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The quartic force field of acetylene was determined using the CCSD~T! method~coupled cluster
with all single and double substitutions and quasiperturbative inclusion of connected triple
excitations! with a variety of one-particle basis sets of the atomic natural orbital, correlation
consistent, and augmented correlation consistent types. The harmonicpg bending frequencyv4 and
the corresponding anharmonicityv42n4 are both found to be extremely sensitive to the basis set
used, in particular to the presence of a sufficient complement of diffuse functions.~Due to symmetry
cancellation, the corresponding effect on thepu mode, i.e.,v5 and v52n5 , is much weaker.!
Similar phenomena are observed more generally in bending modes for molecules that possess
carbon–carbon multiple bonds. Tentative explanations are advanced. Our best computed quartic
force field, which combines CCSD~T!/@6s5p4d3 f 2g/4s3p2d1 f # anharmonicities with a geometry
and harmonic frequencies that additionally include inner-shell correlation effects, reproduces the
observed fundamentals for HCCH, HCCD, DCCD, H13CCH, and H13C13CH with a mean absolute
error of 1.3 cm21, and the equilibrium rotational constant to four decimal places, without any
empirical adjustment. Anharmonicity and quartic resonance constants are in excellent agreement
with the recent determination of Temsamani and Herman@J. Chem. Phys.103, 6371~1995!#, except
for the vibrationall -doubling constantR45, for which an adjustment to the computed force field is
proposed. ©1998 American Institute of Physics.
@S0021-9606~98!00402-4#
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I. INTRODUCTION

The rovibrational spectrum of acetylene is one of t
best experimentally studied of all polyatomics. A detail
review of the extensive experimental literature is beyond
scope of the present paper: recent compilations can be fo
in Refs. 1–7.

Currently, the best available spectroscopic quality fo
fields for C2H2 are those published by Bramley, Carte
Handy, and Mills~hereafter denoted BCHM! in 1993.1 These
authors used a variational method for tetratomic molecu
developed by Bramley and Handy8 to calculate rovibrationa
band origins for several hundred experimentally availa
bands, and carried out a least-squares refinement of a Ta
series internal coordinate force field. The latter was comp
in the quartic and cubic constants but includes only 8 ou
23 symmetry-unique quartic force constants. Two solutio
were found, denotedR1 andR2, neither of which is superio
in all respects: the surfaces reproduce experimental term
ues up to the energy of two C–H stretch quanta with a m
absolute error~MAE! of about 3 cm21. The starting point for
these refinements was the older~1976! force field of Strey
and Mills ~SM!,9 which was refined using standard secon
order vibrational perturbation theory.10 @The same constant
as in the case ofR1 andR2 were constrained to be zero, plu

a!Corresponding author; Electronic mail: tlee@pegasus.arc.nasa.gov
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the off-diagonal bending constantf4x4y5x5y ~see below!.# As
pointed out by SM, an older force field by Suzuki an
Overend11 does not obey cylindrical symmetry relationshi
for linear molecules, and therefore is not physical.

Although the R1 and R2 force fields provide good
agreement with experimentally observedJ50,1,2 transitions
up to 10 000 cm21, with the typical root-mean-square~rms!
error between 3 and 6 cm21, it is clear that these force field
are phenomenological in nature. That is, the quartic fo
constants constrained to be zero in theR1 and R2 force
fields are certainly nonzero in reality, and thus the ability
predict as yet unassigned rovibrational transitions using
R1 and R2 force fields is limited. Moreover, empirically
adjusted quartic force fields generated by partial or comp
further refinement of very accurateab initio force fields are
now capable of achieving rms errors significantly,1 cm21.
For example, starting with an accurate coupled-cluster qu
tic force field for formaldehyde12 ~which already predicted
the fundamental vibrational frequencies to within67 cm21!,
Carter and Handy13 have derived a refined force field tha
yields an rms error of only 0.8 cm21 for 65 J50 vibrational
levels, and it is clear that their refinement procedure is be
limited by the quality of the experimental data. Furthermo
they arrived at a revised geometry13,14in excellent agreemen
with recent ab initio calculations15 that explicitly include
inner-shell correlation. Independently, Sibert a
8/108(2)/676/16/$15.00 © 1998 American Institute of Physics



n

.

e

gi

en

ec

r
r-
ts

d
ion

ry

on
,
of
th
n-
ex

t

in
th
g

.

g
is

re
ly-
er

b
e
de
of

in

il
in

ic
bon
ain

ve
t to
he

n

d

ll
in

,
in

the
ed
ic

of
s is
re a
d
e,

of
ex-
sis

a
t
of
d

f-

ion
s

f
h

out

ba-

677Martin, Lee, and Taylor: Quartic force field for acetylene
co-workers,16 using canonical Van Vleck perturbatio
theory,17 refined another force field starting from theab ini-
tio one, which fits 138 states with MAE51.5 cm21; with
these data in turn, Bouwenset al.18 were able to assign a
further 198 states from dispersed fluorescence spectra
similar refinement starting from anab initio force field19 was
very recently published for NNO.20

Hence from the current state-of-the-art there is consid
able room for improvement on theR1 andR2 force fields
for C2H2, and the purpose of the present study is to be
this process by evaluating an accurateab initio quartic force
field.

Two other studies of particular relevance to the pres
project are those by Allenet al.21 and Simandiraset al.22 @A
stretch-only anharmonic force field using the coupled el
tron pair approximation~CEPA!23 was previously published
by Botschwina.24# As well as providing a review to earlie
literature, Allenet al. were the first to determine a full qua
tic force field for C2H2, at the SCF level with basis se
ranging from double-zeta~DZ! to triple-zeta plus two polar-
ization functions~TZ2P!. Agreement with experiment an
basis set convergence for such properties as the rotat
l -doubling constantsq4

0 and q5
0 ~which only depend on the

quadratic force field to second order in perturbation theo!
and the rotation–vibration coupling constants~which depend
on the quadratic and cubic, but not the quartic, force c
stants at second order! was within expectations for what was
after all, a fairly low-level calculation. In contrast, several
the anharmonic constants—particularly those involving
pg bending moden4—were found to exhibit an unusual se
sitivity towards the basis set, and to agree poorly with
periment even with the largest basis set used.~Older results
at the SCF/DZP level25 are fortuitously in good agreemen
with the experiment.!

The study by Simandiraset al.22 is particularly important
here because it concerns potential difficulties in describ
the vibrational bending motions of acetylene, particularly
pg mode (n4). Simandiraset al. showed that the bendin
modes of C2H2 are very sensitive to the inclusion off -type
functions in the basis set, even when largespdsets are used
Since we are aiming for a highly accurateab initio quartic
force field, it is important that this problem with the bendin
modes be resolved. The resolution of this problem is d
cussed in detail later.

Over the past eight years several very accurate, pu
ab initio quartic force fields have been published for po
atomic molecules~e.g., see Refs. 12, 19, 26–29, and ref
ences therein!. Most of these highly accurateab initio force
fields have been determined using the singles and dou
coupled-cluster method30 that includes a quasiperturbativ
treatment of the effects of connected triple excitations,
noted CCSD~T!,31–33 together with one-particle basis sets
spd f or spd f g quality. Given the documented34 reliability
of the CCSD~T! method, we have adopted this approach
order to determine an accurate quartic force field for C2H2.
Details of the theoretical methods are given in Sec. II wh
the results and our discussion are presented in the follow
section. Conclusions are delineated in the final section.
J. Chem. Phys., Vol. 108,
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II. COMPUTATIONAL METHODS

The CCSD~T! method has been used in all electron
structure calculations. Unless otherwise noted, the car
1s-like molecular orbital has been constrained to rem
doubly occupied in the CCSD~T! calculations~i.e., the fro-
zen core approximation!. Several one-particle basis sets ha
been used in order to address the sensitivity with respec
the bending modes mentioned in the Introduction. T
correlation-consistent valence triple zeta~cc-pVTZ! basis set
due to Dunning35 was utilized as was the larger correlatio
consistent polarized quadruple zeta~cc-pVQZ! basis. The cc-
pVTZ basis set is a@4s3p2d1 f /3s2p1d# contraction of a
(10s5p2d1 f /5s2p1d) primitive set, while the cc-pVQZ ba-
sis is a @5s4p3d2 f 1g/4s3p2d1 f # contraction of a
(12s6p3d2 f 1g/6s3p2d1 f ) primitive set. We have used
these basis sets extensively~e.g., Refs. 12, 19, 26–29 an
36! in computing accurateab initio quartic force fields and
found them to be very reliable with only a few
exceptions.37,38 Unfortunately, these few exceptions are a
related to the basis set sensitivity of bending vibrations
multiply bonded carbon systems~as pointed out in Ref. 22
this basis set sensitivity with bending vibrations is found
molecules not containing carbon as well, but thus far
severe examples have only been found in multiply bond
carbon systems!. Therefore, we have also employed atom
natural orbital~ANO! basis sets due to Almlo¨f and Taylor.39

Almlöf et al.40 have shown that the basis set sensitivity
the bending modes in acetylene for correlated calculation
greatly reduced using ANO basis sets, and thus they a
natural choice. In addition, we have also recently foun38

that then4 and n5 out-of-plane bending modes of benzen
which bear some resemblance to the bending modes
acetylene, were calculated in excellent agreement with
periment using an ANO basis set while the cc-pVTZ ba
set resulted in errors as large as 50 cm21. The ANO basis
sets used here are two different contractions of
(13s8p6d4 f 2g/8s6p4d2 f ) primitive basis set; the firs
such contraction, denoted ANO4321, is
@4s3p2d1 f /4s2p1d# quality, while the second one, denote
ANO54321, has contracted size@5s4p3d2 f 1g/5s3p2d1 f #.
~Details of the primitive functions and the contraction coe
ficients can be found in Ref. 39.!

In addition, we considered the augmented correlat
consistent polarized valencen-tuple zeta basis set
aug-cc-pVnZ (n5T,Q) of Kendall et al.,41 which differ
from their regular cc-pVnZ counterparts in the addition o
one ‘‘diffuse’’ ~low-exponent! uncontracted function of eac
angular momentum present in the cc-pVnZ basis set. The
acronym aug8-cc-pVnZ, proposed by Del Bene,42 refers to a
combination of cc-pVnZ for hydrogen atoms and
aug8-cc-pVnZ for ‘‘heavy’’ atoms ~in this case, carbon!.

Furthermore, one geometry optimization was carried
with the cc-pV5Z basis set,43 which is a
@6s5p4d3 f 2g1h/5s4p3d2 f 1g# contraction of a
(14s8p4d3 f 2g1h/8s4p3d2 f 1g) primitive set.

Finally, the effects of correlating the carbon 1s core
electrons has been investigated using the core-correlation
No. 2, 8 January 1998
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678 Martin, Lee, and Taylor: Quartic force field for acetylene
sis set of Martin and Taylor~MT!.44 This is identical to the
cc-pVTZ basis set forH; for the C atom, it is obtained by
completely uncontracting the cc-pVTZ basis set and add
one ‘‘hard’’ p function, three ‘‘hard’’d functions, and two
‘‘hard’’ f functions. Their exponents are obtained by succ
sively multiplying the highest exponent already present
that angular momentum by three and rounding to the nea
integer or half-integer. This basis set was previously foun15

to recover essentially the entire core correlation contribut
to the properties of first-row molecules. In the present wo
CCSD~T!/MTcore refers to calculations with the Martin
Taylor basis set in which all electrons are correlated, wh
CCSD~T!/MTnocore stands for the same calculation, b
with the (1s) type orbitals of carbon constrained to be do
bly occupied. The difference between computed results a
two levels allows us to assess the differential contribution
inner-shell correlation to the various molecular properties

For all calculations reported here, only the spherical h
monic components of thed, f , g, andh-type functions were
included in the basis sets.

CCSD~T! equilibrium geometries were determined wi
each basis set by repeated multivariate parabolic interp
tion, until the predicted geometry change was,1.031026

atomic units in both unique bond distances. Force const
were then determined by repeated central differences
symmetry-adapted internal coordinates. The symmetry c
dinates used were~with the atoms being numbered seque
tially!:

S15~r 121r 34!/&, ~1!

S25r 23, ~2!

S35~r 122r 34!/&, ~3!

S4x5~u123
x 2u234

x !/&, ~4!

S4y5~u123
y 2u234

y !/&, ~5!

S5x5~u123
x 1u234

x !/&, ~6!

S5y5~u123
y 1u234

y !/&, ~7!

whereuabc
x anduabc

y stand for linearabc bends in thexz and
yz planes, respectively. The step lengths used were 0.0
for bond distances and 0.025 radian for angles.~The stability
of the force constants with respect to the step sizes was
fied for the cc-pVTZ basis set by repeating the entire cal
lation with different step sizes.! Energies were converged t
essentially machine precision (10212Eh). All unique qua-
dratic, cubic, and quartic force constants in theD2h nonde-
generate subgroup were calculated explicitly: the degre
which the cylindrical symmetry relationships, Eqs.~4c!–~4f!
in Ref. 9, held for the transformed normal coordinate fo
field served as a check on the precision and internal con
tency of our calculation. Quartic contamination was elim
nated from the quadratic force constants.

The necessary displacements were made using
INTDER program,45 after which the list of points was reduce
to the 101 symmetry-unique ones.
J. Chem. Phys., Vol. 108,
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The CCSD~T! energy calculations were performed wi
theMOLPRO96~Ref. 46! ab initio package running initially on
a DEC TurboLaser 8200 at the Institute of Chemistry~He-
brew University of Jerusalem, Israel!, later on a DEC Alpha
500/500 workstation and an SGI Origin 2000 minisuperco
puter at the Weizmann Institute of Science. In order to gu
antee reproducibility to 10212Eh of the CCSD~T! total ener-
gies, the following thresholds were found to be necessa
exponential prefactor for discarding primitive integra
10216, contracted integrals 10214, SCF convergence 10220

~square of density matrix difference!, CCSD equations
10212.

After the symmetry coordinate force field was obtaine
it was transformed to Cartesian coordinates usingINTDER,
and spectroscopic constants and fundamental vibrational
quencies, as well as the force field in dimensionless nor
coordinates, were obtained with a modified version of
SPECTRO~Refs. 47 and 48! program.

III. RESULTS AND DISCUSSION

A. Equilibrium structure, vibrational frequencies, and
isotopomers

CCSD~T! equilibrium (r e) bond distances, equilibrium
rotational constantsBe , vibrationally averaged~r z and r g!
bond distances, and vibration–rotation interaction consta
a ie ( i 5125) are listed in Table I. For comparison, expe
mental equilibrium bond distances are also given.1,9 The
equilibrium bond distances determined with the cc-pVT
cc-pVQZ, and MT basis sets have previously been publis
in Refs. 15 and 49. Examining the equilibrium bond d
tances first, the reduction in the CH and CC bond distan
on going from the cc-pVTZ to cc-pVQZ basis set~0.00 043
and 0.00 333 Å, respectively! are very similar to those ob
served on going from the ANO4321 to ANO54321 basis
~0.00 042 and 0.00 300 Å!. We note that these reductions a
also consistent with earlier studies of CCSD~T! equilibrium
geometries.34,49 Proceeding from the cc-pVQZ to the cc
pV5Z basis set further reducesr (CH) by 0.00 035 and
r (CC) by 0.00 078 Å. If we assume, as proposed by Felle50

that the basis set increments approximately follow a geom
ric series we can extrapolate from the CCSD~T!/cc-pVnZ
(n5T,Q,5) results to the CCSD~T!/cc-pV̀ Z limit using the
expression A1B exp(2Cn): this leads to a valence
correlation infinite-basis limitr (CC)51.20 545 Å.@This ex-
pression blows up forr (CH) since the two increments ar
coincidentally nearly identical; we may however safely a
sume that the cc-pV5Z value forr (CH), 1.06 302 Å, is very
close to the one-particle basis set limit.# As previously found
by Martin,15 the CH and CC bond distances decrease
0.00 125 and 0.00 262 Å, respectively, due to the effect
core correlation. Best estimates for the C2H2 equilibrium ge-
ometry may, thus be obtained by subtracting these inc
ments from the suggested one-particle basis limit distan
yielding r (CC)51.2028 and r (CH)51.0618 Å, respec-
tively. These values are in excellent agreement with th
obtained directly at the CCSD~T!/MT core level, 1.2027 and
1.0621 Å, and both computed geometries agree excelle
No. 2, 8 January 1998
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TABLE I. Computed bond distances~Å!, rotational constant (cm21), rovibrational coupling constants (cm21), and rotationall -doubling constants (cm21) of
C2H2 obtained with various basis sets.a

CCSD~T!/

Expt.b Expt.c Expt.dcc-pVTZ cc-pVQZ MTcore MTnocore ANO4321 ANO54321
aug8-

cc-pVTZ
aug8

-cc-pVQZ
Best

estimatee

r e(CH) 1.06 370 1.06 337 1.06 208 1.06 333 1.06 362 1.06 320 1.06 467 1.06 360 1.06 208 1.0 605 1.0 625
r e(CC) 1.20 971 1.20 648 1.20 272 1.20 534 1.20 949 1.20 649 1.21 047 1.20 686 1.20 272 1.2 033 1.20 241
r z(CH) 1.05 755 1.05 746 1.05 614 1.05 722 1.05 806 1.05 777 1.05 902 1.05 812 1.05 660
r z(CC) 1.21 578 1.21 237 1.20 860 1.21 128 1.21 538 1.21 235 1.21 646 1.21 273 1.20 857
r g(CH) 1.08 157 1.08 110 1.07 983 1.08 111 1.08 151 1.08 103 1.08 256 1.08 140 1.07 972
r g(CC) 1.21 735 1.21 390 1.21 014 1.21 284 1.21 689 1.21 384 1.21 797 1.21 422 1.21 004
Be 1.17 132 1.17 620 1.18 245 1.17 790 1.17 167 1.17 628 1.16 967 1.17 553 1.18 245 1.1 824f

B0 1.16 554 1.17 060 1.17 681 1.17 227 1.16 594 1.17 051 1.16 385 1.16 977 1.17 670 1.17 66g

a1 0.00 692 0.00 683 0.00 689 0.00 686 0.00 686 0.00 685 0.00 687 0.00 684 0.00 686 0.00 686 0.00 689h 0.0 069 043
a2 0.00 603 0.00 600 0.00 607 0.00 606 0.00 601 0.00 603 0.00 605 0.00 602 0.00 601 0.00 621 0.00 622h 0.0 061 814
a3 0.00 584 0.00 581 0.00 584 0.00 582 0.00 580 0.00 582 0.00 584 0.00 582 0.00 584 0.00 560 0.00 600h 0.0 058 818
2a4 0.00 149 0.00 150 0.00 153 0.00 153 0.00 146 0.00 141 0.00 144 0.00 139 0.00 141 0.00 129 0.00 130h 0.0 013 544
2a5 0.00 213 0.00 221 0.00 224 0.00 221 0.00 213 0.00 217 0.00 212 0.00 220 0.00 220 0.00 215 0.00 211h 0.0 022 321
106De 1.5 507 1.5 630 1.5 722 1.5 650 1.5 511 1.5 626 1.5 522 1.5 628 1.5 902D051.627h D051.6 271g

1012He 1.0 823 1.1 346 1.1 245 1.1 108 1.0 920 1.1 154 1.0 741 1.1 213 1.2 631 H051.6g

103q4
0 5.3 408 5.2 640 5.3 241 5.3 530 5.1 870 5.1 552 5.1 888 5.1 510 5.1 491 5.232~1!i 5.24 858g

103q5
0 4.4 168 4.4 534 4.4 974 4.4 705 4.3 945 4.4 393 4.4 044 4.4 447 4.4 899 4.6 996~5!i 4.66 044g

aSee text for one-particle basis set specifications. CCSD~T!/cc-pV5Z bond lengths arer e(CH)51.06 303 andr e(CC)51.20 570 Å; estimated valence
correlation basis set limits 1.06 303 and 1.20 545 Å. Our best estimate geometry, corresponding to cc-pV`Z1MTcore2MTnocore, isr e(CH)51.06 178 and
r e(CC)51.20 283 Å. See the text for details.

bSM ~Ref. 9!.
cBHCM ~Ref. 1!.
dReference 3.
eSee the text for details.
fReference 52.
gReference 53.
hReference 67.
iReference 68.
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with the BCHM geometry ofr (CC)51.2024 and 1.0625 Å
This type of agreement is consistent with that expected fr
the CCSD~T! level of theory used in conjunction withspd f g
one-particle basis sets34,49 after correction for core
correlation.15

There are many different ways to define ‘‘experime
tally observed’’ geometrical parameters, or rather vib
tionally averaged or distance averaged bond distances~e.g.,
see Ref. 51!. The r z coordinate is known as the positio
average whiler g is the distance average,51 and both depend
on the cubic force field. For C2H2, it is interesting to observe
that ther z(CH) value is less than ther e(CH) quantity, while
the opposite is true for the CC bond distance. For both b
distances, ther g value is larger than the respectiver e quan-
tity. Although it is unusual to observe ar z structure that is
less than ther e value, these observations are valid for all
the force fields reported here. The corrections due to vib
tional averaging are consistent among all of the five qua
force fields with only minor differences between the corre
tion consistent and ANO basis sets. Where there are s
differences, the force field computed with the MT basis
gives a result more similar to that found with the correlati
consistent basis sets, which is to be expected since the
basis set derives from the cc-pVTZ basis.

The rotational constant and the vibration–rotation int
action constants are also consistent between the correl
J. Chem. Phys., Vol. 108,
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consistent and ANO basis sets, with only minor differenc
The directly computed CCSD~T!/MT core Be agrees to four
decimal places with an older experimentally derived valu52

of 1.1824 cm21, while the computed B0 agrees to
0.0002 cm21 with the most recent experimental value53 of
1.17 664 632 cm21. Using our ‘‘best estimate’’ force field
~see below! with the same reference geometry, we obta
slightly different rovibrational coupling constantsa i which
lead to a calculatedB051.17 670 cm21, in perfect agree-
ment with experiment. The dependence ofBe on small
changes in the geometry is given numerically asBe

51.18 24520.55 618dr (CH)21.47 514dr (CC), from
which it also follows that Be is invariant under
2dr (CC)/dr (CH)52.65 226. As a result,Be calculated
from our best estimate geometry, with ar (CH) that is
0.00 030 Å shorter and ar (CC) that is 0.00 011 Å longer
than the corresponding CCSD~T!/MT core values, yields the
sameBe value to five decimal places. We conservative
estimate the remaining error on the best estimate bond
tances as 0.0003 Å; one source of error which we have
considered here would be the effect of the higher-order ro
brational coupling constants. Aside from clearly favoring t
BCHM over the older SM geometry, the calculations app
to suggest thatr (CC) in the BCHM geometry is slightly too
short andr (CH) slightly too long.

As a more general observation, there is no reason ba
No. 2, 8 January 1998
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TABLE II. CCSD~T! zero-point energies, harmonic frequencies, fundamental frequencies, and anharmo
(D5v2n) for C2H2, all in cm21.

CCSD~T!/
cc-pVTZ

CCSD~T!/
cc-pVQZ

CCSD~T!/
MTcore

CCSD~T!/
MTnocore

CCSD~T!/
ANO4321

CCSD~T!/
ANO54321

E0 17.36 18.72 16.04 16.41 9.30 8.64
ZPEd 5749.1 5772.3 5775.0 5755.2 5757.2 5763.8
v1(sg) 3510.9 3501.6 3509.2 3503.2 3514.1 3507.6
v2(sg) 2000.8 2005.6 2015.6 2008.4 2001.4 2006.0
v3(su) 3409.9 3409.7 3417.5 3412.0 3414.5 3412.0
v4(pg) 577.6 595.3 594.4 584.6 600.5 612.0
v5(pu) 746.3 746.4 746.3 745.0 752.3 749.9
n1(sg) 3370.8 3367.6 3373.1 3367.0 3375.0 3371.1
n2(sg) 1963.3 1969.8 1979.0 1971.4 1964.8 1969.9
n3(su) 3281.9 3284.5 3289.4 3283.8 3285.7 3283.9
n4(pg) 624.7 653.6 637.4 629.2 602.6 611.0
n5(pu) 735.8 736.3 735.9 734.5 736.7 735.2
D1 140.1 134.0 136.1 136.2 139.1 136.5
D2 37.5 35.8 36.6 37.0 36.7 36.2
D3 128.0 125.2 128.2 128.2 128.8 128.1
D4 247.2 258.3 243.0 244.6 22.1 1.0
D5 10.5 10.1 10.4 10.5 15.5 14.7

CCSD~T!/
aug8-cc-pVTZ

CCSD~T!/
aug8-cc-pVQZ Expt.a Expt.b

BCHMc

setR1
BCHMc

setR2

E0 7.90 7.07
ZPEd 5723.5 5749.6
v1(sg) 3493.8 3500.8 3496.9 3501.5~9! 3493.4 3492.5
v2(sg) 1995.8 2004.0 2010.7 2013.3~4! 2006.4 2012.7
v3(su) 3400.1 3408.8 3415.4 3417.6~8! 3422.2 3421.7
v4(pg) 598.5 612.0 624.0 621.5~5! 623.6 622.5
v5(pu) 747.4 747.4 746.7 746.8~4! 747.4 746.1
n1(sg) 3358.5 3364.5 3372.85 3371.659~405! 3371.1 3370.4
n2(sg) 1958.4 1967.7 1974.35 1974.763~223! 1974.2 1974.3
n3(su) 3274.4 3280.7 3288.58 3288.751~411! 3298.4 3298.9
n4(pg) 590.1 602.3 612.87 612.594~284! 611.4 611.4
n5(pu) 725.8 730.4 730.33 730.364~289! 728.7 728.9
D1 135.3 136.3 124.1 129.9~8! 122.2 122.1
D2 37.4 36.2 36.4 38.5~4! 32.2 38.4
D3 125.8 128.1 126.8 128.9~7! 123.8 122.8
D4 8.4 9.8 11.1 8.9~4! 12.2 11.1
D5 21.6 17.1 16.4 16.4~3! 18.7 17.2

aHarmonic frequencies taken from Table IX in SM~Ref. 9!. n1 , n2 , n4 , andn5 taken from BCHM~Ref. 1!,
while the deperturbedn3 was taken from Ref. 69.

bTaken or derived from Table II of Ref. 3.
cHarmonics derived from their~Ref. 1! published force constants; fundamentals taken from their~Ref. 1!
variational calculations.
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on the data contained in Table I to prefer either the corre
tion consistent or ANO basis sets, and further there is
indication that any of the cubic force fields are problema

The situation changes, however, when the harmonic
fundamental vibrational frequencies are examined~see Table
II, where experimental values are also given for compariso!.
Focussing on the the fundamentals first, the CCSD~T! pre-
dictions for thes vibrations, modes 1–3, are all in goo
agreement with experiment for each basis set, and the
maining error is completely consistent with expec
tions.27,34,36 However, for then4(pg) vibration, the predic-
tion of the fundamental is significantly too high for the co
relation consistent basis sets~i.e., cc-pVTZ, cc-pVQZ, and
MT!. The prediction ofn4 for the ANO4321 and ANO54321
basis sets, on the other hand, is in much better agreem
J. Chem. Phys., Vol. 108,
-
o
.
d

e-
-

nt

with the experiment, and in fact the CCSD~T!/ANO54321
value is only 1.6 cm21 too low. Although the agreemen
among the various basis sets forn5(pu) is very good~the
variation is only 1.4 cm21!, it appears that this is fortuitous
That is, there is a larger variation of 6.0 cm21 for the har-
monic frequencyv5 , with the ANO basis set values bein
slightly higher than the correlation consistent basis set v
ues. This is consistent with the results forv4 where again the
correlation consistent basis set values are too low.

The problem with thep bending modes is the one note
previously by Simandiraset al.22 and it would appear tha
the correlation consistent basis sets are deficient, espec
the smaller cc-pVTZ basis, in some way that is needed
properly describe these vibrational motions, particula
No. 2, 8 January 1998
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681Martin, Lee, and Taylor: Quartic force field for acetylene
v4(pg). From the anharmonic corrections~the D values in
Table II!, it is apparent that the difficulty in describing th
motion along the bending modes is not limited to the q
dratic force field. For the correlation consistent basis sets,
D4 value is much too large and worse, it has the wrong s
Even for the ANO4321 basis set,D4 has the incorrect sign
although it is very small. Only for the ANO54321 basis s
doesD4 possess the correct sign. Consistent with the tr
observed for the harmonic frequenciesv4 andv5 , D5 is too
small for the correlation consistent basis sets, but this ef
is dramatically reduced compared to that exhibited byD4 .
All of the other anharmonicities,D1 , D2 , andD3 , are simi-
lar among the various basis sets~D1 decreases somewha
from thespd f basis to thespd f g basis, but this occurs fo
both the correlation consistent and ANO basis sets!. To sum-
marize, the CCSD~T! harmonic and fundamental frequenci
~and anharmonicities! clearly show that the ANO basis se
are to be preferred to the corresponding cc-pVnZ basis sets
when computing a high qualityab initio quartic force field
for a molecule exhibiting strong basis set sensitivity
bending frequencies. As mentioned previously, severe c
of this basis set sensitivity, thus far have only been obser
for molecules possessing carbon–carbon multiple bonds37,38

The deficiency for correlation consistent basis sets se
to be particularly severe for the smaller sets, such as
pVTZ. Although the basis set sensitivity is apparent in t
ANO4321 basis, it is dramatically reduced compared to
cc-pVTZ basis. The main respect in which the ANO43
and cc-pVTZ basis sets differ is the much larger primitive
in the former. Considering carbon, the ANO4321 basis se
based on a larger 13s8p primitive set relative to the cc
pVTZ basis (10s5p), and although both use a general co
traction scheme, the contraction coefficients are determ
differently; in the case of cc-pVTZ as the (1s), (2s), and
(2p) atomic orbitals with some of the outer primitives u
contracted, in the case of ANO4321 as the four and th
atomic natural orbitals with the largest occupation numb
in the s and p symmetries, respectively. Probably the mo
significant difference, at least where the current study is c
cerned, is that the ANO4321 basis set contains many m
primitive d f polarization functions~6d4 f , to be precise!
which are contracted, as opposed to only uncontracted 2d1 f
primitives in the cc-pVTZ basis set. It seems unlikely th
the different methods for determination of thesp contraction
coefficients is the primary source of error if one consid
that the MTnocore calculations, which are plagued by
same problem, employ a superset of an uncontracted
pVTZ basis set. Furthermore, it seems unlikely that
smallersp primitive set~for cc-pVTZ relative to ANO4321!
is a significant source of error since a large difference
found between the results from the cc-pVQZ and ANO543
basis sets, for which thesp primitive sets—(12s6p) and
(13s8p), respectively—are much closer in dimension. Th
leaves the much larger number ofd f@g# primitive functions
included in the ANO@5#4321 basis sets as the main diffe
ence for our purposes.

Comparison of the individuald and f primitive expo-
nents in the cc-pVTZ and ANO4321 basis sets reveals
J. Chem. Phys., Vol. 108,
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the latter cover a wider range in both the ‘‘soft’’ or ‘‘dif
fuse’’ ~low-exponent! and the ‘‘hard’’~high-exponent! direc-
tion. Since the hard side is covered in the MT basis se
accommodate core correlation and the CCSD~T!/MTnocore
anharmonicities do not represent a real improvement o
their CCSD~T!/cc-pVTZ counterparts, we can eliminated f
basis set incompleteness in the hard region as a source o
problem. This leaves us with the soft region: if incomple
ness there were the culprit, CCSD~T!/aug8-cc-pVTZ ~Ref.
41! results might represent an improvement, or would at
very least yield significantly different results.

As is seen in Tables II and III, the aug8-cc-pVTZ results
indeed differ dramatically from their cc-pVTZ counterpart
v4 increases by 21 cm21, while v1 andv3 drop by 17 and
9 cm21, respectively, with smaller changes of25 and
11 cm21 seen forv2 andv5 , respectively. The most strik
ing change, however, is in the anharmonicities:v42n4

changes from247.2 to 18.4 cm21, the latter value being
now in fairly good agreement with the SM and BCHM(R2)
value of 11.1 cm21. The otherv i2n i values are affected
rather less, principally through changes inXi4 coupling con-
stants.

While large effects of adding diffuse functions on com
puted harmonic frequencies@e.g., H2O and HF~Ref. 44!# and
even geometries@e.g., FNO~Ref. 54!# of highly polar mol-
ecules have been known for some time, the present cas
fundamentally different in two respects. First of all, whi
HCCH is a weak acid, the CH bonds are obviously not
polar as the FH bond in HF or the OH bonds in H2O. Sec-
ondly, even in the extreme cases mentioned, the anhar
nicities are fundamentally unaffected by the addition of t
diffuse functions—essentially all of the effect is seen in t
harmonic part of the potential. In contrast, here we hav
case where the contribution of diffuse functions is domina
by anharmonicity.

One reason why the cubic and quartic bending fo
constants in C2H2 exhibit this strong basis set sensitivity~in
addition to the quadratic force constants! may be that the
nuclear contribution to the higher bending derivatives
acetylene will be rather small, while for higher derivatives
stretches it has been shown~e.g., see Ref. 55! that the
nuclear contribution becomes more dominant for each p
gressive level of derivative. It is noteworthy that at th
CCSD~T!/aug8-cc-pVTZ level, the nuclear and electron
parts of the pg potential are given ~in Eh! by
VN(S4)50.18 297S4

210.00 943S4
41O(S4

6) and Eel.(S4)
520.16 606S4

220.00 488S4
41O(S4

6), while at the
CCSD~T!/cc-pVTZ level we obtainVN(S4)50.18 311S4

2

10.00 942S4
41O(S4

6) and Eel.(S4)520.16 731S4
2

10.00 155S4
41O(S4

6); in other words, eliminating the dif-
fuse functions actually changes the sign of the electro
component ofF4444 and changes the shape ofEel.(S4) ~at
least when truncated at fourth order! from an inverted well to
a double well, resulting in the exaggerated anharmonic
observed for the sumVN(S4)1Eel.(S4).

Is the effect limited to one particular angular mome
tum? In order to investigate this, we have carried out a se
of calculations in which the diffuse functions were intr
No. 2, 8 January 1998
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TABLE III. CCSD~T! anharmonic constants (cm21) for C2H2.
a

CCSD~T!/
cc-pVTZ

CCSD~T!/
cc-pVQZ

CCSD~T!/
ANO4321

CCSD~T!/
ANO54321

CCSD~T!/
aug8-cc-pVTZ

CCSD~T!/
aug8-cc-pVQZ Best estimate Expt.b Expt.c Expt.d

X11 226.88 225.97 226.84 226.34 225.86 226.21 226.10 218.57 226.20 224.758(422)
X22 26.84 26.77 26.85 26.84 26.89 26.85 26.81 25.77 27.87 27.802(114)
X33 227.21 227.10 227.25 227.18 226.75 227.35 227.23 230.95 226.20 227.483(286)
X21 211.59 211.08 211.50 211.30 211.17 211.22 211.08 213.09 212.61 211.199(276)
X31 2109.68 2106.02 2109.40 2107.19 2106.00 2106.91 2106.50 2102.39 2104.8 2103.386(527)
X32 25.22 24.99 25.03 25.15 25.23 25.14 25.09 22.82 26.11 25.882(219)
X14 214.68 213.01 213.91 213.79 214.16 214.01 213.76 216.54 215.67 212.979(216)
X15 210.99 210.52 211.03 210.79 210.83 210.85 211.07 210.85 210.85 210.089(238)
X24 214.01 213.26 213.48 213.15 213.75 213.27 213.25 212.70 212.48 212.536(226)
X25 21.44 21.00 21.21 21.11 21.63 21.09 21.15 21.38 21.57 21.829(85)
X34 27.29 26.80 28.02 28.63 27.43 28.55 28.68 28.22 211.00 210.617(275)
X35 28.85 28.68 29.10 28.97 29.22 28.85 28.56 28.68 210.88 28.675(265)
X44 22.45 26.08 7.02 5.81 4.42 3.20 3.22 3.072 3.082~15! 3.671~103!
X55 22.30 22.35 22.61 22.44 23.47 22.72 22.62 22.334 22.335(6) 22.492(88)
X45 3.53 3.48 20.68 20.53 24.28 22.19 22.05 22.406 22.406(14) 22.311(101)
G44 25.70 26.89 20.56 20.15 0.33 0.73 0.78 0.756 0.759~21! 0.418~75!
G55 3.52 3.56 3.62 3.58 3.91 3.68 3.63 3.492 3.490~8! 3.676~75!
G45 6.63 6.61 6.59 6.58 6.62 6.62 6.72 6.539 6.541~14! 6.603~107!
R45 29.05 26.87 210.71 210.29 211.55 211.55 211.49 26.239 26.238(5) 26.090(170)

aSee the text for basis set and level of theory descriptions.
bSM ~Ref. 9!.
cBend–bend constants from Pliva~Ref. 61!; other anharmonic constants from Smith and Winn~Ref. 67!.
dTH ~Ref. 3!. The uncertainties in parentheses are one standard deviation.
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duced successively. As seen in Table IV, the contribution
sp, d, and f diffuse functions tov42n4 are comparable
even though the lion’s share of the effect onv4 appears to
come from the diffusef function. The latter does not appe
to affect the stretching harmonic frequencies at all; the do
nant effect there is that of diffused functions.

The logical next step would then be to investigate
performance of the CCSD~T!/aug8-cc-pVQZ level of theory.
And as is seen in Tables II and III, this appears to resolve
issue entirely. The harmonic frequencies are in excel
agreement with those obtained at the CCSD~T!/cc-pVQZ
level ~since the latter basis set is more complete than
pVTZ to begin with!, except forv4 which goes up by almos
J. Chem. Phys., Vol. 108,
f

i-

e

e
nt

c-

17 cm21. The difference between the computed and exp
mentally derived values is now on the same order as
contribution of core correlation, suggesting that the co
putedv4 is near the valence correlation basis set limit. Mu
more striking is again the effect onv42n4 , which goes
from 258.3 to 19.8 cm21. v52n5 is affected much less
going up from110.1 to116.4 cm21. All of the fundamen-
tals are now in the sort of agreement with experiment that
have come to expect.

As seen in Table IV, the effect is again not limited to
subset of angular momenta: even the diffuseg function
makes an important contribution (8 cm21) to the anharmo-
H. All
TABLE IV. Effect of introducing diffusesp, d, f , andg functions on computed harmonic frequencies, fundamentals, and anharmonicities of HCC
values are in cm21. The CCSD~T! method was used throughout.

cc-pVTZ
cc-pVTZ

1aug(sp)
cc-pVTZ

1aug(spd) aug8-cc-pVTZ cc-pVQZ
cc-pVQZ
1aug(sp)

cc-pVQZ
1aug(spd)

cc-pVQZ
1aug(spd f ) aug8-cc-pVQZ

v1 3510.9 3508.2 3493.9 3493.8 3501.6 3501.3 3501.0 3501.3 3500.8
v2 2000.8 1997.7 1995.1 1995.8 2005.6 2004.8 2004.4 2004.7 2004.0
v3 3409.9 3407.5 3400.7 3400.1 3409.7 3409.4 3409.3 3409.6 3408.8
v4 577.6 582.1 579.4 598.5 595.3 600.2 601.2 607.2 612.0
v5 746.2 745.5 740.8 747.4 746.4 746.2 745.6 748.0 747.4
n1 3370.8 3367.5 3361.8 3358.5 3367.6 3367.1 3366.8 3366.2 3364.5
n2 1963.3 1960.2 1958.4 1958.4 1969.8 1969.0 1968.6 1968.4 1967.7
n3 3281.9 3280.1 3276.7 3274.4 3284.5 3283.9 3283.2 3282.5 3280.7
n4 624.7 613.4 595.0 590.1 653.6 629.0 613.4 605.7 602.3
n5 735.8 731.9 729.9 725.8 736.3 733.9 733.1 731.1 730.4
v12n1 140.1 140.7 132.1 135.3 134.0 134.2 134.3 135.1 136.3
v22n2 37.5 37.5 36.7 37.4 35.8 35.8 35.8 36.3 36.2
v32n3 128.0 127.4 124.0 125.8 125.2 125.5 126.0 127.1 128.1
v42n4 247.2 231.2 215.6 8.4 258.3 228.8 212.3 1.6 9.8
v52n5 10.5 13.6 10.9 21.6 10.1 12.3 12.5 16.9 17.1
No. 2, 8 January 1998
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TABLE V. Best computed and observed zero-point energies, harmonic frequencies, fundamental frequencies, and anharmonicities (D5v2n) for different
acetylene isotopomers, all in cm21.a The calculations employ the CCSD~T!/aug8-cc-pVQZ quartic force field in conjunction with the CCSD~T!/MTcore
geometry and our best estimate harmonic frequencies, obtained asv~best!5v~aug8-cc-pVQZ!1v~MTcore!2v~MTnocore!.

HCCH HCCD DCCD HC13CH H13C13CH

CCSD~T! Expt.b CCSD~T! Expt.c CCSD~T! Expt.c CCSD~T! Expt.d CCSD~T! Expt.e

ZPEf 5770.7 5172.1 4570.4 5738.4 5705.6
v1(sg) 3506.9 3501.5~9! 3465.5 3460.3 2786.9 2779.3 3495.1 3485.3 3482.2 3472.3
v2(sg) 2011.2 2013.3~4! 1884.3 1883.9 1790.2 1789.5 1978.9 1978.4 1945.7 1945.2
v3(su) 3414.4 3417.6~8! 2658.6 2655.9 2507.0 2507.7 3408.6 3409.5 3404.1 3405.2
v4(pg) 621.7 621.5~5! 527.8 528.5 518.5 520.4 616.9 619.3 612.2 614.6
v5(pu) 748.6 746.8~4! 693.0 692.8 549.7 548.3 747.5 745.6 746.4 744.5
n1(sg) 3371.0 3371.659~405! 3333.4 3335.60 2705.1 2705.16 3358.9 3361.5790 3345.6 3349.8207
n2(sg) 1975.1 1974.763~223! 1854.4 1853.78 1765.4 1764.80 1942.5 1942.9574 1909.0 1910.6670
n3(su) 3286.9 3288.751~411! 2583.0 2583.60 2438.1 2439.24 3280.6 3284.1908 3275.6 3279.1686
n4(pg) 612.2 612.594~284! 519.7 519.37 510.4 511.54 607.1 607.2041 601.9 602.7074
n5(pu) 732.0 730.364~289! 678.6 678.30 539.6 538.64 730.5 729.37838~2! 728.9 728.35179~2!
D1 135.8 129.9~8! 132.1 124.7 81.8 74.1 136.2 123.7 136.6 122.5
D2 36.1 38.5~4! 29.9 30.1 24.8 24.7 36.4 35.5 36.7 34.6
D3 127.5 128.9~7! 75.7 72.3 68.8 68.5 128.0 125.3 128.5 126.0
D4 9.5 8.9~4! 8.1 9.1 8.1 8.9 9.9 9.8 10.3 11.8
D5 16.6 16.4~3! 14.4 14.5 10.1 9.7 17.1 17.0 17.5 16.1

aSymmetry labels on the vibrational modes correspond toD`h . The order of the vibrational modes for HCCD was made to be consistent with BCHM
bTaken or derived from the constants in Table II of Ref. 3.
cHarmonic frequencies taken from SM~Ref. 9!; fundamental frequencies taken from BCHM~Ref. 1!.
dHarmonic frequencies taken from SM~Ref. 9!; stretching fundamentals taken from Refs. 57 and 58,n4 andn5 taken from Refs. 56 and 59, respectively.n1

andn3 not deperturbed.
eDitto as footnote~d!, but n1 andn3 deperturbed.
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nicity, besides still affectingv4 by almost 5 cm21. This ob-
servation is consistent with the prescription that a ‘‘corre
tion consistent’’ set of diffuse functions contain all angu
momenta present in the parent basis set,41 as well as the
observation that in such molecules as HF and H2O where
diffuse functions significantly affect computed properties,
angular momenta contribute to the effect.44 Contrary to the
augmented cc-pVTZ calculations, effects onv42n4 do ap-
pear to diminish slightly with angular momentum.

Agreement between the computed anharmonic const
and those obtained by Temsamani and Herman~TH!3 is very
pleasing throughout, includingX44, X45, andG44. Only for
R45 do we find a value which is about twice the experimen
one. It should be noted here thatR45 is a small difference of
large cubic and quartic terms with opposite signs, with
too large negative value suggesting that the quartic te
f4455

2 /2, is somewhat too small. This in turn, combined w
the fact that the value forf4455

1 ~which occurs inX45! is
apparently unproblematic, suggests thatf4x4x5x5x is still
slightly too small andf4x4x5y5y slightly too large, the errors
largely compensating each other inf4455

1 .
Parallelling an approach previously used to great succ

for C2H4,
36 we can now add in the differential effect of co

correlation on the harmonic frequencies@as obtained from
comparing CCSD~T!/MTcore and CCSD~T!/MTnocore# to
the CCSD~T!/aug8-cc-pVQZ values to obtain best estima
harmonic frequencies. A spectroscopic analysis was then
ried out based on the Cartesian CCSD~T!/aug8-cc-pVQZ
quartic force field, the best estimate harmonic frequenc
J. Chem. Phys., Vol. 108,
-
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and the CCSD~T!/MTcore geometry. The results are give
under the best estimate heading.

Agreement between computed and observed fundam
tals speaks for itself: for the five symmetry-distinct fund
mentals, the computed–observed differences are now20.7,
10.3, 21.9, 20.4, and11.6 cm21. ~The experimentaln1

and n3 values3 are deperturbed for theK1;244, K1;255, and
K3;245 quartic resonances.! Agreement between the exper
mentally derived and computed harmonics is of the sa
quality for v2 , v4 , andv5 ; the computedv1 andv3 differ
by 15.4 and23.2 cm21. Detailed comparison of the anha
monic constants shows that these agree excellently betw
our best estimates and the experiment, except for the la
X13 which we compute about 3 cm21 higher, andX11 which
we compute about 1.5 cm21 lower. These two constants ac
count for the difference between the computed and obse
v12n1 and v32n3 . It would be tempting to regard ou
computedv1 and v3 as more reliable than the experime
tally derived values.

A significant test for any spectroscopic quality forc
field is to see how it performs for various isotopomers. F
example, we have shown that CCSD~T!/spd f quartic force
fields predict fundamental vibrational frequencies of min
isotopomers to essentially the same degree of reliability
for the parent isotopomer for many molecules~see Refs. 27
and 34, and references therein!. This property strongly indi-
cates that the force field is very reliable and not simply f
tuitously accurate for one isotopomer. Thus, in Table V,
best estimate harmonic frequencies, fundamental frequ
No. 2, 8 January 1998
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684 Martin, Lee, and Taylor: Quartic force field for acetylene
cies, and anharmonicities (D5v2n) for DCCD and HCCD
are presented together with experimental data for comp
son. Comparison of theory and experiment for the fundam
tals ~the experimental observable! for DCCD shows differ-
ences of20.1, 0.6,21.1, 21.1, and 1.0 cm21 for n1–n5 ,
respectively, which would be considered excellent agreem
by any reasonable standard and is similar to the agreem
noted earlier for the HCCH isotopomer. Agreement for t
harmonic frequencies is of almost the same quality in t
case, except forv1 which our calculation places 7.6 cm21

higher than the experimentally derived value of SM. Ho
ever, the latter is about 5 cm21 lower than the most recen
value3 in the HCCH parent isotopomer, so it appears that
SM ‘‘experimental’’ v1 for DCCD is somewhat low.

For the HCCD isotopomer, the differences betwe
computed and observed fundamentals are22.2, 0.6,20.6,
0.3, and 0.3 cm21, again clearly qualifying as ‘‘excellent’’
agreement. The corresponding differences for the harmo
are likewise quite small, except forv1 which the calculation
places 5.2 cm21 higher than the SM value. Again, we wou
argue that the SMv1 value is on the low side.

Very recently complete sets of fundamentals have
come available for the H13CCH and H13C13CH
isotopomers.56–59The agreement with our calculatedn2 , n4 ,
and n5 fundamentals for these species is on a par with t
for the 12C isotopomers; somewhat larger deviations~up to
4 cm21! are seen forn1 andn3 . The mean absolute deviatio
from experiment of our computed fundamentals for all fi
isotopic species is 1.3 cm21, compared to 0.9 cm21 if only
the three12C isotopomers are considered. And once mo
the principal difference between our best computed harm
ics and the SM values is found forv1 ~the SM value being
10 cm21 lower in both isotopomers!.

Except for possible significant higher-order anharmon
ity effects~which are likely to be the most important for th
CH stretches!, the excellent agreement between theory a
experiment for the direct observables~i.e., the fundamentals!
strongly indicates that our best estimate harmonic frequ
cies are the more reliable. It is thus, clear that our best q
tic force field is highly accurate in its own right, and that
should definitely be a good starting point for the sophis
cated type of refinement procedure described by BCHM.

B. Anharmonic constants and quartic force fields

CCSD~T! anharmonic constants obtained from the va
ous basis sets are presented in Table III, while Table
contains the quartic force fields in simple internal coor
nates, numbered in the sequencer C1H1

, r C1C2
, r C2H2

,
sinuH1C1C2

, and sinuC1C2H2
, the latter two each with theirx

andy components.60 Table VII contains the cubic and qua
tic normal coordinate force constants. For comparison,
perimentally derived data1,3,9 have been included in Table
III and VI, and the SCF/TZ2P quartic force field from Re
21 has been included in Tables VI and VII. We note that
CCSD~T!/MT core and CCSD~T!/MT nocore data has bee
excluded from Tables VI and VII, since they are similar
the CCSD~T!/cc-pVTZ and CCSD~T!/cc-pVQZ results ex-
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cept for the quadratic force constants. Likewise, since th
appears to be essentially no differential effect of core co
lation on the anharmonicities, the CCSD~T!/MT core and
CCSD~T!/MT nocore values have been omitted from Tab
III.

The CCSD~T! anharmonic constants for modes 1–3 a
similar for all of the basis sets used here. The largest va
tion occurs for the large CH–CH stretch coupling const
X31, and this is only 3.5 cm21, about 3% of the actual value
As expected, the situation is different for the anharmo
constants involving the bending modes 4 and 5. There
very large variations forX44, with smaller but noticeable
variations forX45, G44, andR45. The X44 constant for the
correlation consistent basis sets is much too large, whic
why the D4 anharmonic correction for these basis sets
the wrong sign. The ANO4321 value is much smaller, b
still about twice as large as the experimental value: use o
ANO54321 basis set reduces the difference somew
(1.2 cm21), incidentally by the same difference as exists b
tween the aug8-cc-pVTZ and aug8-cc-pVQZ results. The lat-
ter is in excellent agreement with the experimental value
Pliva,61 and somewhat below the TH value.3

As for G44, all computed values except those with th
aug8-cc-pVTZ and aug8-cc-pVQZ basis sets actually hav
the wrong sign, although the values with the ANO basis s
are very small and only differ about 1 cm21 from the
aug8-cc-pVQZ result. The latter is in perfect agreement w
the Pliva61 value, but somewhat larger than the TH value3

For X45, the cc-pVTZ and cc-pVQZ results have th
wrong sign, while the ANO values have the correct sign b
are too small in absolute value. The aug8-cc-pVQZ value is
in excellent agreement with the different experimental v
ues, while the aug8-cc-pVTZ result is slightly too large in
absolute value.

It is noteworthy that the variations with the differen
basis sets are much more moderate than in the case ofX44 or
evenG44. This is readily understood by turning to Table V
and considering the dependence ofX44, G44, andX45 on the
quartic force fields.~It is easily seen in Table VII that non
of the cubic force constants exhibit a pathological basis
dependence; therefore the quartic force constants becom
suspects.!

The quartic term inX44 is f4444/16; we see thatf4444

decreases from 1409 and 1403 cm21, respectively, for the
cc-pVTZ and cc-pVQZ basis sets to 1040 and 974 cm21 in
the aug8-cc-pVTZ and aug8-cc-pVQZ basis sets, respec
tively. The ANO values are much lower than those obtain
with the unaugmented correlation consistent basis set
appear to be still on the high side. Observing further that
value ofX44 is a sum of a large positive quartic and a lar
negative cubic contribution, the pathologically large chan
in X44 is readily understood. Since the quartic contribution
G44, 2f4444/48, has a much smaller proportionality co
stant, it is obvious why a similar but weaker basis set dep
dency is seen here. The quartic term inX45 equalsf4455

1 /4,
with f4455

1 5(f4x4x5x5x1f4x4x5y5y)/2. We see appreciable
basis set dependence inf4455

1 , but of a much milder variety
than inf4444.
No. 2, 8 January 1998
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TABLE VI. CCSD~T! quartic force fields in simple internal coordinates for C2H2.
a

CCSD~T!/
cc-pVTZ

CCSD~T!/
cc-pVQZ

CCSD~T!/
ANO4321

CCSD~T!/
ANO54321

CCSD~T!/
aug8-cc-
pVTZ

CCSD~T!/
aug8-cc-
pVQZf

SCF/
TZ2Pb SMc

BCHMd

setR1
BCHMd

setR2

f 11 6.38 361 6.36 737 6.39 787 6.38 179 6.33 499 6.36 429 6.926 6.370~10! 6.36 518 133 6.36 529 937
f 12 20.12 198 20.10 784 20.12 420 20.11 447 20.11 384 20.10 944 20.082 20.095(10) 20.14 207 700 20.12 508 713
f 22 16.19 498 16.26 657 16.20 652 16.27 843 16.10 958 16.24 107 19.907 16.341~50! 16.33 813 509 16.42 477 067
f 13 0.01 426 20.00 119 0.01 125 0.00 435 0.00 19820.00 123 0.004 20.019(5) 20.05 043 843 20.04 832 088
f 44 0.24 096 0.24 506 0.24 924 0.25 073 0.24 698 0.24 975 0.345 0.2510~5! 0.25 205 014 0.25 115 861
f 45 0.10 423 0.10 004 0.10 148 0.09 751 0.09 991 0.09 642 0.104 0.0925~5! 0.09 337 541 0.09 306 528
f 111 236.40 034 235.96 775 236.36 235 236.12 934 236.02 012 235.99 993 238.35 234.82 235.57 424 091 234.79 430 516
f 211 0.32 005 0.33 358 0.35 879 0.33 467 0.32 297 0.32 456 0.39720.36(47) 0.72 254 639 20.30 517 875
f 221 0.00 962 20.06 755 20.06 128 20.10 602 20.10 449 20.07 976 20.193 0.71~129! 24.20 328 866 0.77 000 488
f 222 294.77 456 294.78 802 294.52 081 295.01 571 294.28 985 294.79 444 2109.23 297.77(643) 289.83 651 025 298.27 120 917
f 311 0.00 201 20.00 576 0.00 166 20.00 458 20.00 087 20.00 467 20.011 0.60~21! 0.55 149 909 0.65 342 506
f 321 20.09 227 20.01 617 20.08 261 20.03 809 20.04 559 20.02 003 20.012 20.60(84) 0.89 443 469 20.60 000 000
f 441 20.14 527 20.14 606 20.16 232 20.16 138 20.14 262 20.14 773 20.202 20.67(4) 21.14 371 047 21.14 607 263
f 442 20.82 617 20.80 343 20.79 747 20.80 287 20.81 496 20.80 428 20.802 20.34(3) 20.33 131 968 20.34 074 939
f 443 20.04 071 20.03 064 20.03 973 20.03 326 20.03 450 20.03 553 20.038 20.52(4) 20.05 943 147 20.06 183 701
f 541 0.00 335 0.00 036 0.00 081 0.00 27720.00 036 0.00 226 0.007 20.02~1! 0.00 458 664 20.00 018 458
f 542 0.24 963 0.25 736 0.24 654 0.24 889 0.24 228 0.25 538 0.346 0.27~1! 0.26 104 428 0.27 549 915
f 1111 186.81 083 184.89 274 185.67 409 185.18 149 188.74 638 184.38 689 196.0 161.5~532! 185.79 362 030 166.15 601 074
f 2111 21.33 748 21.77 215 20.96 460 21.57 965 21.64 668 21.73 578 22.663 @0# N/A N/A
f 2211 21.71 185 21.37 376 21.62 487 21.49 735 21.55 837 21.52 242 21.287 3.4~71! 26.63 530 570 228.35 125 482
f 2221 21.17 610 20.44 270 20.50 927 20.15 569 20.60 453 20.50 465 20.675 @0# N/A N/A
f 2222 464.79 181 464.05 149 458.90 311 464.50 929 462.21 957 462.64 681 536.2 436~136! 654.84 922 701 596.30 957 511
f 3111 20.77 821 20.04 076 20.62 442 20.23 946 20.20 338 20.04 872 20.191 @0# N/A N/A
f 3211 20.02 667 20.03 469 20.06 319 0.04 316 0.08 21620.01 803 0.004 @0# N/A N/A
f 3221 0.29 102 20.04 839 0.03 009 20.11 096 0.19 074 20.05 319 20.079 @0# N/A N/A
f 3311 0.23 804 0.05 340 0.19 826 0.06 659 0.33 200 0.03 063 0.242 @0# N/A N/A
f 4411 20.07 708 0.00 167 20.03 746 20.04 224 20.14 170 20.11 290 0.242? 5.19~66! 5.72 337 674 5.70 035 112
f 4421 0.12 819 0.16 149 0.16 845 0.18 808 0.03 033 0.16 78020.025 1.07~49! 1.01 873 271 0.96 570 457
f 4422 0.10 408 0.12 849 20.02 093 0.06 522 0.01 437 0.03 746 0.13723.36(81) 22.66 112 962 22.48 981 085
f 4431 20.05 336 20.02 302 20.01 890 0.00 004 20.03 889 20.01 245 20.042 @0# N/A N/A
f 4432 20.00 597 20.06 107 20.06 082 20.07 591 20.03 753 20.04 015 20.054 @0# N/A N/A
f 4433 0.03 341 0.00 614 0.02 61620.01 936 20.00 889 20.01 636 0.095 @0# N/A N/A
f 4444 1.37 437 1.47 862 1.05 457 1.06 860 0.83 774 0.93 760 1.752 1.418~43! 1.53 761 920 1.55 333 135
f 5411 20.06 899 20.06 564 20.05 908 20.03 743 20.05 312 20.02 857 20.159 @0# N/A N/A
f 5421 0.03 142 0.04 064 0.03 783 0.03 665 0.03 201 0.03 670 0.009 @0# N/A N/A
f 5422 0.08 482 0.08 259 0.13 798 0.14 488 0.07 673 0.13 093 0.436 @0# N/A N/A
f 5431 0.04 262 0.03 774 0.02 225 0.01 406 0.06 030 0.01 608 0.072 @0# N/A N/A
f 5444 20.25 532 20.31 937 20.10 188 20.08 767 20.10 993 20.06 867 20.389 @0# 20.01 460 196 20.01 201 873
f 4x4y5x5y

5 f 4455
2 0.02 554 0.05 586 0.00 07920.00 082 0.01 443 20.00 318 0.13 @0# 0.04 248 918 0.04 167 298

f 5x5x4x4x 0.24 337 0.28 642 0.11 778 0.10 962 0.09 555 0.09 251 @0.11 418 550#e @0.11 505 655#e

f 5y5y4x4x 0.19 230 0.17 470 0.11 621 0.11 126 0.06 668 0.09 887 @0.02 920 724#e @0.03 171 059#e

f 4455
1 0.21 784 0.23 056 0.11 700 0.11 044 0.08 112 0.09 569 0.227 0.160~17! 0.07 169 642 0.07 338 357

aThe force fields are given in simple valence coordinates. Units are consistent with aJ for energy, Å for distances, and radian for angles. TheF5x5x4x4x and
F5y5y4x4x force constants are redundant, but these are used to computeF4455

2 F4455
1 —see SM~Ref. 9!.

bReference 21.
cSM ~Ref. 9!.
dBHCM ~Ref. 1!.
eGenerated by symmetry fromf 4455

6 .
fAfter adjustment to the experimental~Ref. 3! value of R45 , the following force constants and their symmetry partners are affected:f 444451.03321,
f 4x4x5x5x50.06064,f 4x4x5y5y50.00327, andf 4x4y5x5y50.02869 aJ/rad4.
e

,

d

uld

in
Some remarks are due onR45. Aside from the well-
established value~Ref. 3 and references therein! for the
H12C12CH major isotopomer, values can readily be obtain
for the minor isotopomers by taking 1/2@G(u00011&,S1)
2G(u00011&,S2)] from the experimental data compiled in
e.g., BCHM. This approach yieldsR45512.17 cm21 for
HCCD, 23.59 cm21 for DCCD, 26.22 cm21 for H13CCH,
J. Chem. Phys., Vol. 108,
d

and 26.19 cm21 for H13C13CH. By contrast, the compute
values for our best estimate model are20.88 cm21 for
HCCD, 26.23 cm21 for DCCD, 211.68 cm21 for H13CCH,
and 211.79 cm21 for H13C13CH. Since the quartic term is
positive and the cubic term negative, these numbers wo
appear to strongly suggest that even our best computedf4455

2

is still too small. The possibility of a programming error
No. 2, 8 January 1998
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686 Martin, Lee, and Taylor: Quartic force field for acetylene
TABLE VII. Cubic and quartic force cosntants (cm21) in normal coordinates.a

CCSD~T!/
cc-pVTZ

CCSD~T!/
cc-pVQZ

CCSD~T!/
ANO4321

CCSD~T!/
ANO54321

CCSD~T!/
aug8-cc-pVTZ

CCSD~T!/
aug8-cc-pVQZb

SCF/
TZ2Pc

f111 1287.0 1279.6 1285.7 1281.6 1285.0 1280.9 125
f112 2350.5 2346.3 2347.8 2347.3 2347.4 2346.7 2384.8
f122 2127.7 2127.8 2126.7 2127.1 2126.8 2127.6 2121.0
f133 1385.4 1369.9 1381.7 1374.1 1377.7 1371.6 136
f144 21076.2 21039.1 21027.2 21003.5 21029.1 21004.1 2804.2
f155 2942.5 2937.4 2930.7 2933.2 2932.0 2935.0 2839.8
f222 2534.0 2532.2 2533.0 2533.8 2534.2 2533.1 2517.4
f233 2293.1 2291.9 2291.5 2292.6 2292.6 2292.4 2327.3
f244 105.8 106.9 105.5 103.1 103.6 101.7 112
f255 128.3 132.7 129.0 130.7 127.6 131.7 156
f345 1016.8 977.1 988.6 977.6 989.3 981.1 839
f1111 473.5 478.1 470.1 473.9 489.6 476.4 456
f1112 296.7 297.3 297.0 297.7 2100.4 297.3 2102.8
f1122 37.1 36.7 36.5 36.6 37.7 36.5 42.
f1133 503.4 500.7 498.9 500.0 512.9 499.6 482
f1144 2621.2 2595.8 2592.7 2580.1 2597.5 2582.1 2454.3
f1155 2543.2 2538.3 2536.3 2536.7 2538.5 2538.7 2470.2
f1222 41.2 40.7 40.3 40.5 40.7 40.7 38.
f1233 2109.0 2107.4 2108.7 2107.7 2110.2 2107.3 2115.4
f1244 93.7 89.7 88.9 87.0 91.6 86.9 77.
f1255 106.8 105.7 105.1 105.4 106.1 105.6 108
f1345 590.4 574.5 574.1 566.3 574.9 567.4 473
f2222 121.9 121.4 120.7 121.6 122.2 121.2 110
f2233 20.8 21.2 21.3 21.2 21.1 20.9 26.
f2244 250.9 249.6 251.1 249.7 251.2 249.4 246.9
f2255 219.6 219.6 220.0 219.9 220.8 219.9 223.3
f2345 2106.8 2103.8 2102.9 2101.9 2105.2 2102.8 2100.6
f3333 542.7 527.3 535.9 529.8 545.6 526.0 517
f3344 2623.0 2598.0 2598.6 2587.0 2598.5 2587.6 2456.7
f3355 2572.1 2566.1 2565.2 2564.6 2567.9 2566.1 2503.2
f4444 1408.6 1402.8 1072.6 1013.2 1039.6 973.9 840
f4455

1 640.3 617.8 589.3 578.5 578.9 575.4 217
f4455

2 312.3 304.9 291.7 286.3 291.7 286.2 216
f4x4x5x5x 952.6 922.6 881.0 864.8 870.6 861.5 434
f4x4x5y5y 327.9 312.9 297.6 292.1 287.1 289.2 1
f5555 813.0 808.1 788.9 797.7 780.9 798.2 653

aModes are in spectroscopic order.
bAn adjustment to fit the experimental~Ref. 3! R45 results in changed values for the following force constan
f4x4x5x5x5872.5,f4x4x5y5y5278.3, andf4x4y5x5y5297.1 cm21.

cReference 21. Some constants have opposite signs from those in Ref. 21 to account for normal co
phase differences~relative to the current data!.
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SPECTROwas eliminated by calculating the constant man
ally and checking the derivation of the analytical expressi
One other possibility might be that higher order terms toR45

are quite important: this possibility is less far-fetched than
may seem, since Temsamani and Herman3 suggested a fairly
strong dependence on the vibrational quantum number o
form R45526.09021.315(v421) cm21—such a strong de
pendence on the vibrational quantum numberv4 would only
occur if higher order effects were quite prominent. On t
other hand, in a more recent study4 on 41 pure bend states
much weaker dependence was found,R45525.942(62)
10.033(12)@v421#20.167(31)@v521# cm21, which
makes that possibility rather less likely.

If we were to assume that the problem was with o
computedf4455

2 , however, the fact thatf4455
1 is apparently

sound at that level of theory~otherwise agreement with ex
periment forX45 would be poor! in turn would suggest tha
J. Chem. Phys., Vol. 108,
-
.

it

he

e

r

f4x4x5x5x is slightly too small andf4x4x5y5y slightly too
large.

Since iteratively changing the force field such thatR45

would match the Temsamani–Herman value without affe
ing the other spectroscopic constants becomes a
dimensional problem in symmetry coordinates, this c
readily be achieved. The only force constants affected in
primitive internal coordinate force field aref 4444, f 4x4x5x5x ,
f 4x4x5y5y , and of coursef 4x4y5x5y ; their adjusted values ar
given as a footnote to Table VI, and are now in at le
qualitative agreement with the BCHM force fields. The
changes result from a shift of 0.06 374 aJ/Å2 in F4x4y5x5y .
The computedR45 values for HCCD, DCCD, H13CCH, and
H13C13CH are now11.91,22.89,26.10, and26.11 cm21,
respectively, in good agreement with the experimental val
quoted above.
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687Martin, Lee, and Taylor: Quartic force field for acetylene
The reason why the pathological basis set depende
that afflicts thepg bend is almost entirely absent in thepu

bend becomes obvious once we consider the force cons
in primitive internal coordinatesf abcd and their relationship
with those in symmetry coordinatesFi jkl . Using the indices
a anda8 for the two individual bends, and definingS45(a
2a8)/& andS55(a1a8)/&, we easily obtain the follow-
ing relationships:

F445 f aa2 f aa8 , ~8!

F555 f aa1 f aa8 , ~9!

F44445
1
2f aaaa1

3
2f axaxa8xa8x22 f aaaa8 , ~10!

F55555
1
2f aaaa1

3
2f axaxa8xa8x12 f aaaa8 , ~11!

F4x4x5x5x5 1
2~ f axaxaxax2 f axaxa8xa8x!, ~12!

F4x4x5y5y5 1
2f axaxayay1 f axaxa8ya8y2 1

2f axaxa8xa8x, ~13!

F4455
1 5 f axaxayay2 f axaxa8xa8x/21 f axaxa8ya8y/2, ~14!

F4455
2 5~ f axaxayay2 f axaxa8ya8y!/2, ~15!

where it is remembered9 that:

f axaxayay5 f axaxaxax/3, ~16!

f aabb
6 5~ f axaxbxbx6 f axaxbyby!/2. ~17!

ConsideringF5555 and F4444, we find from Table VI that
f 4444, 2 f 4445, and f 4x4x5x5x all drop as the basis set i
improved, f 4444 exhibits the most pathological basis s
sensitivity. In F5555, however, the basis set errors nea
cancel between the positive overestimate in (f aaaa

13 f axaxa8xa8x)/2 and the negative one in 2f 4445, while in
F4444 they amplify each other. For similar reasons, the ba
set variation inF4455

2 is a lot smaller than that inF4455
1 .

For f aa and f aa8 , we see that improving the basis s
increases the former and decreases the latter. The net res
again that changes are amplified inF44, while they compen-
sate each other inF55.

Most of the other force constants involving one or mo
instances ofa or a8 exhibit substantial changes with th
basis set, although not nearly as severe as forf aaaa or
f aaaa8 .

The quadratic part of the CCSD~T!/aug8-cc-pVQZ inter-
nal coordinate force field appears to agree quite well with
SM and BCHM ones, except forf 13 which the calculations
predict to be almost zero, contrary to the values in theR1
andR2 force fields. In the cubic part, our computed valu
for f 112 and f 122 differ quite substantially from the exper
mentally derived force fields—several orders of magnitu
more than could be expected from further basis set con
gence. And the same appears to be the case for most o
off-diagonal constants, except forf 145 and f 245. At least
some of the discrepancy may be due to the fact that a num
of quartic constants were constrained to zero in the SM
BCHM force fields.

Of these latter constants, the largest computed on
f 1112at 21.58 aJ/Å:4 most of the other ones are rather sma
The quartic bending constants differ quite fundamentally,
J. Chem. Phys., Vol. 108,
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reasons outlined above besides the fact that many manife
nonzero quartic force constants involving the bendings w
constrained to be zero in the experimental analysis.

Agreement between our CCSD~T!/aug8-cc-pVQZ force
field and the SCF/TZ2P one determined in Ref. 21 is v
poor in both the internal and normal coordinate basis, sh
ing again~see, e.g., Ref. 27! that the SCF level of theory is
not adequate for determining highly accurateab initio quar-
tic force fields. Comparison of the CCSD~T!/aug8-cc-pVQZ
and SM quartic force fields shows some major differenc
especially for the quartic force constants. The agreement
tween the CCSD~T!/aug8-cc-pVQZ and SM force fields be
comes progressively better on going from quartic to cubic
quadratic constants. The SM force field was, of course, c
structed phenomenologically, and we must conclude tha
possesses large deviations from the true molecular fo
field.

Having given a descriptive analysis of the basis set
fects in some detail, we are left with the question as to th
origin. In this context, the work of Almlo¨f et al.40 is espe-
cially illuminating. These authors demonstrated a large ba
set superposition error by calculating the ‘‘bending’’ fr
quencies of an N2 molecule~isoelectronic with C2H2! with
two hydrogen ‘‘ghost’’ atoms~i.e., hydrogen basis sets cen
tered on fictitious atoms!. Rather than zero or near-zero va
ues, they found a fairly large unphysicalpg bending fre-
quency, which clearly suggests a basis set superposition e
~BSSE! issue.~The corresponding effect along thepu coor-
dinate was found to be an order of magnitude smaller!.

Since the much larger primitive basis of ANO basis s
compared to their cc-pVnZ counterparts of comparable siz
was found to lead to much smaller BSSEs~e.g., Ref. 62!, it
would make sense that this geometry-dependent BSSE e
would be much less prominent with ANO than with correl
tion consistent basis sets. Now we have seen in the prev
section that diffuse functions apparently play an import
role.

Our tentative explanation is as follows: Numbering t
atoms in the sequence H1–C1–C2–H2, and considering the
expansion of basis functions centered on H1 in a series of
basis functions centered on C2 ~not C1! !, we can envisage
that this expansion will have a significant component of lo
exponent functions.@For instance, the radial maximum of
pz function with exponenta along thez axis is given by
0.529 177(2a)21/2 Å. For this to have a maximum a
r (CC)1r (CH), this would requirea'0.0273, not qualita-
tively different from the diffusep exponents of 0.03 569 an
0.03 218, respectively,41 in the aug-cc-pVTZ and aug-cc
pVQZ basis sets for carbon. Incidentally, this is the reas
why calculations with basis sets containing diffuse functio
on linear chain molecules are prone to near-linear dep
dence effects.# Now when we bend H1, the distance to C2
will decrease, which will in turn shift the exponent range f
expanding the H1 basis functions around the C2 center up-
wards. Now if the basis on C2 were unsaturated in that regio
@e.g., a regular cc-pVQZ basis set for which the softesp
exponent is 0.1007~Ref. 35!#, it is not hard to see that the
presence of basis functions on H1 will cause an appreciable
No. 2, 8 January 1998
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688 Martin, Lee, and Taylor: Quartic force field for acetylene
BSSE. Since bending the molecule would, for all intents a
purposes, be tantamount to tuning the exponent of the g
basis function, it then also is conceivable that the BS
would be different at the displaced and original geometr
Given the small energy differences that we are talking ab
in the determination of particularly quartic bending for
constants, even a fairly small effect would translate in a v
substantial error on the force constant. And, obviously,
only really effective way of suppressing basis set superp
tion error caused by the absence of a particular function
the C2 basis set would be to add it—preferably uncontract

In order to provide quantitative support for this hypot
esis, we have evaluated theF44 andF55 force constants with
a counterpoise correction.63 That is, the calculation at both
the linear and the bent geometries were carried out usin
basis set containing two sets of hydrogen basis functio
one at the linear and one at the bent geometry. Due to n
linear dependence problems, we were only able to carry
these calculations for the cc-pVTZ, aug8-cc-pVTZ, and
ANO4321 basis sets, and not for theirspd f g counterparts.
Even so, SCF and coupled cluster convergence were s
ciently compromised to necessitate increasing the step
by a factor of&. The results are given in Table VIII.

As expected, the total energies are ordered@at the
CCSD~T! level# cc-pVTZ.aug8-cc-pVTZ.ANO4321. The
energy lowerings caused by adding hydrogen basis sets
two dummy hydrogen atoms inPg and Pu displaced con-
figurations are nearly identical and, interestingly, decreas
the order cc-pVTZ.ANO4321.aug8cc-pVTZ. The most
important observation, however, is that the counterpo
corrected values forF44 are very similar with the three bas
sets (0.15120.152 aJ/rad2), whereas the uncorrected valu
are, as noted above, very dissimilar. In other words, es
tially all of the basis set sensitivity ofF44 can indeed be
attributed to basis set superposition error. BSSE effects

TABLE VIII. Effect of basis set superposition error on the bending for
constants of C2H2 as measured by the counterpoise method.

CCSD~T!/
cc-pVTZ

CCSD~T!/
ANO4321

CCSD(T)/
aug8-cc-pVTZ

Eref
a 277.187 648 277.197 025 277.191 414

BSSEref
b 1.357 1.230 1.112

BSSEref
c 1.356 1.230 1.111

F44
d 0.13 687 0.14 782 0.14 712

F44 ,CPe 0.15 245 0.15 080 0.15 120
F55

d 0.34 519 0.35 071 0.34 685
F55 ,CPe 0.34 700 0.34 516 0.34 519
f aa

d 0.24 103 0.24 926 0.24 698
f aa ,CPe 0.24 972 0.24 798 0.24 819
f aa8

d 0.10 416 0.10 144 0.09 987
f aa8 ,CPe 0.09 728 0.09 718 0.09 700

aReference energy at the linear geometry without counterpoise corre
(Eh).

bEnergy lowering caused by introducing ghost basis functions for C2h bent
hydrogens at the linear reference geometry~kcal/mol!.

cDitto for C2v bent hydrogens~kcal/mol!.
dForce constant evaluated without counterpoise correction (aJ/rad2).
eForce constant evaluated with counterpoise correction (aJ/rad2).
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F55, on the other hand, are much smaller, as is its basis
sensitivity.

Considering the force constants in primitive internal c
ordinates instead, we see that the uncorrectedf aa spans a
range from 0.241 to 0.249 aJ/rad2, which is much smaller in
the corrected one, 0.24720.249 aJ/rad2. The basis set varia
tion in the coupling constantf aa8 similarly gets reduced from
0.10020.104 aJ/rad2 for the uncorrectedf aa8 to 0.097 for all
three counterpoise-corrected values. Thus, we see that B
leads to artificially low diagonal and artificially high off
diagonal bending constants, respectively: as noted ab
these errors get more or less compensated inF555 f aa

1 f aa8 , while F445 f aa2 f aa8 gets systematically underest
mated, with an exacerbated basis set sensitivity. In short,
entire phenomenon can indeed be reduced in terms of BS

While near-linear dependence problems again preven
us from carrying out a similar analysis for the quartic ben
ing force constants~this requiring two sets of hydrogen gho
atoms!, the qualitatively incorrect double-well shape of th
electronic part of the potential,Eel.(S4), when diffuse func-
tions are omitted appears to be consistent with our analy
since the effective exponent of the ghost diffuse funct
would presumably pass through an optimum upon bendi

C. Quartic resonances in HCCH

There are two important ‘‘1–3’’ resonances which affe
the fundamentals, corresponding to interactionsn3'n21n4

1n5 andn1'n212n5 . The expressions for the relevant in
teraction constantsK3;245 and K1;255 were given by Borro,
Mills, and Venuti~BMV !,64 who computed values from th
SM force field of K3;2455248.13 and K1;255

518.13 cm21, the former of which compares rather poor
with the experimental64 value uK3;245u518.28(5) cm21.
From the present computed CCSD~T!/ANO54321 quartic
force field, we obtainK3;2455118.01 cm21, in excellent
agreement with the former experimental value and in v
good agreement with the TH3 experimental value of
16.698(406) cm21 ~uncertainty corresponds to one standa
deviation!. Our computed values for the individual comp
nents are: quartic2102.789, cubic1124.259, and Coriolis
23.460 cm21, to be compared with the BMV values~in the
same sign convention! of 278.22, 1129.80, and
23.45 cm21, respectively. The discrepancy, therefor
clearly resides in the quartic term,f2345. This supports the
contention of BMV that the discrepancy between their co
puted and observed values was due to the quartic portio
the SM force field not being well defined.

Our computedK1;255527.43 cm21 ~cubic and quartic
components260.209 and152.776 cm21, respectively! is
likewise in very good agreement with the TH3 value of
26.379(570) cm21. ~No experimental value was given b
BMV; their value computed from the SM force field o
8.13 cm21 is in excellent agreement with ours due to an er
compensation between a cubic term of248.30 and a quartic
one of140.21 cm21. Detailed investigation reveals that th
SM f1255580.42 andf1555756.42 cm21 are both much
smaller than the values in Table VII.! Temsamani and Her

on
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689Martin, Lee, and Taylor: Quartic force field for acetylene
man also introduced aK1;244 in their model, which they con-
strained to be equal toK1;255. From our best computed forc
field, we actually findK1;2445217.23 cm21, which breaks
down into the following components: quartic143.435, cu-
bic 264.287, and Coriolis13.619 cm21.

The importance of the 2n1'2n3 Darling–Dennison
resonance was previously pointed out by Mills a
Robiette.65 Our computed valueK11;3352103.496 cm21 is
somewhat lower than the value of Jonaset al.2 of
105.83 cm21, and rather higher than the Mills–Robiet
value of296.0 cm21 based on a local-mode approximatio
but lies within the standard deviation of the TH value
2102.816(772) cm21. The degenerate–degenerate Darlin
Dennison resonance constantK44;55 was computed using th
expression given by Pliva61 ~s45, in his notation!. Our
K44;55529.15 cm21 agrees fairly well with the TH value o
212.909(884) cm21, and excellently with a more recen
value of Temsamaniet al.,4 28.37(12) cm21. As noted by
Lehmann,66 the x2K relationships 3r 45/453K44;55/4
53X45/452X4452X55526G44 are very poorly obeyed fo
acetylene. Lehmann notes that the relations do hold to
sonable accuracy for the cubic or quartic contributions ta
J. Chem. Phys., Vol. 108,
a-
n

separately, but that the fairly small total values of the in
vidual constants result from near-cancellations between
bic and quartic terms, which the fairly crude model that u
derlies thex2K relations65 cannot reasonably be expected
reproduce.

Summarizing, it would appear that, aside from the pro
lems noted forR45 ~viz. f4455

2 ! our best quartic force field is
more than accurate enough to constitute a starting point f
force field refinement to experimental data.

IV. CONCLUSIONS

The quartic force field of acetylene has been compu
at the CCSD~T! level using a variety of one-particle bas
sets, including correlation consistent, augmented correla
consistent, and atomic natural orbital basis sets.

Our best computed force field reproduces the experim
tal fundamentals~deperturbed for quartic resonance! for
H12C12CH, H12C12CD, D12C12CD, H13C12CH, and
H13C13CH with a mean absolute error of 1.3 cm21 ~0.9 cm21

if only the 12C isotopomers are considered!. This purelyab
initio force field was obtained from CCSD~T!/
aug8-cc-pVQZ cubic and quartic force constants and a geo
-

TABLE IX. Computed and observed vibrational level series expansion constants~cm21! for HCCD
and DCCD. In Refs. 71 and 70, the energy level constants are defined by( iv i

0ni1( i j xi j ninj1Gl( lW)
1( i jkyi jkninjnk1... . Neglecting higher-order anharmonicitiesyi jk viz. Yi jk , the connection with the custom
ary expansion constants is given byv i

0'n i* 2Xii for i 51,2,3,v i
0'n i* 2Xii 2Gii for i 54,5, xi j 'Xi j , andgi j

'Gi j .

HCCD
Exptb

HCCD
ab initio

DCCD
Exptc

DCCD
ab initio

v1
0 3383.91~71! 3385.597 2717.22~39! 2717.526

v2
0 1859.34~60! 1859.371 1768.07~74! 1769.536

v3
0 2606.83~64! 2605.631 2455.11~37! 2452.549

v4
0 516.65~58! 517.783 509.237901a 508.049

v5
0 677.19~47! 676.492 537.9979a 538.989

x11 248.48~50! 252.242 212.30~17! 212.405
x22 25.32~19! 24.927 22.69~74! 24.135
x33 223.30~46! 222.672 215.42~22! 214.403
x44 0.25~23! 20.286 1.8428a 1.798
x55 22.92~16! 23.249 21.6173a 21.620
x12 27.38~23! 26.980 217.20~32! 216.995
x13 24.71~58! 25.109 247.52~32! 248.728
x14 24.28~19! 24.233 215.49~15! 215.657
x15 217.00~19! 217.390 28.01~15! 28.498
x23 221.22~51! 219.858 213.54~38! 212.253
x24 22.97~33! 23.288 23.16~15! 23.915
x25 23.46~25! 23.294 1.30~25! 2.016
x34 215.58~17! 214.906 25.881~93! 24.860
x35 23.12~21! 22.956 25.37~12! 24.671
x45 1.29~44! 1.792 21.6381a 21.863
g44 2.10~18! 2.170 0.4512a 0.556
g45 4.86~24! 5.390 3.1823674a 3.430
g55 0.52~33! 1.083 2.2670a 2.181
K11;33 - - 247.2~14! 244.580
r 45 2.168 11.91d 25.497a 26.11d

K44;55 - - 27.963 26.662
K1;244 - - 12.4 14.651

aConstrained to values in Ref. 72.
bReference 71.
cReference 70.
dWith adjustment forf 4̄455 ~see text!.
No. 2, 8 January 1998
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690 Martin, Lee, and Taylor: Quartic force field for acetylene
etry and harmonic frequencies that include an account
inner-shell correlation. No empirical parameters, scaling
adjustment of any kind are involved.

The most important ‘‘2–2’’ and ‘‘1–3’’ quartic reso
nance constants,K2;345, K11;33, andK44;55 are computed in
excellent agreement with the most recent experimental
by TH,3 as are the anharmonicity constantsXi j and the vi-
brationall -coupling constantsGi j . A residual problem exists
for the vibrationall -doubling constant,R45, which is consis-
tently calculated as about twice the well-established exp
mental value.

Our best computed geometry,r e(CH)51.0621 and
r e(CC)51.2027 Å, leads to equilibrium (Be) and ground
state (B0) rotational constants that agree to four decim
places with experiment. Our computed geometry sho
therefore be accurate to about 0.0002 Å; it is very close
the one recently proposed by BCHM.1

The pg bending frequencyv4 and the anharmonic con
stantsX44 and, to a lesser extent,G44 and X45 exhibit a
pathological basis set sensitivity. Ordinary correlation co
sistent basis sets such as cc-pVTZ and cc-pVQZ lead
plainly absurd values ofX44. This problem is strongly miti-
gated by using ANO4321 and ANO54321 basis sets and
appears altogether using the aug8-cc-pVQZ basis set~and
largely with the aug8-cc-pVTZ basis set!. The relatively
good performance of ANO basis sets is explained by the
that the outermost primitives involved in the various co
tracted functions have exponents comparable to those o
soft functions that make up the difference between the
spective cc-pVnZ and aug8-cc-pVnZ basis sets. Successiv
elimination of these soft functions reveals that their con
butions to the computed anharmonicityv42n4 are compa-
rable for all angular momenta.

Detailed inspection of the normal coordinate force co
stants and consideration of the dependence ofX44, X45, and
G44 reveals that the unusual basis set dependence of t
anharmonic constants is connected to a very steep basi
dependence off4444 and, to a lesser extent,f4455

1 . An ex-
planation of whyX55 ~viz. f5555! does not appear to be a
fected is afforded by considering the dependence of the s
metry coordinate force constantsFi jkl on the force constant
in primitive internal coordinatesf abcd. Large basis set incre
ments are seen inf aaaa and f aaaa8 , which enhance each
other for the symmetrized combinationF4444but largely can-
cel each other forF5555.

A tentative explanation for the importance of diffus
functions on the anharmonic force field of this molecu
with its relatively nonpolar bonds, is given in terms
geometry-dependent basis set superposition error.

Our best computed force field should be an excell
starting point for a further refinement by fitting against
large number of experimental band origins, along the line
previous work for formaldehyde12,13,16 and N2O ~Refs. 19
and 20!.

Note Added in Proof. After submission of the presen
paper, we received a preprint70 of a study of DCCD similar
to that reported in Ref. 3 for HCCH. On the same occasi
a similar study71 on HCCD was also brought to our attentio
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Our best computed sets of anharmonic constants
HCCD and DCCD are in excellent agreement with the
studies~Table IX!. This further solidifies our case concern
ing the accuracy of the present computed quartic force fi
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The quartic force fields in Cartesian, internal, symmet
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