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The quartic force field of ethylene,,B,, has been calculateab initio using augmented coupled
cluster, CCSIT), methods and correlation consistent basis setspuff quality. For the’C
isotopomers ¢H,, CH,;D, H,CCD,, cisCH,D,, transC,H,D,, CHD5;, and GD,, all
fundamentals are reproduced to better than 10'craxcept for three cases where the error is 11
cm L. Our calculated harmonic frequencies suggest a thorough revision of the accepted
experimentally derived values. Our computed and empirically correctedeometry differs
substantially from experimentally derived values: Both the prediatedgeometry and the
ground-state rotational constants are, however, in excellent agreement with experiment, suggesting
revision of the older values. Anharmonicity constants agree well with experiment for stretches, but
differ substantially for stretch—bend interaction constants, due to equality constraints in the
experimental analysis that do not hold. Improved criteria for detecting Fermi and Coriolis
resonances are proposed and found to work well, contrary to the established method based on
harmonic frequency differences that fails to detect several important resonancegifoar@ its
isotopomers. Surprisingly good results are obtained with a sspdlbasis at the CCSO) level.

The well-documented strong basis set effect onigheut-of-plane motion is present to a much
lesser extent when correlation-optimized polarization functions are used. Complete sets of
anharmonic, rovibrational coupling, and centrifugal distortion constants for the isotopomers are
available as supplementary material to the paper via the World-Wide Web995 American
Institute of Physics.

I. INTRODUCTION basis sets o$pdfand spdfgquality. Not nearly all problems
have been resolved—for example, one-particle basis set de-
ficiencies still show up in the lowest bending frequency of
C,H,2—but on the whole, reproduction of fundamentals to
better than 10 cm' is the norm.

While the technique has become essentially routine for
triatomic molecules, and there have been several successful

Any accurateab initio calculation has two main issues to
contend with: convergence in the one-particle spaee, the
finite basis sgtand truncation of then-particle spacgthe
electron correlation methgdThe development of efficient
and accurate electron correlation methods such as COSD
(i.e., coupled clustértheory with all single and double

: : ; 21 12
substitution&® with a quasiperturbative account for triple apphsczatmns to tetratomicse.g., GH,,™ H,CO, arg
excitationd) has more or less resolved theparticle space H2C ). the largest molecule treated so far has been,EH

convergence issue for molecules that do not exhibit pathohich is a highly symmetric penta-atomic molecule. J8f
logical nondynamical correlation effect§.Advances in al- @IS0 the largest molecule for which reasonably accurate ex-
gorithms, software, and computer technology, on the othePefimental anharmonic force field information is

hand, have made it possible to routinely use one-particle ba@Va”ab|e?3’2?4 .
sis sets obpdfand everspdfgquality. This has finally turned An obvious candidate for the next step would be the

chemical accuracy calculations into reality, rather than a pubethylene molecule, £1,. While it has been the subject of

licity slogan. For example, in a recent systematic stuidyal ~ considerable experimental studiesg., an extensive series

atomization energies could be predicted to within as little a®f papers by Duncan and co-work&s®, the size of the

0.5 kcal/mol mean absolute error, and geometries to withinmolecule(12 vibrational degrees of freedgrprecluded any

as little as 0.001 A using simple empirical corrections. comprehensive experimental analysis, although a generalized
Recently, the authors have been involved in a series diiarmonic force field GHFF has been derivéd?® and the

paper§=22in which anharmonic force fields of small poly- Fermi resonance polyads in various isotopomers have been

atomics were calculated using the CQ$D method with  analyzed using local mode modéfs323+*°As a result, val-
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ues are known for almost all fundamentals of the following
12C isotopomers: ¢H,, C,HiD, H,CCD,, cis-C,H,D,,
trans-C,H,D,, C,HD;, and GD,, as well as for somé*C

Martin et al.: Anharmonic force field of C,H,

ethylene has been provided, although Machida and Tahaka
have presented a GHFF supplemented with a few anhar-
monic force constants. The purpose of the present paper is an

species, and full sets of accurate fundamentals are availab&tempt to remedy this situation.

for C,H,%®~* and for H,CCD,.*>~** From the GHFF, esti-
mated harmonic frequencies are availalesing new and
more experimental data, this analysis was later refiied.
Less information is available on the geometrygeom-
etries have been derived by Allen and Plyfegs well as by
Duncanet al?® An r, geometry was obtained from electron
diffraction data by Kuchits® who also derived an, geom-
etry and a “crude guess” of the actual equilibrium geometry
r. More preciser, geometries were obtained by Dunéan
and by Hirotaet al*’ No accurater, geometry has been
obtained to date(A concise discussion of the relationship
between the various kinds of measured geometries has be
given by Kuchitsuf®) Accurate rotational constants up to

II. COMPUTATIONAL METHODS

All calculations were performed at the CCED* level
of electron correlation. The acronym stands for CCSD
(coupled cluster with all single and double substitut)éris
augmented with a quasiperturbative account for connected
triple excitations’ Extensive applicatiods® have shown this
method to consistently yield results very close to full con-
figuration interaction if nondynamical correlation effects are
not too large, that is, if the7; diagnosti€® is not too high.
[For ethylene,737=0.011 only, which indicates a system
fdlgely dominated by a single reference configuration. This is
further supported by the coupled-cluster amplitdid¢erme-

sextic centrifugal distortion have, however, been publishegjizte normalization for the m>—#*2 excitation, which is
by Cauueet al,* who also analyzed the Coriolis interaction _q 127

polyad involving {v,,v;,v10,v15} In detail. Coriolis interac-
tion is of greater than apparent interest for ethylene, sinc
virtually the only way to studyv,—which is both IR and
Raman inactive—in detail is through its Coriolis interaction
with the other modessee, e.g., Refs. 38 and )39

Among the first correlatedb initio studies of GH, was
the work of Leeet al,*® who performed SCF, TCSCfwo-
configuration SCF; CISD (configuration interaction with all
single and double excitationsand 2RCISD(two-reference
CISD) calculations with double-zeta plus polarizati@ZzP)
and triple-zeta plus two polarizatiofiTZ2P) basis sets.
(While C,H, is not usually thought of as a multireference
system, ther®— 2 excitation is quite important and has a
coefficient of —0.213 in the 2RCISD/DZP calculation at the
computed equilibrium geometjyTCSCF is seen to result in

Two basis sets, all of the correlation consistefamily
Bf Dunning and co-workers, have been considered. These are
denoted cc-p¥Z, i.e., correlation consistent polarized va-
lencen-tuple zeta, wher@=D for double andT for triple
zeta. The cc-pVDZ and cc-pVTZ basis sets correspond to
[3s2pld/2s1p] and [4s3p2d1f/3s2pld] contractions of
(9s4pld/4slp) and (1G5p2d1f/5s2pld) primitive sets
where, as customary, the part after the slash denotes the basis
set for hydrogen. For ethylene, these basis sets involve 48
and 116 basis functions, respectively. The carbos){ike
orbitals were constrained to be doubly occupied in the cal-
culation, and spherical harmonics rather than Cartedjén
functions were employed throughout.

To facilitate comparisons, the symmetry coordinates
were defined exactly as in the work of Leeal*® The ge-

a marked improvement over SCF, while CISD and 2RCISDometry was first optimized to six figures or better using re-
are of comparable quality for this molecule. Perhaps thgeated multivariate parabolic interpolation, where the step
most noteworthy feature is the severe basis set dependensge was reduced progressively as convergence was ap-

of the asymmetric out-of-plane frequenay;, which in-
creases from 816 to 939 crhupon improving the level of
theory from 2RCISD/DZP to 2RCISD/TZ2RThe experi-
mental fundament& is 940 cm'*.)

Clabo et al>® computed the quartic force field at the

proached. A grid was then set up of all the points required to
determine all nonvanishing quadratic, cubic, and quartic
force constants by central finite differences. Cartesian coor-
dinates were determined for all these points, and the
symmetry-unique geometries identified by comparing sorted

SCF/DZP level, and combined the resulting anharmonicitieglistance matrices. Thus a “petite list” of 838 points re-
with CISD/DZP harmonic frequencies. As to be expected ainained, of which 129 havB,,, symmetry, 402 and 279 be-
this level of theory, agreement between computed and exeng to subgroups of order four and two, respectively, and 28
perimental harmonics and fundamentals left something to bhave no symmetry at all. After the energies are obtained for

desired. From experimental rotational const&h&d com-
puted rovibrational coupling constarifsan estimated , ge-
ometry was derived that is “broadly consistent” with
Kuchitsu's#®

Handy and co-workers obtained harmonic frequencies
at the MP2 (second order Miter—Plesset perturbation
theory?) leveP® with large basis set&ip tospdf quality) as
well as using Becke—Lee—Yang—P4rr(BLYP) density
functional theory. Among lower-level calculations, we men-
tion the MP2/6-31& study by Popleet al>® as well as an
MP2/6-31G scaled quantum mechanicaQM)®>® force field
study®’

each point, they are mapped onto the “grande list” by revers-
ing the algorithm, and the force field in symmetry-adapted
internal coordinates is obtained.

The individual energy calculations involved in mapping
the potential energy surface were run on two IBM RS/6000
model 365 workstations at Limburgs Universitair Centrum
(LUC) using the closed-shell coupled cluster program from
TITAN®? interfaced tomoLcas 2.5% Together, these calcula-
tions took several months to run. Even so, a few points with
point group C; (no symmetry in the cc-pVTZ basis set
could not be completed due to disk space limitatiGordy 2
GB of scratch space was available on each mag¢hifteese

To date, no really accurate anharmonic force field ofwere completed on the Cray C90 at San Diego Supercom-
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TABLE |. Harmonic frequenciescm™) for C,H,.
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ccsoTy/ ccsOT)/ BLYP/ CISD/ 2RCISD/  2RCISD/

cc-pvDZz cc-pVTZ Expt. Expt. MP2/TZ2Pf TZ2Pf DzZP DzP TZ2P

This work This work Ref. 27 Ref. 29 Ref. 53 Ref. 50 Ref. 50 Ref. 49 Ref. 49
% Ay symm. CH stretch 3163 3157 3153 3156.2 3204 3065 3252 3246 3231
[o% A4 CC stretch 1671 1672 1655 1656.4 1691 1635 1737 1699 1709
w3 Ay symm. HCH bend 1358 1369 1370 1372.3 1390 1348 1410 1387 1398
Wy A, H,C—CH, twist 1030 1047 1044 1044.6 1078 1036 1070 1041 1061
ws B4 trans CH stretch 3233 3219 3232 3206.9 3280 3121 3321 3318 3300
wg B4 anti. HCH wag 1229 1242 1245 1248.5 1251 1217 1273 1267 1277
Wy B,, symm. out of plane 949 967 969 968.3 984 950 983 940 974
wg B4 anti. out of plane 909 942 959 960.3 946 948 885 816 939
Wy B,, cis CH stretch 3259 3246 3234 3239.1 3304 3146 3349 3346 3321
Wy B,, symm. HCH wag 820 823 843 844.1 832 818 842 837 853
w11 B, anti. CH stretch 3144 3139 3147 3129.8 3189 3054 3226 3222 3212
w1y B, anti. HCH bend 1461 1479 1473 1471.8 1487 1445 1518 1514 1524

puter Cente(SDSQ using a program system composed of together with previously computed values and the experi-

the two-electron integral prograsewars® from MOLCAS 2,
transformation
MOLECULE-SWEDEN®® and the aforementioned coupled clus-

the SCF and

ter program.

straight second order rovibrational perturbation th&%yas

integral

portions

mentally derived(GHFF) harmonic frequencies of Duncan
of et al 272
Three of the CCSDN)/cc-pVTZ harmonic frequencies,

_ _ _ _ ~ namely, w,, wg, and w;, have errors with respect to
Finally, the spectroscopic analysis was carried out usingxperimerft’ that are definitely out of the ordinaryt17,

—17, and—20 cmi %, respectively. Two othersps and wy,

implemented in thesPECTRO program®® Fermi resonances differ from the harmonic values by more than 10 ¢mThe
are treated in the customary way by deleting the resonancgame is true with respect to the newer experimentally derived
interaction from the contact transformation and treating ityaues by Duncan and Hamiltdf.

separately by diagonalizing the corresponding eigenvalue

If we, however, compare the fundament@lable 1), we

problem. Because of the number of degrees of freedom in thgee that most of the disagreement disappears. Here, errors for

system (12 vibrational and 3 rotationgl a variational
is definitely preferable under
circumstances—is simply not an option at present.

treatment—which

Ill. RESULTS AND DISCUSSION

Computed harmonic frequencies at the CQBixc-

such

all twelve modes are below 10 ¢rh with the exception of
vg (—10.5 cm'Y), for which the large basis set effect was
observed in the past. It should be noted that a nonsensical

value is obtained for;; unless the well knowke.g., Ref. 27
very strong Fermi type 2 resonance with+ v,, is taken
into account. A milder, but still important, type 1 resonance

2v,9~v, iS seen; accounting for it changes from 1633.7

pVDZ and CCSIT)/cc-pVTZ levels are given in Table I, cm™, or 8.3 cmi ! too high, to 1621.3 cm, or 4.1 cm * too

TABLE Il. Computed and experimental fundamentals foHg.

ccsoT)/ ccso)/ CISD/ 2RCISD/ 2RCISD/

cc-pvDZ cc-pVvVTZ Expt. DzP? DzP? TZ2P

This work This work Ref. 26 Ref. 50 Ref. 49 Ref. 49
” 3015.7 3016.0 3022.63 3129 3123 3108
v 1615.% 1621.8 1625.47 1703 1666 1676
v 1328.9 1340.8 1343.8% 1388 1365 1376
vy 1004.0 1026.2 1025.8% 1049 1020 1040
Vs 3084.0 3076.3 3083.36 3197 3193 3175
Ve 1205.4 1223.2 1278 1253 1247 1257
vy 930.8 948.9 948.77 968 925 959
Vg 892.8 929.4 939.88 868 799 922
Vg 3106.9 3100.0 3104.89 3218 3215 3190
Vio 813.6 821.7 825.93 841 837 853
o 2973.6 2979.F 2088.64* 3085 3081 3071
v1n 1420.8 1439.7 1442.4% 1486 1482 1492

8Using SCF/DZP anharmonic corrections.
PUncorrected: 1630.4 and 1633.7 thDeperturbed: 1624.850 and 1626.935 ¢k, 10,15~ 26.382 and 26.526

cm L,

“Deperturbed: 2999.826 and 3000.712 ¢k, 43 1~ 125.415 and 125.752 ¢
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low. While the agreement with experiment foy is not sig-  TABLE Ill. Computed anharmonic corrections fopld, (cm™).
nificantly enough affected to warrant inclusion,gchanges

from 1645.8 to 1658.2 cit, in rather more pleasing agree- CCS\E/X;’;/ CCS\D/(TT;’ RE>;9t2'7 ECZ:';/
ment with the experimental valtfeof 1662.2 cm™. Inclu- Tcﬁifwork Tcﬁifwork e Ref. 50
sion of a weak perturbation of; by v,+ vg shifts vs up by
1.5 cmi'}, but somewhat worsens agreement fgf due to  “ 1;‘;-2% 15214'114? ;227 315?52
the effect on depertgrbed bands qulvmg No evidence is Z 29.14 28.95 28 291
seen for a perturbation; + v,~ v, , which was suggested by ,, 26.49 20.81 21 20.6
Duncan and Hamilta?! but not considered in later work. Vs 149.38 142.99 146 124.3
It is not surprising, given the prominence of resonancess 23.31 18.81 23 20.1
in this molecule, that a fairly simplistic GHFF analysis re- *7 1?';“1‘ 1;'22 ig 1‘7"2
sults in serious errors in the harmonic frequencies. With dué;z 152.45 146.19 129 130.9
caution, we would suggest that our computed CCBI2c- 1o 6.17 1.23 17 0.6
pVTZ harmonic frequencies are more reliable than the exwy; 170.6% 160.08 158 141.1
perimentally derived ones. V12 39.77 39.35 29 323

The four harmonic frequencies derived by DuncanaDeperturbed: 16.08 and 44.82 chn
et al® for the CH stretching manifold from a local mode tpeperturbed: 144.41 and 138.43 ¢
model—w;=3131.8, ®w5=3200.9, wy=3221.0, and
w1;=3108.2 cm “—are all systematically too low, as is to be

expected since no anharmonic contributions from any of thgye|l: We see this indeed in Table IlI. Individual differences
other modes have been considered. are larger than have been seen in previous werk., on
Returning to the harmonic frequenci¢gable ), the  c,) ™ put the main qualitative features are all correct.
CCSOT)/cc-pVDZ values are surprisingly close to the agreement between CC$D)/cc-pVTZ and the experimen-
CCSOT)/cc-pVTZ ones, with the notable exception @f,  tally derived(GHFP values is fairly poor, as was to be ex-
which is computed 33 cnt lower. This is the mode for pected given the evident problems with the GHFF harmonic
which Leeet al*® observed a much larger basis set effect offrequencies. The only other set of anharmonic corrections
no less than 123 ciit upon going from 2RCISD/DZP to available is the SCF/DZP calculation by Clabbal* Dif-
2RCISD/TZ2P.(The high basis set sensitivity of this mode ferences here are large, and sometimes qualitative rather than
was also discussed in detail by Jordan and co-worRers. quantitative. In that work all Fermi type 1 and type 2 in-
Perhaps the most crucial difference between the Huzinagateractions for which the gap between ttrermonig zero-
Dunning DZP séf and the cc-pVDZ basis set is that the order states is less than 50 chwere taken into account;
carbond-function exponent in the former has a value that isinspection of the SCF/DZP harmonic frequencies reveals a
larger than the value optimized for the atomic correlationfalse Fermi resonances+w,~w;, as well as an exaggerat-
energy. Since there are tvdbfunctions in the TZ2P basis set, edly large ,5~w0, one, while the importantactual
nonoptimal values for the individual exponents have less seg,+ w,,~w;; interaction is not seen at all. This illustrates a
vere consequences. This again confirms the suggestion @fain pitfall of using SCF/DZP anharmonic corrections for
Martin and Leé' that the cc-pVDZ basis set should supplantjarge molecules together with more sophisticated harmonic
the Huzinaga—Dunning DZP set in correlated calculations. frequencies: The more modes the molecule has, the more
With a basis set comparable to the cc-pVTZ one in sizeimportant resonance interactions will become, and the
Handy* still overestimates stretching frequencies by asgreater the chance that a low-level treatment will produce
much as 50 cm' at the MP2 level, although the errors for qualitatively incorrect anharmonicities due to different un-
bending frequencies appear to be smaller, and the out-otierlying resonance structures.
plane modes are in fairly good agreement with experiment This becomes even clearer when we inspect the indi-
and our own coupled-cluster calculations. This suggests thatidual anharmonicity constantX;; (Table IV). X, ; and
higher-order electron correlation is chiefly important for theX, ,, are just two examples of constants that differ qualita-
stretching vibrations, as is to be expected. tively between the CCS@O)/cc-pVTZ and SCF/DZP force
The main problem with the density functional results of fields.
Handyet al>! is that CH stretching frequencies are severely ~We may now compare the Fermi resonance constants
underestimated. A significant underestimate is also seen favith the available experimental values. Our calculated
the CC stretch, while most of the other frequencies are irk; ;015=26.25 cm?tis in excellent agreement with the ob-
reasonable agreement with experiment and our calculationserved on& of 27.0 cm X, For K.11.12 two very different
Finally, the most noteworthy difference between CISD/experimental values are available: 113.4 ¢nuetermined
DZP and 2RCISD/DZP results is perhaps the very significanfrom analysis of the inertial defect and isotopic shft§!
drop in wg. Other significantly affected modes includg,  and 44.85 cr® determined from local mode analysfsOur
w3, 0, and w;. computedk, 14 ;57~125.73 cm? definitely favors the former
As for the fundamentals, here again good agreement igalue. The local mode analysis does assume
seen between CCSD)/cc-pvVDZ and CCSDT)/cc-pVTZ K 11 157~Kz 11,12 Which our calculatedks 1, 1,=91.74 cm?
values. This would appear to suggest that the anharmonidearly refutes, but this can still not explain all of the dis-
corrections for both levels of theory are in good agreement asrepancy between the theoretical and local-mode values. Ad-
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TABLE IV. Computed and observed anharmonicity constanta ) of ethylene.(*) Constant affected by
Fermi resonance. For the experimental val(Resf. 33, only the asterisks that appear in the original table have
been reproduced.

CH, H,CCD,
ccsOT)/ ccsoT)/ SCF/ Experiment Experiment
cc-pvDZ cc-pvTZ DzP DR ccsoy/ DR
This work This work Ref. 50 Ref. 33 cc-pvTZ Ref. 33

X11 —14.328 —13.740 —12.46 -14.58 —27.479 —29.¢%
X12 —21.737 —21.603 —15.52% -15.6 -5.35% -16.6
X13 —6.099 —-5.579 -6.12 -11.P —0.868 -1.7
X14 —6.868 —-6.539 -5.83 —6.733 -7.4
X1s —-60.714 —58.272 —53.11 -57.¢ 0.138 -2.1
X16 —6.880 —6.769 -5.91 -5.0 —7.165 -7.7
X17 —4.650 —4.753 —-3.80 -9.0 —1.027

X1g —5.947 —6.464 —4.76 -7.9 —9.154 -6.0
X1e —58.607 —56.039 —51.32 -57.¢ —114.089 —-1162
X110 —3.526 —-3.351 —2.64 -5.9 —2.124 ~0
X111 —57.416 —55.043 —50.09 -57.¢ —0.084 -2.2
X112 —5.298 —-2.937 +2.56 —11.P —5.948 -14.0°
Xz —-1.329 -1.119 —-1.86 -23 —4.084& -1.0
Xz3 —9.638 -9.782 —6.06° -7.3 —1.925 -7.2
Xo4 —4.083 —3.885 —2.86 —6.5 —2.911 -5.9
Xz 2.322 3.129 7.24 1.304

Xz —14.284 —15.382 —-17.98 —11.645 -12.0
X7 —8.006 —-7.577 -3.01 -3.2 —2.192

Xo8 —9.226 —7.694 —4.59 —4.7 —-10.136

Xz —2.263 —-2.123 -0.73 -0.2 —2.476 -0.2
X210 —-8.25TF —7.790¢ -7.71 -8.0¢ -7.512 -6.7
Xo11 —9.144 —9.415 —25.82 -17.3 —4.917 -5.6
X212 —2.535 —3.035 17.55 —14.859 -11.7
X33 -1.178 -1.162 -0.68 -0.9 —2.475 -3.3
Xs4 —3.818 —3.838 —2.78 -0.371

Xss —7.548 -7.233 —-6.42 —11. —11.554 -11.2
Xs6 —2.438 —2.348 -2.10 —-0.812

Xa7 -2.528 —2.541 —-1.74 -0.8 —2.365

X3z —2.922 —-3.919 -2.31 0.044

X3 —7.533 -7.114 -6.51 —11.P —-0.913

Xa10 —0.004 2.048 2.43 —4.0 —0.469 +3.2
X311 —5.626 —5.196 —3.60 -11.P —8.404 —-6.6
Xa12 —5.421 -6.358 -6.21 -7.9 +0.854 +0.5
Xaa —-1.918 —1.395 -1.36 —2.4 —0.894

Xas -5.560 —5.054 —4.50 -2.978 -1.7
Xas -0.176 1.210 0.36 +4.1 1.237 +2.0
X4z —8.473 —8.059 -7.10 -89 —2.715

Xag —6.023 —-1.933 —-5.26 -7.2 —4.829 -2.1
Xao —5.960 —5.559 —5.04 -95 —5.334 -3.3
Xa10 1.132 1.740 1.34 +2.4 1.236 +2.1
Xa11 —6.939 —6.352 —5.94 -5.0 —4.001

X412 1.464 2.234 1.82 -1.821 -2.8
Xs.5 —16.484 —15.841 —14.39 -14.58 —-18.918 -15.8
Xs6 —-1.923 —-1.074 3.41 +4.7 —4.257 -3.8
Xs7 —7.725 —7.809 —-6.41 -10 —9.800

Xsg —-9.119 -9.191 -7.62 -10 —-0.873

Xs.o —66.610 —64.303 —58.35 -57.¢ 0.215 -0.1
X510 —5.354 —5.092 —4.06 0.677

X511 —58.778 —56.041 —51.46 -57.¢ —57.804 -61.8
Xs.12 —11.823 —11.664 —10.08 —11.1° —-0.853 +0.6
Xes6 —0.578 0.046 —0.46 +0.2 —0.304 -0.3
Xe7 1.300 1.868 1.48 -3 1.864 +0.7
Xes 4.605 7.294 4.21 5.032 +3.8
Xeso —6.810 —6.299 —4.70 +3.1 —5.805 -5.4
X610 —6.446 —-5.875 —6.04 -0.2 —1.748 -3.0
Xe11 —5.615 -5.319 —4.46 —4.0 —3.501 -3.1
Xe.12 —5.634 -5.101 —6.67 —-6.4 —3.280 -2.2
X717 0.872 0.977 0.65 +1.2 —0.969 -0.9
X786 1.555 0.471 -3.33 +0.2 3.794 +5.0
X7 —-8.177 —8.299 —-7.58 -6.7 —0.943
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TABLE IV. (Continued)

C,H, H,CCD,
ccsoT)/ ccsoTy/ SCF/ Experiment Experiment
cc-pvDZ cc-pvVTZ DzP DR ccsomy/ DR
This work This work Ref. 50 Ref. 33 cc-pVvVTZ Ref. 33

X710 5.951 6.224 5.92 +6.3 2.763 +2.8
X711 —4.446 —4.496 -3.17 —4.065 —-6.4
X712 —5.173 —4.716 —2.53 -3.6 -1.275
Xg g 3.224 3.147 0.56 +0.6 1.272 +1.4
Xgo —8.780 —8.657 —7.64 —15.948 -125
Xsg 10 0.457 1.224 -0.34 +0.9 2.059
Xg 11 —4.905 —4.948 -3.15 -8.0 -1.334
Xg 12 —4.218 -3.627 -1.62 -3.6 —5.415
Xg9 —16.449 —15.860 —-14.31 -14.8 -32.021 -29.0
X910 —-3.392 —2.867 —-1.69 -2.8 —2.538 —-3.6
X911 —60.144 —57.368 —-52.58 —57.¢ -0.018
X912 —10.829 —10.309 —8.50 -11.1° —14.796 —-14.0
X10,10 3.540 4.597 4.48 +2.7 2.216 +1.8
X101 -3.771 -3.704 —2.83 —2.493
X1012 —3.285 —3.401 -3.53 -3.7 -1.074 -5.3
X111 —14.316 —13.626 —12.38 -14.8 —14.103 —-15.8
X11.12 —14.778 —14.467 —29.66 —-11.7P —4.394 —-3.4
X1212 —3.005 -3.832 —4.42 -3.8 —2.618 —-4.1

&Constrained values determined from local mode analysis of the CH stretching manifold.
PAverage value for anharmonicity constants coupling,@Hetching to CH scissoring normal modes.
“Average value of both constants.

ditionally, the fact that our computed band origins of 2977.5though they applied a number of constraints for the ones
(v11) and 3085.82v,,) err on opposite sides of the experi- involved in the CH stretch local mode polyads. In general,
mental values of 2988.6 and 3078.5 chappears to suggest the larger anharmonicity constants agree quite well with our
that our Fermi resonance constant is somewhat too large. calculations, as do many of the smaller ones. Two groups of
However, as pointed out in Ref. 29, there should be &gnstants are constrained in the DR data: The ones involving
nontrivial interaction between,+wv;, and 210+ v1, @S the stretching manifold are set equal to local mode approxi-

well, which these authors were unable to account forpaiion values, and the anharmonicity constants that couple

We  here  calculate . the ~ deperturbed  frequenCycpy gyretching to CH scissoring have been set equal to an
(2v49t+v412)*=3085.4 cm*, which is indeed very close to

average value. While the former approximation appears to
the deperturbedul,+v,,)*=3062.6 cm'. We thence have g PP PR

: . ; hold quite well, this is not true for the latter: Some of our
to deal with a resonance triad of the following form: o : L
computed ones are significantly higher and others signifi-

(v1)* kz‘ll’lwg K10.1011172 cantly lower. Furthermore, one of the constatXs, ;) is
involved in the severe,+ w,,~w; resonance: in that light,
Ka11,12/\8  (vatvig)* K2,10,10/2 involving it in an equality constraint with several others does
K101011.172 Kz10102 (2v10t+vin)* not seem to be a good idea.
DR also give a partial set of anharmonic constants for
3000.71  44.45 ~0 1,1-dideuteroethylene. By and large, the same conclusions
=| 44.45 3062.55 13.26]. (1) hold here(Table IV).

~0 13.26 3085.4 Table V lists computed and observed fundamentals for

Here, the usual conventidisee, e.g., Ref. Jzhas been fol- ':_TeCCfoIIow!ngC :egterated Cfo|_r|mDs of Heéhylenz: ZH%D’
lowed, in which a lower-cask denotes a force constant in __2 Dy, Cis-CoHDy, transCyHyD,, CHD5, and GD,.

the original potential and an upper-caéalenotes a constant 1€ bulk of the experlmenzt;al data has been taken from the
after the contact transformation has been applied. Equatioh®/3 work of Duncaret al,”" but whenever possible, more
(1) has eigenvalues of 2977.1, 3074.1, and 3097.5'¢ithe recent data have been includéslg., from the work of the
former two of which are both somewhat lower than the ex-Puncan group on local mode models of the stretching
perimental ones. This interaction was not accounted for ifhanifolds®-*>*}, especially for HCCD,, the fundamentals
the local mode analysis, and probably explains at least &f which have been studied in some defil** (A compila-
substantial part of the discrepancy between computed ariépn of available accurate data fopkg, and HLCCD, is given
local modek; 15 1» by DR) Some of the data for ££D; come from Ref. 27,
Duncan and Robertséh(DR) determined a partial set of most of it from the 1988 and 1993 work of the Duncan group
anharmonicity constants from the experimental levels, alon local mode stretching polyads. Unless specifically indi-
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TABLE V. Computed and experimental fundamentés ™) for various isotopomers of ;.

C,H3D H,CCD, cis-C,H,D, trans-C,H,D, C,HD; c,D,
Experiment(Ref. 27 unless indicated otherwjse
121 3028.2" 3017.12 2299 2284 2281% 2261.6
123 1605.8" 1586.08 1571 1571 15480 1518
Vg 1288.0" 1029.86 1218 1286 1045 984%
vy 1000 888.71 988 764 729.95845)
Vg 3061.6" 2335.02 3054 3045 222072 2315.4
Vg 1129 1142.27 1044 1004 999 ~1011,~1000
V7 808 750.57 842 725.2 725 719.7708)"
vg 943 943.41 763 864 919 780
Vg 3096.1" 3094.12 3059 3065 30481 2341.9
120 730 684.64 662 673 ~610 593.344M)"
Vg 2274.00 2230.54 2254 2273 2333% 2201.0
Vo 1400.07 1383.93 1342 1299 1290 1076.9868"
Calculated
121 3031.4 3014.8 2294.2 2283.0 2277.4 2260.3
vy 1602.1 1582.3 1567.9 1568.5 15445 1513.8
V3 1286.0 1029.1 1215.8 1283.0 1041.8 984.1
vy 999.6 890.4 975.0 988.0 757.4 729.2
Vg 3050.6 2328.0 3050% 3040.3 2217.5 2308.2
vg 1121.6 1137.5 1035.7 1000.0 996.0 999.6
vy 803.0 746.7 842.4 724.7 724.0 720.0
Vg 937.5 937.3 754.2 853.0 915.1 768.8
Vg 3089.9 3087.6 3053%9 3059.3 30415 2337.1
V1o 728.2 680.9 659.5 669.4 625.6 590.0
v 2267.% 2227.9 22554 2270.4 2327.0 2197.3
V1o 1397.9 1379.8 1338.1 1296.0 1285.6 1075.8

aResonances with,+ v, at 2992.2k, ,,7~96.61; deperturbed 3001.6; uncorrected 3018.5%cm

PResonances with,+ v, at 2327.0; K2.101=51.03; deperturbed 2273.0; uncorrected 2257. 6%m

°Resonances withi at 3157.0(ky » ;= 72.29 and v,+ vy, at 2955.3(k; 5 1,~85.97); deperturbed 3008.5; uncorrected 3003.5 &m
YResonances with,+ v, at 2904.3; Kz517~137.05; deperturbed 3034.6; uncorrected 3047. 3%cm

®Resonances withi2 at 3125.3k, , ~49.87; deperturbed 3062.6; uncorrected 2922.6%cm

'Resonances witlr; + v at 2251.0; Ksp1:=12.11; deperturbed 2251.1; uncorrected 2251. 6%m

9Resonances withiz, at 1345.0ks 19,1=22.29; deperturbed 1285.1; uncorrected 1281.3%cm

"Resonances withi at 3126.9; K225=51.81; deperturbed 3048.1; uncorrected 3012. 0%tm

iResonances withrg+ vy, at 2296. U(Kg 11,17~ —44.70 and v,+ vy at 2335.4(K, 10,1~ 79.43; deperturbed 2257.7; uncorrected 2165.0°¢m
IResonances withy;+ vy, at 2327.8(k, 51~18.53 and v+ vy, at 2282.2(k, ¢,,~9.45; deperturbed 2280.3; uncorrected 2276.7 &m
kResonances with:2 at 3076.9; Kz,2,=42.30; deperturbed 3053.4; uncorrected 3064.9%cm

'Resonances with:g at 1540.6; K2 4.,=13.89; deperturbed 1515.6; uncorrected 1510. 6%m

"Reference 34.

"Reference 44.

°Reference 43.

PReference 42.

9Reference 32.

'Reference 73.

*Reference 29.

cated otherwise, accuracy is 1 cifor the older and 0.1 of the difference between explicitly including a Fermi reso-
cm ! for the more recent data. nance and absorbing it into the anharmonicity constants. This
While running spectroscopic analyses for the variousformula has been applied extensively here, and almost in-
isotopomers we encountered a significant methodologicaltariably appears to identify the correct resonances.
problem. It is far from cleaa priori which Fermi resonances Two Fermi type 2 resonances are found to be present in
are to be included in the analysis. The usual empiricaC,HsD: v,+vi,~v,; and v,+v,p~vs,. Neglecting the
criterion—as programmed intsPECTRG—is based on iden- former yields av, that is almost 10 cm' too low, while
tifying index combinations for which & —w; or including it puts it 3.2 crm? higher than experiment, or in
o+ w;—wy fall below a certain threshold. In the present essentially as close agreement as we can reasonably expect.
case, however, this technique failed to identify several resoAgain, we find disagreement between computed
nances which are manifestly present experimentally andk;,;~96.61 cm’ 1y and observetf (48.8+7.2 cm 1) Fermi
when included, turn out to result in substantial perturbationgesonance constants. Here, however, a similar equality ap-
of the bands involved, while the method also detects severgroximationk, , ;,=k; 3 1, was made, WhICh is definitely
resonances that then turn out to result in insignificant perturrefuted by our computed, 5 ;,=45.06 cm*. Duncanet al.
bations because thi;; or K, connecting the states are do suggest the existence of the other resonance, but do not
very small. This issue is discussed in detail in Appendix A,include it in the local mode analysis. Our calculations find
where a formula is derived that gives a fairly good estimatehat neglecting it brings the computeg, down by almost 10
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TABLE VI. Computed and observed geometd, deg, rotational constant&cm™2), and centrifugal distortion constarfism ).

ccsoT)/ ccsoT)/

cc-pvDZ cc-pVvVTZ Best estimate

This work This work This worlé Experiment
ro(CO 1.351 62 1.337 13 1.33143 1.330, [1.336F, 1.3342)¢
ro(CH) 1.098 41 1.08318 1.081 38 1.088, [1.076F, 1.08%2)¢
a, 121.492 121.453 121.453 $220.95°, 121.3717)¢
r4(CO 1.359 60 1.344 87 1.33919 1.3380)°
r4(CH) 1.118 89 1.103 69 1.101 89 1.1G20)°
ay 121.160 121.112 121.112 1206F°
r,(CC 1.358 84 1.344 11 1.33843 1.33%, 1.338410)Y, 1.339113)f
r,(CH) 1.105 87 1.090 69 1.088 91 1.08%, 1.087G20)¢, 1.086413)"
a, 121.484 121.436 121.436 12047, 121.3213), 121.2810)
Ao 4.776 77 4.897 55 4.913 87
B 0.976 90 0.999 63 1.007 33
Ce 0.810 74 0.83018 0.835 96
Ao 4.717 35 4.845 87 4.861 96 4.865(26)9, 4.864 606 417)"
By 0.969 16 0.992 03 0.999 61 1.001 3299, 1.001 054 &)"
Co 0.801 94 0.821 28 0.826 95 0.828 4829, 0.828 042 44)"
A reduction
K —0.916 00 —1.086 94 —~1.087 74
o 46.619 11 47.007 39 46.591 86
10PA, 1.3418 1.4299 1.4615 1.465 (BB)"
10°A 75.9316 81.476 4 81.4235 86.39@30"
10°PA ¢ 9.5381 10.2105 10.429 6 10.23(19)"
10°6, 0.254 1 0.2687 0.2750 0.283@E5)"
1005 8.984 8 9.5260 9.687 2 10.034103"
10°R, —2.7179 -2.8808 —2.9349
10°R —-0.0190 —-0.0200 —-0.0205
10°, 0.001 984 0.002 225 0.002 326 —0.001 668327)"
10D, 5.052 604 5.587 881 5.587 630 6.289)"
10°D,, 0.160 753 0.174 916 0.180 370 0.25245"
10°y —0.398 414 —0.399 506 —0.404 237 —0.74385)"
10°¢, 0.000 950 0.001 048 0.001 090 0.002 eBB)"
10 0.092 753 0.101 169 0.104 395 —0.077 7160"
10°¢y 2.969 347 3.277 841 3.338 520 5.4093"
S Reduction
10°D, 1.254 4 1.3286 1.3576 1.4470)9
10°D ;¢ 10.116 2 10.818 4 11.053 3 14(68)°
10°Dy 75.449 7 80.969 8 80.903 7 9UIB)?
10°d, -0.2541 —0.2687 —0.2750
10%d, —0.048 2 —-0.050 7 —-0.0520
10°D; (Wilson) 0.8337 0.8925 0.911 4
10°D 4 (Wilson) 0.711 7 0.754 3 0.772 4
10°D (Wilson) 0.3045 0.3203 0.3277
K 0.916 000 0.916 680 0.915 952
10°H, 0.000 630 0.000 758 0.000 802
10°H 5 0.053 407 0.057 381 0.059 497
10°H 5 —0.020 287 0.014 274 0.021 535
10°H 4.783 177 5.293 102 5.284 256
10°h, 0.000 795 0.000 879 0.000 916
10°h, 0.000 677 0.000 733 0.000 762
10°h, 0.000 155 0.000 168 0.000 174

&*) CCSDT)/cc-pVTZ force field with empirically correcte(Ref. 7) geometry(see the tejt
PReference 46.
‘Reference 50.
YReference 28.
®Reference 75.
Reference 47.
9Reference 26.
"Reference 38.

cm™, leaving an error of more than 16 ¢ty including the All calculated fundamentals for J&€CD, fall within 10
resonance, however, we nicely meet our goal of 10tm cm™?! of experiment., is significantly perturbed, both theo-
accuracy. We achieve this level of agreement for all otheretically (the computed uncorrecteg| falls 13.6 cm* too
bands except fors, where the error is-11.0 cm . low) and experimentally; however, while experintéritnds
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it to be part of a triad involvingss+ vy and v,+ v, as the  errors above 10 cit are seen fowg, for which the calcu-
other components, theoretically—as in the local moddated value is 11.2 cit too low, and forvs, where only two
analysis’—we find it as part of a triad withi2 and v, + v;,. approximate experimental values are available: the older
Including just the Fermi resonance constants in the matrione’ being about 11 cm® higher than our calculations, the
yields calculated energy levels 2940.4, 3014.8, and 3165.tewer oné being in essentially perfect agreement.
cm ! for v,+vy,, vy, and 2, respectively, compared to On the whole, we can say that the fundamentals of sev-
observed levef of 2952.3, 3017.1, and 3168.8 ¢h eral isotopomers of £, can be reproduced to better than 10
Again, the agreement between computékh,,=72.29, cm !if the necessary precautions are taken for the treatment
Ky 217~85.97 cmY) and local mode35.4 and 40.5 cimt, of Fermi resonances. This appears to validate our computed
respectively Fermi resonance constants seems disappointorce field by any standard.
ing. Given the agreement between computed and observed As a final note on the anharmonicities: the computed
fundamentals, however, this is probably no great cause feanharmonic zero-point energy ofl€, amounts to 10977.4
concern(Much larger deviations would be seen if these con-cm ! at the CCSDT)/cc-pVTZ level, or 31.38 kcal/mol, to
stants were really off by a factor of)2. which we assign an uncertainfiyased on the accuracy of our

In cis-C,H,D,, we again find agreement to better than 10computed fundamentaglf about 0.1-0.2 kcal/mol. This
cm™, except for the missing,. vy is involved in a particu- value should be useful in thermochemical studies.
larly severe Fermi resonance with»,2 which renders the Computed geometries, rotational constants, and centrifu-
uncorrected value essentially nonsensi€ghe perturbedsy  gal distortion constants are found in Table VI. It is clear from
of 3053.9 cm! is in as good an agreement with the experi-the computed rovibrational constan@vailable as supple-
mental valué’ of 3059 cm ! as can reasonably be expecjed. mentary materidf to the paperthat they are fairly reproduc-
vg IS somewhat perturbed by,+v,,, the corrected fre- ible between levels of theory; any differences are primarily
quency being 3.3 cit higher (and closer to experiment due to the different geometries. This would appear to suggest
than the uncorrected one. Another weak resonance is sedmat the effect of zero-point vibration on the geometry would
between v3+vg~vy;; the coupling constant here is very be fairly well reproduced, certainly at levels of theory like
small but the unperturbed states are essentially degenerateaCCSD(T)/cc-pVTZ. At this level we find the following

For trans-C,H,D,, we again stay within 10 ciit of ex-  geometryr c=1.3371 A;r,=1.0832 A; 6, =121.45 de-
periment except for theg out-of-plane modd11 cm ' too  grees. Martifi found that, for a number of reference mol-
low). This time, s is involved in severe resonance with,2  ecules, single and double bond distances are systematically
At least as important—since the uncorrected frequency i®verestimated at the CC$D/cc-pVTZ level by average
clearly nonsensical—is theg+v;,~v,; resonance, which amounts of 0.0018 and 0.0057 A, respectively. This would
additionally forms a triad withv,+ v,,. (Omitting this third ~ suggest an empirically corrected geometry ofr .=1.3314
partner increases the difference with experiment freé6  A; r,=1.0814 A; 6.c,=121.45 degrees, which we would
to —9.5 cm 1) Neglecting the higher-order interaction con- expect to have an error on the order of 0.001 A. This stands
stantK, ¢ 1012 We obtain 2215.3, 2270.4, and 2303.4¢m in sharp contrast with the experimentally derived geometry
as energy levels for the triad. Finally, a weak resonance exsf Claboet al,*® who deduced -.=1.336 A;r,=1.076 A;
ists between 2, and v that results in a shift upwardsom-  6.c4;=120.95 degrees from the experimentglgeometry?®
pared to the uncorrected banaf 1.7 cm 2. although it is in marginal agreement with the estimated

In C,HD;, we find a resonance triad involving;, r. bond distances of Kuchitﬁ:re,CC=1.33%O.005 A;
v3+vy,, and vg+vy,, as well as a very strong Fermi type 1 re cy=1.076=0.005 A, aswell as in good agreement,
resonance ~vq. The Fermi resonance constant for the lat-except for the shorter CC bond distance, with Duncan’s
ter is found in local mode studi&sto be 3612 cmi %; our  estimated r, structuré® of rgcc=1.334+0.002 A,
computed value of 42.30 cm is at the upper corner of the lrecnh=1.081+0.002 A, and Oe.cch=121.32-0.17 de-
experimental range. Our computed,23091.0 cm! com-  grees. Not only is the kind of error with respect to the Clabo
pares very well with the experimental one of 3095.2°¢m et al. extrapolated geometry totally out of character with re-
Since both errors go in the same direction, there is evergults for other moleculeSthe difference between their cor-
reason to believe that our Fermi resonance constant is soungctedr - and its uncorrected CC3D)/cc-pVTZ counter-
The eigenvalues of the Fermi resonance triad are 2277.part goes against the trend of CCQIp to overestimate,
2284.4, and 2328.8 cnl, in the ordery;, vg+vy,, v3+1,.  rather than underestimate, bond distances.
Only because two of the three unperturbed states are so close For small changes in the geometry, we can roughly as-
together is any perturbation seen at all: It could as well havesume that the force field will remain unchanged. If we now
been neglected. For the fundamentals ¢fiD;, 10 cm *or  substitute our empirically corrected geometry into the spec-
better agreement is thus again reached across the board, ésescopic analysis for the CC$D)/cc-pVTZ force field, we
cept forwv,o for which only a very approximate experimental find the following ground-state rotational constants:

value is available. A,=4.861 96;B,=0.999 61;C,=0.826 95 cm?, which are
Finally, for C,D, some very accurate experimental fre- in excellent agreement with the observed rotational
quencies are available from the work of Moseal.”® Only  constant$”’ A,=4.865 9618); B,=1.001 32961);

one Fermi resonancev2<w,, is seen in the calculations, C,=0.828 42462) cm . Error propagation reveals that

and accounting for it yields a computes=1513.8 cm, in  changes on the order of 0.001 Aiig, and 0.05 degrees in
very good agreement with the observed 1518 trithe only  6.cn are sufficient to produce deviations substantially larger
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TABLE VII. Computed and experimentally derived quadratic force constants in symmetry coordinates. Units are consistent with aJ for energy, A for distances,
and radian for angles.

ccsoT)/ ccsoT)/ 2RCISD/ SCF/ Duncan Duncan & Kuchitsu

cc-pvVDZ cc-pvVTZ TZ2P 73/3+1 et al. Hamilton et al.

This work This work Ref. 49 Ref. 76 Ref. 27 Ref. 29 Ref. 76
Fi1 5.640 80 5.626 03 5.8974 5.950 5.623 5.63024) 5.169
Faoi1 0.123 75 0.156 66 0.1862 0.192 0.366 0.16038) 0.427
Fo2 9.410 26 9.393 20 9.5696 9.939 9.339 9.41838) 9.519
Fa1 —0.139 65 —0.135 27 —-0.1367 -0.116 +0.09042) —0.12531) +0.087
Faz 0.501 68 0.520 06 0.5243 0.546 0.509) 0.52817) 0.554
Fss 1.490 89 1.478 08 1.5586 1.479 1.28p 1.243%51) 1.248
Faa 0.276 57 0.277 87 0.2816 0.331 0.22p6 0.27712) 0.281
Fss 5.597 41 5.544 81 5.8181 5.854 5.63% 5.51427) 5.465
Fss 0.211 56 0.202 30 0.1907 0.208 0.883 0.220q18) 0.180
Fes 0.640 42 0.637 54 0.6669 0.622 0.580 0.550237) 0.569
Fs7 0.200 92 0.202 88 0.2033 0.252 0.204 0.2052) 0.207
Fss 0.136 60 0.143 05 0.1403 0.184 0.1218 0.1471) 0.149
Foo 5.627 32 5.582 89 5.8444 5.904 5.423 5.52528) 5.498
Fios 0.070 00 0.075 09 0.0731 0.088 —0.16142) —0.11640) —-0.279
F1010 0.462 83 0.453 77 0.4813 0.445 0.443 0.410837) 0.417
Fia 5.630 84 5.612 59 5.8751 5.936 5.603 5.580124) 5.528
Fiou -0.198 77 —0.190 05 -0.1855 -0.177 —0.14719) —-0.14213) +0.087
Fi212 1.37117 1.366 79 1.4336 1.356 1.16p 1.151460) 1.191

than those seerB, and C, are somewhat less affected by and CCSDT)/cc-pVTZ levels of theory. The available ex-
changes i o (of which A, is independent Therefore, we perimental quartic centrifugal constants of Van Lerberghe
can assume that our empirically corrected geometry poset al2® approximate the molecule as a symmetric (o@., it
sesses uncertainties on the order+dd.001 A for the bond is treated in theS reduction, but witnd, andd, constrained
distances, and less thar0.1 degrees for the angle. to zerg, so a useful comparison is not really possible.
Using the computed anharmonic force field information, Cauuetet al.® however, determined up to sextic centrifugal
we find anr, geometry ofr c=1.3392 A;rcy=1.1019 A;  constants in thé reduction. Of these, the quartic centrifugal
Occy=121.11 degrees, to be compared with the observedonstants are in reasonalffer the largeAx and for &) to
one’® rc=1.336920) A; r4=1.103020) A; 6=120.76) excellent agreement with our calculations: any deviations
degrees. The, geometry, on the other hand, is computed towill be partly due to the second-order perturbation theory
be rcc=1.3384 A;r-,=1.0889 A; 6-c,=121.44 degrees, approximation, partly to vibrational effect@ince we are
compared to Kuchitsu's experimental determinaffomf  comparing calculated, with observed\, values. The same
rcc=1.334830) A; r.4=1.090230) A; 6=121.714) de- explanations apply for the sextic constants, which are in
grees. So while the CH bond distance and the bond angle areuch less good agreement but are also much less well-
both within the uncertainty of the experimental values,defined experimentallyln this context, it should be noted
our CC bond distance suggests a somewhat longer valugiat even the rotational constants differ by as much as the
indeed, more recent experiments by Hiraaal?’ yield third digit from a previous determinatiéh—a difference
r2cc=1.3391(13) A, r,cn=1.0869(13) A, and well in excess of the quoted statistical uncertainties.
Occy=121.2810) degrees, in very good agreement with our Cauuet et al® found first-order Coriolis interactions
calculations. The results of Hirotet al. suggest our com- with the following interaction constants in their analysis:
puted bond angle might be slightly too small and ow, & ;,=1.7941), & 10=—4.42611), & 1,=—5.2324,
slightly too long: their effect on the rotational constants are§9,12=1.7392, andf, 1,=—0.137 64 cm?. The larger ones
opposite, and might cancel each other. of these are in good agreement with our calculated values
On the whole, we believe our empirically corrected orfrom the CCSDT)/cc-pVTZ force field: 1.74451,
estimatedr, geometry is considerably more accurate than—4.908 93,—5.299 48, 1.729 89, an¢t0.067 79 cm™. Any
previous experimental and experimentally derived ones. deviations between computed and experimental values
Computed quartic and sextic centrifugal distortion con-should largely be chalked up to higher-order terms in the
stants, both in théd and S reductions, have been given in Coriolis interaction. The calculations additionally find
Table VI, together with the experimental information avail- & ¢=—0.601 35 cm™. It should be noted that, similar to the
able. One chief factor in the dependence of these constantsise of Fermi resonance, a resonance criterion based on
on the level of theory is of course the quality of the referencew;—w; fails to find several important Coriolis interactions,
geometry: We have therefore also provided values using theotably those involvingy;,. An improved resonance crite-
CCSIOT)/cc-pVTZ force field together with our empirically rion is outlined in Appendix B.
corrected geometry. Among th® reduction constants, the Table VII contains computed and experimentally derived
extreme sensitivity oH; to the level of theory should be quadratic force constants in symmetry coordinates, while a
noted: It even changes sign between the CA3M@c-pVDZ  complete listing of the CCS@)/cc-pVTZ cubic and quartic
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force constants in symmetry coordinates is available as —improved diagnostics for the magnitude of Coriolis
supplementary materidito the paper. The quadratic force and Fermi resonance perturbations have been proposed:;
field appears to be in qualitative, but not quantitative, agree- —summarizing, the first-ever accurate determination of

ment between the CCSD)/cc-pVTZ and 2RCISD/TZ2P the anharmonic force field of a molecule with more than five
levels. Agreement between the CCSDcc-pvDZ and atoms has been made.

CCSOT)/cc-pVTZ quadratic force fields is remarkably

good, which was expected given the good agreement be-

tween the computed harmonic frequencies. Agreement witACKNOWLEDGMENTS

the experimentally derived force fields predictably is good
for the irreducible representations that contain only on
mode, but qualitative differences are seen for the others, e
pecially in theA, block. The interaction force constants in
particular differ by as much as a factor of 2, or even hav
opposite signs, in the 1973 Duncan determinafiomost of
these problems, however, are resolved in the 1981 Dunc

. 9 . . . . .
reflnemgnﬁ with Fo,10 remaining as the ma|n.d|fference. Prime Minister's Office for Science Policy Programming
Interestingly, the small-basis set SCF calculation by Pulaypp\ypg) for Grant No. IUAP-48(Characterization of Mate-
and Meyef”is in qualitative agreement with the present Cal'rials) which enabled the purchase of the IBM RS/6000 model

culations, even if—as expected—the actual values for som 65 workstations. The present work forms part of project

of the force constants differ considerably due to basis sefr/sc 11 (Supercomputingof the DPWB. The authors fi-
incompleteness and complete neglect of electron correlatiori]].aIIy wish to acknowledge Professor H J. Geidé of

Given the considerable difficulty involved in solving an in- Antwerp), Professor L. Lathouwerébid.), and Professor J
verse_e|genvalue problem with this n_umber O_f parameters, qin (Universite Libre de Bruxelley for helpful discus-
and given the excellent agreement with experiment that w ions

find for our calculated CCS)/cc-pVTZ vibrational fre-
guencies, we can safely consider our force constants to be

more reliable. , APPENDIX A: AN IMPROVED DIAGNOSTIC FOR
In order to encourage further experimental work on thesigNIFICANT PERTURBATION BY FERMI
isotopomers, the following are made available as supplemerRESONANCE

tary material to the papéf:(a) a table with computed, and o _

r, geometries, as well as rotational and centrifugal distortion Second-ord%r_ rovibrational perturbation theory packages
constants|b) a table with rovibrational coupling constants; SUch assPECTRS® identify strong Fermi resonances by small
and(c) a table with anharmonicity constants. All these tablesvalues ofA=2w;— wy for Fermi type 1 orA=w;+ w;— wy

J.M. thanks the National Science Foundation of Belgium
NFWO/FNRS for a Postdoctoral Fellowship. This research
vas supported by the National Science Foundation through

Cooperative Agreement DASC-8902825 and by Grant No.

CCHE-9320718 (P.R.T). The C90 calculations were per-

formed under a grant of computer time from the San Diego
upercomputer Center. J.M. and J.P.F. are indebted to the

cover all deuterated forms 6fC,H,. for Fermi type 2 resonances. .
The second-order perturbation theory expressions for the
IV. CONCLUSIONS anharmonicity constants of an asymmetric top are well
known to b&%"®

The quartic force field of ¢H, has been computedb

initio using augmented coupled cluster methods and basi Phi(8w!—3wy)

sets ofspdf quality. We have found the following: i = iii /16_2;’ 16wy (40’ — wd)’ (A1)
—for seven different isotopomers, computed and ob-
served fundamentals generally agree to within 10 tror
better- g y ag Xij = iijj /4—Ek Diik bjjk 4wy
—deviations between computed and experimentally de- 5 2 o
rived harmonic frequencies are substantially larger, due to -3 42 o0 + 0 — w)) +S B (gg)z(ﬂJr ﬂ)
approximations in the determination of the experimental val- Tk 20k x Y - i
ues; (A2)

—some fundamentals of several of the isotopomers stud-
ied are involved in fairly complicated resonance polyads; in which
—an empirically corrected, geometry is proposed that
is shown to be accurate t00.001 A and=0.1 degrees by an
analysis involving computed zero-point motion corrections X (ot o= on), (A3)

and comparison of computed and observed ground-state rg;q where the energy levelselative to the ground state

tational constants; _ o have the usual expression
—CCSOT)/cc-pVDZ results are in surprisingly good

agreement with experiment given the small basis set;
—the well-known basis set effect for the GHwist
mode vg is much smaller using correlation consistent basis
sets than previously reported for Huzinaga—Dunning type +E N
basis sets; s>

Qm= (0t 0+ 0n) (— o+ o+ o) (V— o+ o)

GzZ wrnr+zr er(nr2+nr)

1
nng+ E (nr+ns)

: (A4)
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Xir for type 2 resonances.
vi= i+ 2X;i+ > > (A5) The connection between these expressions and the terms
e deleted from the anharmonicity constants is easily found. If
we consider the diagonal terms to be the zero-order states
(21;i)=2wi+6X”+§i Xir » (AB)  and the off-diagonal ones to be a perturbation, then it be-
comes obvious that the perturbation expansion only has
Vit vj= 0t 0+ 2X;; + 2Xj; + 2Xj; terms at even orders, and that the second-order term is given
L by <{>ﬁk/16A for type 1 cases and>i2jk/8A. for type 2 cases.
+= > (Xir +Xp).- (A7)  (Incidentally, successive even orders in perturbation theory
2 £ 00 exactly correspond to successive terms in the Taylor series

In cases where @~w, (Fermi type 1 resonangeor €xpansion of1+x* where x=¢;/2A for type 1, or
w;+w;~wy (Fermi type 2 resonangethe expressions for #ij/V2A for type 2 resonances. _ _

{Xii X} and {X;;, Xy, X}, respectively, contain near- What _would the effect of mcludlng the_near—smgular in-
singular terms corresponding to these interactions. In the di€raction in the energy level expressions instead have been?
agonal anharmonicity constants, the offending term can b¥/e Wwill consider the case of a Fermi type 1 resonance,

factored as 20~ w.. With
(8ol —3wy) ik 1 4 1 2 1
4o’—0d) 2 \20tw, op 20—’ xR _ Tk = ) Pk
(4o — of) it wg i k(A8) Xi; — X 32 (Zwi—wk) 328 (A14)
and for their off-diagonal counterparts as
¢izjk k |Q j k ik ik 8 w;— 0t O] 8A '
ijk
(ﬁik 1 L 1 (in which the asterisks denote deperturbed term values or
T4 o+ ot —o+oj+o constantswe find
1 1
+ - (A9) (21) = (21)* = B(X;; = X7) + (X=X

wi—wj-i—wk wi+w]-—wk ’

where in both expressions the near-singularity has been iso- _ E_ 1) ¢_i2ik_ ﬂ AL6
lated in the last term. If we now delete these final terms, we 132 8/ A 16A° (A16)
obtain expressions for the deperturbed anharmonicity con-
stants. This is exactly equivaletgee, e.g., Ref. J#o ignor- 2
ing this particular interaction in the contact transformation: =« :E (Xip— XA ) = ~ Pk (A17)
The actual energy levels are then found by finding the eigen- ko Tk Wik i1 6A
values of the matrix
2v;  ¢ikl4 z
(¢nk/4 . ) (A10) [(20) = md=[(2n)* = ¥]= % (A18)

for type 1 resonancdsemembering thak;; = ¢;i/2, where
k is used for force constants in the restricted summationwhere the fact that both correctiod16) and (A17) have

(Nielsen form of the potential andp for force constants in
the unrestricted summation fotrand

fmjw@)
dbijk I8 Vi

Vi + VJ'
(A1)

the same absolute value but opposite sign serves as a check
on our calculation. This result, if we talde~A, is equivalent
to the second-order term of EGA12)!

The equivalence can be shown analogously in the case
of a Fermi type 2 resonance. We have here

for type 2 resonances. Denoting the average frequency of the

deperturbed states by and the separation by, it is easily
shown that the eigenvalues of the matrices are given by

_ A 2
yv=vit— 1+ ﬂ—lk (A12)
2 4A°
for type 1 and
_ A 2
BT Pl (A13)
2 2A?

— bl -1 bk
L X* = J - UK
Xij = Xij 8 \wjtowj—w B8A’ (AL9)
i 1 — ¢l
RV i _ %
X Xii 8 w;— wxt ;) 8A ' (A20)
— ¢ 1 — dhi
V2 JKI _ ij
X]k ik 8 a)j—wk-i- (OF 8A ’ (A21)
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‘s . . 2B 52 30l +w!
(vitw) = (i) 7 =2(X; =X )+ [(Xie=XGo aiﬁ_aiﬁ:?(gij) (0 + o)) (0~ w))
+(X 201 0’200+ w’
ik ]k + [ 17 ] (B3)
2 2 2 20{(w;+w;)
:ﬂ_m:ﬂ (A22) J :
4A 8A 8A’ /23 52 (wi+ o
=— (&) — (B4)
1 ¢ ;] (0j— w))
v— Vi =3 [(Xix— )+(XJk X 1= "k, (A23) We see that the effect depends quadratically on the Coriolis

interaction constant and on the rotational constant involved,
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