20!j 110.07 0.02 110.08
CH2 RCH 110.7~2!l 110.63 0.07 110.68
CO RCO 112.832a 112.84 0.01 112.89
HCN RCN 115.324~2!i 115.34 0.02 115.38
CO2 RCO 115.995m 116.01 0.01 116.04
HNC RCN 116.89~2!e 116.87 20.02 116.93
C2H2 RCC 120.257~9!h 120.37 0.11 120.37
CH2O RCO 120.33~10!j 120.47 0.14 120.43
HNO RNO ¯ 120.86 ¯ 120.85
N2H2 RNN 124.7~1!g 124.57 20.13 124.67
C2H4 RCC 133.4~2!j 133.07 20.33 133.12
F2 RFF 141.193a 141.24 0.05 141.13
HOF RFO 143.50~31!c 143.44 20.06 143.26
H2O2 ROO 145.56d ¯ ¯ 144.97

aK. P. Huber and G. H. Herzberg,Constants of Diatomic Molecules~Van Nostrand–Reinhold, New York
1979!.

bA. R. Hoy, I. M. Mills, and G. Strey, Mol. Phys.24, 1265~1972!; see also A. R. Hoy and P. R. Bunker, J. Mo
Spectrosc.74, 1 ~1979! ROH595.78.

cL. Halonen and T. K. Ha, J. Chem. Phys.89, 4885~1988!.
dG. Pelz, K. M. T. Yamada, and G. Winnewisser, J. Mol. Spectrosc.159, 507 ~1993!.
eR. A. Creswell and A. G. Robiette, Mol. Phys.36, 869 ~1978!.
fJ. L. Duncan and I. M. Mills, Spectrosc. Chem. Acta20, 523~1964!; see also W. S. Benedict and E. K. Plyle
Can. J. Phys.35, 1235~1957!. RNH5101.24,uHNH5106.7.

gJ. Demaison, F. Hegelund, and H. Bu¨rger, J. Mol Struct.413. 447 ~1997!.
hA. Baldacci, S. Ghersetti, S. C. Hurlock, and K. N. Rao, J. Mol. Spectrosc.59, 116 ~1976!.
iS. Carter, I. M. Mills, and N. C. Handy, J. Chem. Phys.97, 1606~1992!; see also G. Winnewisser, A. G. Mak
and D. R. Johnson, J. Mol. Spectrosc.39, 149 ~1971! RCN5115.321(5), RCH5106.549(24).

jJ. L. Duncan, Mol. Phys.28, 1177~1974!; see also K. Yamada, T. Nakagawa, K. Kuchitsu, and Y. Morino
Mol. Spectrosc.38, 70 ~1971! RCO5120.3(3), RCH5109.9(9),uHCH5116.5(12).

kD. L. Gray and A. G. Robiette, Mol. Phys.37, 1901~1979!; see also L. S. Bartell and K. Kuchtsu, J. Chem
Phys.68, 1213~1978! RCH5108.62(24); E. Hirota, J. Mol. Spectrosc,77, 213 ~1979! RCH5108.70(7).

lH. Petek, D. Nesbitt, D. C. Darwin, P. R. Ogilby, C. B. Moore, and D. A. Ramsay, J. Chem. Phys.91, 6566
~1989!.
mG. Graner, C. Rossetti, and D. Bailly, Mol. Phys.58, 627 ~1986!.
nSee, J. F. Stanton, Mol. Phys.97, 841 ~1999!.
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equilibrium structures are generally given with fewer sign
cant digits and have larger uncertainties. Many of the exp
mental structures have been obtained from least-square
using experimental rotational and vibration-rotation inter
tion constants. While accurate experimental rotational c
stants are usually available for the vibrational ground st
the quality of the vibration-rotation interaction constants
more dependent on the considered system, and is frequ
complicated by the presence of Coriolis resonances, altho
the latter problem is avoided when thesumof the rotation-
vibration constants is explicitly calculated.20 The difficulties
involved in obtaining experimental vibration-rotation inte
193.157.137.211. This article is copyrighted as indicated in the abstract
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TABLE III. Equilibrium bond angles~in degs!. See Table I for footnotes.

Molecule Bond angle Expt. Emp. CCSD~T!/cc-pCVQZ

H2O HOH 104.52b 104.51 104.22
HOF HOF 97.54~50!c 97.94 97.85
HNO HNO ¯ 108.27 108.08
H2O2 HOO 102.32d ¯ 99.99
NH3 HNH 106.7f 107.25 106.36
N2H2 HNN 106.3~2!g 106.36 106.17
C2H4 HCH 117.37~33!j 117.14 117.10
CH2O HCH 116.30~25!j 116.74 116.44
CH2 HCN 102.4~4!l 102.44 102.03
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE IV. Statistical measures of errors in calculated bond lengths.

cc-pVxZ aug-cc-pVxZ cc-pCVxZ

D T Q D T Q D T Q

HF:

D̄ 21.65 22.49 22.59 21.79 22.49 22.59 21.70 22.52 22.60

D̄abs
1.80 2.49 2.59 1.88 2.49 2.59 1.82 2.52 2.6

Dmax 6.48 8.33 8.49 7.42 8.42 8.57 6.47 8.40 8.5
Dstd 1.95 1.98 2.03 2.04 2.00 2.05 1.93 2.00 2.0

MP2:

D̄ 1.34 20.13 20.23 1.49 20.08 20.18 1.28 0.00 20.18

D̄abs
1.34 0.55 0.51 1.49 0.51 0.48 1.28 0.46 0.4

Dmax 3.16 1.66 1.71 3.34 1.47 1.76 3.07 1.68 1.7
Dstd 0.74 0.67 0.61 0.73 0.61 0.61 0.70 0.64 0.5

CCSD:

D̄ 1.14 20.56 20.72 1.13 20.56 20.69 1.06 20.43 20.67

D̄abs
1.16 0.57 0.72 1.13 0.58 0.69 1.08 0.45 0.6

Dmax 2.05 2.01 2.44 2.02 2.06 2.50 2.02 2.09 2.4
Dstd 0.63 0.52 0.63 0.48 0.54 0.66 0.61 0.57 0.6

CCSD~T!:

D̄ 1.68 0.02 20.10 1.73 0.05 20.06 1.61 0.17 20.04

D̄abs
1.68 0.20 0.13 1.73 0.19 0.10 1.61 0.22 0.0

Dmax 4.51 0.45 0.61 3.74 0.48 0.61 4.42 0.49 0.5
Dstd 0.80 0.23 0.17 0.71 0.22 0.16 0.78 0.18 0.1
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action constants generally increase with the size of the
tem and, for the larger systems, experimental informatio
often supplemented with empirical assumptions or with d
obtained fromab initio electronic structure calculations. Th
approach leads to less accurate experimental structures,
reflected in the absolute accuracies and quoted uncertai
associated with the experimental equilibrium bond leng
and bond angles given in Tables II and III for increasing s
of the molecules.

We have calculated sums of the vibration-rotation int
action constants at the all-electron CCSD~T!/cc-pVQZ level
and used these together with experimental rotational c
stants for the vibrational ground state to obtain the empir
~Emp.! bond lengths and bond angles in Tables II and
Detailed information for the experimental rotational co
stants and the isotopomers that have been used to obtai
empirical structures will be given in a future publication.15 In
Table II, we have also given the difference between the e
pirical and experimental~Emp. - Expt.! bond distances. In
general, the empirical bond distances are in close agreem
with the experimental ones—the differences are mostly
the same magnitude or smaller than the uncertainty in
experimental structures, in particular for the smaller m
ecules and for the diatomics, where the experimental b
distances have been determined with high precision.

The largest difference between empirical and experim
tal bond distances is20.33 pm and occurs for the CC dis
tance in C2H4. In view of the assumptions made about t
force field to obtain the experimental structure of th
molecule,21 we believe that the empirical bond distance is t
most trustworthy, noting that the discrepancy between the
and experiment for C2H4 has already been pointed out b
Martin et al.22 Since the experimental rotational constan
193.157.137.211. This article is copyrighted as indicated in the abstract
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have been accurately determined for all molecules con
ered here and since the calculated vibration-rotation inte
tion constants should have comparable accuracy for all m
ecules~given that all are relatively well-described by a sing
configuration!, the empirical equilibrium structures shou
have a relatively uniform level of accuracy. In general, the
fore, for the larger molecules, the empirical equilibriu
structures should be more accurate than the experime
ones. Consequently, it is more appropriate to use this set
the experimental one for investigating the accuracy of eq
librium structures obtained by energy minimisations us
standardab initio models.

For H2O2 where experimental rotational constants a
not yet available, we have not determined an empirical eq
librium structure, but will address this in future work.23

IV. STATISTICAL ANALYSIS OF CALCULATED
EQUILIBRIUM STRUCTURES

We now report a statistical analysis of the accuracy
tained for bond lengths and bond angles in calculations
the nineteen molecule test suite using core-valence basis
We consider the Hartree–Fock, MP2, CCSD, and CCSD~T!
models with the cc-pCVDZ, cc-pCVTZ, and cc-pCVQZ b
sis sets. The calculated bond lengths and bond angles
compared with the empirical ones of Tables II and I
supplemented by accepted equilibrium structures for H2 and
H2O2. In Tables IV and V, we give the mean errorD̄, the
standard deviation in the errorDstd, the mean absolute erro
D̄abs, and the maximum absolute errorDmax for the calcu-
lated bond lengths and bond angles. In Fig. 1, the errors
plotted for the bond lengths; in Fig. 2, normal distributio
of the errors are displayed for the bond lengths.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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In Table IV, we have also listed the errors obtained
bond lengths using the valence cc-pVDZ, cc-pVTZ, and
pVQZ basis sets and, for comparison, the errors obtai
with the corresponding augmented aug-cc-pVxZ basis s
In Ref. 2, a statistical investigation of bond lengths similar
that described above was performed, the differences b

TABLE V. Statistical measures of errors in calculated bond angles using
cc-pCVxZ basis sets.

Molecules from Table II H2O2 and NH3 excluded

D T Q D T Q

HF:

D̄ 0.15 0.85 0.99 0.37 0.95 1.07

D̄abs
0.78 1.13 1.25 0.81 1.32 1.41

Dmax 2.00 2.76 2.84 2.00 2.76 2.84
Dstd 1.03 1.09 1.11 1.01 1.23 1.27

MP2:

D̄ 21.76 20.83 20.53 21.29 20.49 20.24

D̄abs
1.79 0.86 0.59 1.32 0.53 0.30

Dmax 3.56 2.90 2.56 2.60 0.88 0.52
Dstd 1.20 0.87 0.80 0.85 0.38 0.27

CCSD:

D̄ 21.53 20.53 20.24 21.10 20.24 0.01

D̄abs
1.53 0.64 0.45 1.10 0.38 0.27

Dmax 3.33 1.94 1.58 2.31 0.73 0.69
Dstd 1.12 0.70 0.63 0.80 0.41 0.37

CCSD~T!:

D̄ 21.81 20.83 20.52 21.31 20.48 20.21

D̄abs
1.81 0.83 0.52 1.31 0.48 0.21

Dmax 3.66 2.68 2.33 2.58 0.83 0.41
Dstd 1.22 0.80 0.72 0.81 0.26 0.13
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
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~1! H2 has replaced O3 in the set of test molecules, and~2!
only cc-pVxZ basis sets were used in the previous study, a
~3! experimental rather than empirical results of Table
were used for reference. For the Hartree–Fock, MP2,
CCSD models, the statistics are only slightly affected
these differences, the changes being small compared with
intrinsic errors of the models. By contrast, for the most a
curate correlated model CCSD~T!, it turns out to be impor-
tant to use reference data of high and uniform quality
discussed in the following. For the effect of using valen
rather than core-valence basis sets in all-electron calc
tions, see Sec. V.

Whereas the DZ basis is too small to be useful for c
related studies@particularly at the CCSD~T! level#, the TZ
and QZ basis sets both give results of good quality~see
Table IV!. In the previous study, no significant improveme
was found at the CCSD~T! level in going from the TZ basis
to the QZ basis, the mean absolute errors being 0.23 pm
0.22 pm, respectively.2 By contrast, the analysis reporte
here with improved standards of calibration shows that th
is indeed a significant difference in accuracy between th
basis sets at the CCSD~T! level. More specifically, the mean
absolute errors are reduced from 0.22 to 0.09 pm in go
from cc-pCVTZ to cc-pCVQZ; 0.20 to 0.13 from cc-pVTZ
to cc-pVQZ; and 0.19 to 0.10 from aug-cc-pVTZ to aug-c
pVQZ. Collectively, these results suggest that considera
improvement in accuracy is obtained in QZ calculations re
tive to those carried out at the TZ level. In conclusion, t
DZ sets are only useful for exploratory calculations at t
Hartree–Fock level, while correlated calculations require
least TZ basis sets; for the highly accurate CCSD~T! model,
QZ sets are recommended.

The trends discussed above for bond lengths are

e

solid
FIG. 1. Errors relative to the empirical bond lengths~pm!. We have used gray lines for Hartree–Fock, dashed lines for CCSD, dotted lines for MP2, and
lines for CCSD~T!.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 2. Normal distributions of errors in the calculated bond distances~pm!. For ease of comparison, all distributions have been normalized to one and p
against the same horizontal and vertical scales.
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found for bond angles~see Table V!. However, only nine
angles are considered in the statistical analysis. This
rather small sample, especially considering the large un
tainties associated with the experimental bond angles of
nonrigid molecules H2O2 and NH3. For H2O2 and NH3, the
differences between the experimental and calcula
CCSD~T!/cc-pCVQZ bond angles in Table IV are 2.33° an
0.89°, respectively—significantly larger than for the rema
ing molecules. If H2O2 and NH3 are excluded from the
sample, it transpires that bond lengths and bond angles
much the same convergence characteristics with respe
both the one- and theN-electron spaces~see Table V!. Note
also that CCSD~T! gives bond angles that are always t
large, whereas bond angles determined with MP2 and CC
exhibit less systematic behavior.

Comparing the CCSD~T!/cc-pCVQZ and reference equ
librium structures, we find that the maximum error occurs
H2O2, whereROH andROO are more than 0.5 pm shorter tha
the experimental estimates. Considering the accuracy
which the remaining CCSD~T!/cc-pCVQZ structures are de
termined, it is unlikely that the calculated bond lengths
that much in error; especially since the wave function
H2O2 is dominated by a single configuration. It is rath
likely that the source of these discrepancies is associ
with the experimentally inferred equilibrium structure. W
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
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suspect that an empirical structure~which cannot be deter
mined for H2O2 due to a lack of reliable microwave data!
would be in much better agreement with that determined
the CCSD~T! level using the cc-pCVQZ basis set. In Tab
VI, statistical measures of errors are given for the CCSD~T!
bond lengths for all molecules except H2O2. Comparing
Tables IV and VI, it is clear that the CCSD~T!/cc-pCVQZ
errors are due in large part to H2O2 and that a much im-
proved convergence is obtained when H2O2 is excluded. This
is substantiated looking at Fig. 3 where the normal distrib
tion of errors is given for the CCSD~T! calculation with and
without the H2O2 molecule included in the sample. Note als
that the experimental OOH bond angle differs from t
CCSD~T!/cc-pCVQZ one by more than 2.3°—an order
magnitude more than for the rigid molecules. For the ot
nonrigid molecule (NH3), the cc-pCVQZ empirical and cal
culated bond lengths are in reasonable agreement, whe
the bond-angle difference is 0.9° and thus substantially lar
than for the rigid molecules.

We also note that similarly excellent agreement betwe
the calculated CCSD~T!/cc-pCVQZ and empirical structure
~obtained by analysis of experimental rotational consta
corrected by computed vibrational corrections! has been re-
cently obtained for a larger molecule, namely, propa
enylidene (H2CvCvC:).13
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Downloaded 07 Jun 2013 to 
TABLE VI. Statistical measures of errors in the CCSD~T! bond lengths with H2O2 excluded from the sample
molecules.

cc-pVxZ aug-cc-pVxZ cc-pCVxZ

D T Q D T Q D T Q

D̄ 1.74 0.05 20.06 1.76 0.07 20.02 1.67 0.20 0.00

D̄abs
1.74 0.19 0.09 1.76 0.19 0.07 1.67 0.21 0.06

Dmax 4.51 0.41 0.30 3.74 0.48 0.22 4.42 0.49 0.21
Dstd 0.79 0.22 0.09 0.68 0.21 0.08 0.77 0.14 0.08
s,
es
c-
ve
an

in
ex
s
om
o
rg
te
o
in
c
d

ll
e-
ce
an
r
T

a
th
t

ce

nce
are

TZ
ince
e
c-
wo
and

ba-
ces
tly
ela-
re-

ll
an

ina-
e-
ave

nts
b-

s;
-
y.

res

ob-
en-
It should be realized that the high accuracy of CCSD~T!/
cc-pCVQZ equilibrium structures is partly fortuitous. Thu
in CCSD~T! calculations on six selected molecul
(N2,CO,F2,HF,H2O,CH2), basis-set extension beyond c
pCVQZ causes a bond shortening of up to 0.3 pm; moreo
a full treatment of the triples at the CCSDT rather th
CCSD~T! level gives a further shortening up to 0.05 pm.24 A
correlation treatment beyond CCSDT—most important be
the inclusion of connected quadruple excitations—is
pected to increase bond lengths. Assuming that the shift
the bond lengths from Hartree–Fock to CCSD and fr
CCSD to CCSDT progress as a geometric series, the b
lengthening due to the connected quadruples will to a la
extent counterbalance the shortening from basis-set ex
sion and the full treatment of triples. The high accuracy
the CCSD~T!/cc-pCVQZ bond lengths therefore depends
part upon a delicate balance between systematic deficien
that give errors of different sign and comparable magnitu

V. COMPARISON OF ALL-ELECTRON CCSD „T…
CALCULATIONS USING VALENCE AND
CORE-VALENCE BASIS SETS

Finally, we compare the accuracy obtained in a
electron CCSD~T! calculations using valence and cor
valence basis sets. In Table VII, the empirical bond distan
are listed together with the difference between empirical
CCSD~T! bond distances obtained using valence and co
valence basis sets. The differences are only given for the
and QZ basis sets. With QZ the differences between
electron valence and core-valence bond lengths are ra
small, the TZ differences are larger, especially for bonds
hydrogen. Thus, the largest cc-pVXZ/cc-pCVXZ differen
for X5T is 0.54 pm (RCH in HCN!, while the largest for
X5Q is only 0.16 pm (RCH in CH2).

25
193.157.137.211. This article is copyrighted as indicated in the abstract
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In general, the use of valence rather than core-vale
basis sets shortens bond lengths. As the cc-pCVTZ bonds
usually too long, the reduction due to the use of the cc-pV
basis does not necessarily impair the overall accuracy, s
it benefits from fortuitous error cancellation. Although th
bond lengths change significantly from cc-pCVTZ to c
pVTZ, the overall accuracy is nearly the same for the t
sets; the mean absolute errors, for example, are 0.22 pm
0.20 pm, respectively. At the QZ level, the core-valence
sis sets give slightly more accurate results. The differen
are mostly negligible, however. Hence the significan
smaller basis set dimension associated with cc-pVQZ r
tive to cc-pCVQZ calculations is a compelling reason to p
fer the former in calculations that correlate all electrons.It is
important to mention that cc-pVQZ calculations with a
electrons correlated are significantly more accurate th
those which completely exclude core correlation effects.

VI. SUMMARY

The focus of this paper has been on accurate determ
tions of equilibrium structures for a newly-developed nin
teenth molecule test suite. The equilibrium structures h
been determined using two different approaches:

~1! Least-squares fits to experimental rotational consta
corrected by vibration-rotation interaction constants o
tained from high-level electronic-structure calculation

~2! Direct energy minimization with standard wave
function/basis-set calculations at a high level of theor

The first approach is expected to give equilibrium structu
~denoted empirical! of uniformly high quality. Except for
very small molecules such as diatomics, the accuracy
tained by this approach likely surpasses that of experim
FIG. 3. Normal distributions of errors in the bond distances~pm! in CCSD~T! calculations with and without H2O2 included in the sample of molecules.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE VII. Comparison of the empirical bond lengths and bond lengths obtained in all-electron CCSD~T! calculations using valence and core-valence ba
sets at the TZ and QZ levels.

Molecule Bond Emp.
cc-pVQZ

-Emp.
cc-pCVQZ

-Emp.
cc-pCVQZ
-cc-pVQZ

cc-pVTZ
-Emp.

cc-pCVTZ
-Emp.

cc-pCVTZ
-cc-pVTZ

H2 RHH 74.14 0.04 0.04 0.00 0.12 0.12 0.00
HF RFH 91.69 20.17 20.11 0.06 20.07 20.02 0.05
H2O ROH 95.75 20.13 20.04 0.09 0.03 0.09 0.06
H2O2 ROH 96.70 20.60 20.51 0.10 20.45 20.40 0.05
HOF ROH 96.78 20.30 20.21 0.10 20.18 20.12 0.06
HNC RNH 99.49 20.08 0.04 0.12 20.17 0.08 0.25
NH3 RNH 101.16 20.15 20.04 0.10 20.03 0.10 0.13
N2H2 RNH 102.86 20.15 20.02 0.13 20.07 0.12 0.19
HNO RNH 105.17 20.07 0.07 0.14 0.06 0.25 0.19
C2H2 RCH 106.18 20.05 0.03 0.08 20.29 0.15 0.44
HCN RCH 106.52 20.07 0.03 0.11 20.38 0.16 0.54
C2H4 RCH 108.07 20.09 0.02 0.11 20.19 0.13 0.32
CH4 RCH 108.59 20.06 0.05 0.11 0.00 0.16 0.17
N2 RNN 109.77 0.04 0.04 0.00 0.29 0.29 0.00
CH2O RCH 110.07 20.11 0.01 0.12 20.21 0.15 0.36
CH2 RCH 110.63 20.11 0.05 0.16 20.21 0.26 0.47
CO RCO 112.84 0.05 0.05 0.00 0.41 0.42 0.01
HCN RCN 115.34 0.04 0.04 0.01 0.34 0.35 0.01
CO2 RCO 116.01 0.00 0.03 0.03 0.32 0.36 0.04
HNC RCN 116.87 0.06 0.06 20.01 0.25 0.36 0.11
C2H2 RCC 120.35 0.06 0.02 20.04 0.23 0.32 0.09
CH2O RCO 120.47 20.05 20.04 0.01 0.18 0.24 0.06
HNO RNO 120.86 20.04 20.01 0.03 0.17 0.32 0.15
N2H2 RNN 124.57 0.06 0.10 0.04 0.30 0.49 0.19
C2H4 RCC 133.07 0.02 0.05 0.03 0.23 0.32 0.10
F2 RFF 141.24 20.13 20.11 0.02 0.12 0.09 0.03
HOF RFO 143.44 20.20 20.18 0.02 0.00 0.09 0.08
H2O2 ROO 145.56 20.61 20.59 0.02 20.21 20.04 0.17
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tally derived equilibrium structures. For example, for eth
ene our empirical equilibrium structure is significantly mo
accurate than a previous experimental structure, the CC b
distance being about 0.3 pm shorter.

In the second approach, equilibrium structures have b
determined in Hartree–Fock and all-electron MP2, CCS
and CCSD~T! calculations using three hierarchies
correlation-consistent basis sets, cc-pVXZ, cc-pCVXZ, a
aug-cc-pVXZ. The CCSD~T! model when combined with
X5Q basis sets gives very accurate results. A careful c
bration of CCSD~T! equilibrium structures reveals that sig
nificantly improved accuracy is obtained as one goes fr
TZ to QZ basis sets. At the QZ level, the mean absolute e
compared relative to the reference geometries is 0.09
The maximum absolute errors are obtained for H2O2, where
ROH andROO are 0.51 pm and 0.59 pm shorter, respective
than the experimental bond lengths. This is about a facto
larger than the mean absolute error, suggesting that a
vestigation of the equilibrium structure of this nonrigid mo
ecule is warranted.

The accuracy obtained for equilibrium structures
least-squares fitting and by minimization of the CCSD~T!
energy suggests that the determination of equilibrium str
tures based on experimental information alone is not
most accurate method available, except perhaps for v
small molecules. Although experimental rotational consta
are needed for the most accurate determination of equ
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
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rium structures, these can be supplemented by vibratio
corrections from high-level electronic structure calculatio
to obtain accurate ‘‘experimental’’ equilibrium structures.

It is significant that the accuracy of equilibrium stru
tures obtained by energy minimization using high-levelab
initio electronic-structure theory is sufficient for most pu
poses. Thus, mean absolute errors at the all-elec
CCSD~T!/cc-pCVTZ and CCSD~T!/cc-pCVQZ levels are
0.2 and 0.1 pm, respectively. It is also worth pointing o
that the small error at the CCSD~T!/cc-pCVQZ level in part
relies on an intricate balance between errors due to the t
cation in the atomic basis and those due to neglect of hig
order correlation effects, which tend to have opposite sig
To summarize, the determination of highly accurate equi
rium structures has moved from an experimental toward
combined experimental, theoretical discipline, where exp
mental information is restricted to the rotational constants
the vibrational ground state.
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