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Variational Calculations of Rotational—Vibrational Energies of CH4 and Isotopomers Using
an Adjusted ab Initio Potential
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We report variational calculations of vibrational energies of;QEH;D, CH,;D,, CHDs;, and CD using the

code “Multimode” and the ab initio force field of Lee and co-workers [Lee, T. J.; Martin, J. M. L.; Taylor,

P. R.J. Chem. Phys1995 102, 254], re-expressed using Morse variables in the stretch displacements.
Comparisons are made with experimental energies fof With this potential, and then small adjustments

are made to the potential to improve agreement with experiment fqr Célculations for the isotopomers

are done using the adjusted potential and compared with experiment. Additional vibrational energies and
assignments not reported experimentally are also given for &@id the isotopomers. Exact rotational
vibrational energies of CHare also reported fa¥ = 1.

1. Introduction exceeded the experimental ones by approximately 36.chinis
failing was traced to the representation of the potential in
(symmetry) bond displacement coordinates. Results for the
fundamentals of CkJ using Morse variables for the stretches,

. 5 oo showed expected improved agreement with experiment for the
force_ fields: culminating |n3 the mc_)st accurate_ one by Lee, stretches. The rovibrational calculations of the fundamentals of
Martin, and Taylor (LMT)? The first calculations of the CH, for J = 1 produced rotation and Coriolois coupling

V|bfrat|ona| en(e;rgles |fn nC|:ne de%refes of f:jeedorr]n Véere donei] by constants in very good agreement with experiment. The expected
Leforestier and lung for CB, who ocused on the H-stre_tc large Coriolis interaction fow(F,) was nicely reproduced by
overtones. They used an approximate, normal coordinate the calculations

Hamiltonian and a force field in which the interaction terms In this paper we present additional comparisons between
were limited to two-mode coupling, and the order of coupling he4ry and experiment for GHising the Morse version of the
was limited to 4 or less. Eigenvalues were determined by the |\, potential. Modifications of this potential are made to
Lanczc_)sl mfetho;j. More recently, Wyatt and IEn@fjseﬁl the improve agreement with experiment, and the adjusted potential
potential of Le orestier and lung in a s'gudy of the time g applied to CH up to the second CH-stretch overtone, and to
dependence of high CH-stretch overtones ing@DHalonel the isotopomers CP CHsD, CD:H, and GD,. Many unmea-
ha_s recently reported an extensive treatment of @brations sured excitaition energies are also reported using the modified
using second-order perturbatloq Fheqry. More recently Hal.onen potential. An exacf = 1 calculation is also reported using the
and co-workershave made modification to the LMT potential, new potential for the fundamentals of GH

using second-order Van Vleck perturbation theory, to bring | the next section the methods used in “Multimode” are

theory into agreement with experiment for the vibrational briefly reviewed and the bases used in the vibrational calcula-

energies of Cll A similar study, however, using fourth-order j51s"5re described. The potential is described in section 3 and
Van Vleck perturbation theory has also been done very recently .o ,1ts and discussion of calculations using the Morse and

by Wang and Sibeftand applied to Chiand eight isotopomers. adjusted Morse versions of the LMT potential are given in

All of these calculations were done for zero total angular ¢o.tion 4. We summarize and make concluding remarks in
momentum. section 5

We recently reported variational calculations of the funda-
mentals, and low-lying combination and overtone states of CH 2. Details of the Calculations
and isotopomers CPCHzD, CDsH, and GD» using the LMT
potential. Exact calculations far = 1 were also reported for
CH,. These calculations were done using the code “Multi-
mode’° which obtains rotationatvibrational (rovibrational)
energies and wave functions using vibrational self-consistent . o @
field and variational methods. The comparisons with experiment V(QuQz:--Qu) = » Vi™(Q) + 3 Vi*(Q.Q) +
for the vibrational energies showed very good agreement, with ! I
the exception of calculated CH-stretch fundamentals, which Zvijk(S)(Qth!Qk) + 5V Q.9,.Q.Q) (1)

I I

The spectroscopy of methane, &tnd isotopomers, CP
CHsD, CDsH, and GD; has been extensively studied for over
30 yearst Theoretical work has included a number of ab initio

The full Watson Hamiltonian itN mass-scaled normal modes
Qi is used in “Multimode”, and the potential is represented by
the following hierarchical representation:
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Matrix elements of the potential are performed using numerical TABLE 1: Comparison of Calculated and Experimental
quadratures at optimized quadrature points (determined by theEnergies (cn*) for Nonrotating CH 4

one mode terms), and at most four-dimensional quadrature is  symmetry state exptl theory
requir_ed. All of thg vibrational calculations begin with a = 0001 13108 1310.9
vibrational self-consistent field (VSCF) approaéiZand there E 0100 1533.3 1532.3
are two options to do “Cl” calculations. One CI is based on Ay 0002 2587.0 2582.3
mixing a group of VSCF states. The second CI method, denoted F 0002 2614.3 2611.8
VCI, uses the orthonormal basis of eigenfunctions of a single E 888% gggg-g Sgggg
VSCF Hamiltonian, usually the one for the ground state. More Fi 0101 2846 1 2845 3
details of the methods can be found in ref 9. A 1000 2916.5 2913.2
As shown previousR/the calculations using the four-mode F2 0010 3019.5 3011.3
representation of the potential appear to be well converged, i.e, él gggg gggg-? gggg-j
to within a wavenumber of less, at least for the low-lying ) :
. . . F, 1001 4223.5 4222.9
energies considered. (The two-mode representation of the F 0011 4319.2 4311.0
potential for CH was adequate for most modes; however, it E 0011 4322.15 4315.2
produced errors as large as 80 dmfor the CH-stretch = 0011 4322.6 4318.0
fundamentals.) Thus, only four-mode calculations are reported A 0011 4322.7 4320.7
here E 1100 4446.4 4432.6
' : . i Fi 0110 4537.6 4530.8
. The pletaﬂg of the VCI calcglat!o.n are exactly as described F 0110 4543.8 4537.8
in detail previously’ so we omit giving them here. Presently, Ay 2000 5790.0 5785.0
“Multimode” can exploit symmetry for th€,, and Dy, point A1 0020 5968.1 5962.3
; F> 0020 6004.6 5999.4
groups. For CH and all the isotopomer€,, symmetry was E 0020 60438 80345
used. Three basis sizes were used for the €iitulations: 5868, ' '
6652, and 9316 for A states; 5346, 5836, and 8416 foarRl 2The calculations were performed with the unadjusted Morse

B, states; and 4831, 5167, and 7423 foy #ates. For the  representation of the LMT potential.

isotopomers the smallest of the three bases was used. i . o
representation of the potential and Coriolis terms and the

smallest of the three bases described above. On the basis of
our previous calculations where a comparison of two-, three-,
The Potential. The results given previously by us for GH  and four-mode representations were done, we are confident that
and its isotopomers were obtained using the original potential the present results are converged to better than 1.cfinere
of Lee, Martin, and Taylo?,which is given as a fourth-order ~ are two main observations. First, there is an overcompensation
Taylor series expansion in the symmetry displacement coordi- of 3.2 cnm in v; and an overcompensation of 7.5 chin v3
nates of Gray and Robietté The accuracy of the results for ~on converting to Morse in the €H stretch coordinate; the
the fundamentals is excellent, with the exception of theHC ~ fundamentals, andv,, however, remain almost exact. Second,
fundamentalsy; andvs, which are high by 31 and 33 crh for the overtone 25, there is a systematic underestimation of
respectively. It is well-known that XH stretching vibrations, experimental results by-5 cnv ! for the E and A components.
evaluated variationally using numerical quadrature to integrate For the overtone, theory is low by 4.7 and 2.5 cm for the
Taylor expansion potentials, are overestimdteshmetimes by ~ A; and R, states, respectively, but high by 4 chifor the E
as much as 60 cnt. The reason for this is the H-atom moves states. The error in13 is approximately twice that im;, and
to relatively large displacements on the quadrature grid and well the spread between the E ang @omponents for 2 is about
beyond the range described by the anharmonic boundary of theright, but the midpoint energy is low by about 3 cThere is
truncated (usually at quartic) potential. also one large error of 14 crhin the combination band; +
To overcome this deficiency, either a Taylor expansion to v2. These errors are magnified for higher overtones and
sextic (say), or a potential which extrapolates more accurately combinations in other regions of the spectrum. In general though
to large bond distances should be used in theHXstretch the agreement between theory and experiment is quite good,
coordinate. The latter approach is usually preferred, implementedwhich is due to the high quality of the LMT potential.
by adopting either a Simordarr—Finlan® coordinate, R — We have carried out a manual adjustment of the force field
Re)/R, or a Morseé® coordinate, 1- exp[o(R — Re)], to replace  in a systematic way. At all times, we adjusted the most recent
the displacement coordinale— Re for the stretching modes in  potential in symmetrized displacement coordinates and then
the Taylor expansion. Either replacement results in an expansionfollowed this by a subsequent conversion to Morse coordinates
that is of infinite order in the stretch coording®e— Re. for the stretches. We first adjusted only the harmonic force
We have converted the LMT potential to Morse form in the constants by an amount(éxptl)A(calcd)¥ and recalculated the
stretching modes. To do this, we have left the symmetry CH, spectrum. We looked, in particular, at the changes in the
coordinates for the bending vibrations intact, but we have errors of the two-quanta levels given above. We then tackled
expanded the symmetry coordinates for the stretching vibrationsthese errors one at a time, by varying the relevant quartic force
to pure bond displacemen® - Re) using the expressions given  constantsfii1; is responsible for 25, FoazazazdS responsible
by Raynes et &.Our coordinates are thiig, Ry, Rs, Ry for the for the mean of 2, while Fzaaon2o modifies the spread.
stretches ana, S, Six, Suys Sz for the bends, and we have  Similarly, for 2v3 and 24, the relevant force constants are
converted the stretch part to Morse form using the paranoeter  Fasa,a., Faxaxaysy N Faxaxaax, Faxaxayay, respectively. Finally,
= 1/bohr. for v1 + vo, F1iz2a2amust be adjusted. After adjusting the quartic
The vibrational energies for the parent molecule,Ciding force constants responsible for a particular two-quantum state,
this potential are given in Table 1 and compared with a selection we reevaluated the harmonic force constants. This process was
of experimental results. The variational results used a four-moderepeated twice for the complete set of levels above. The final

3. Results and Discussion



Energies of CH and Isotopomers J. Phys. Chem. A, Vol. 104, No. 11, 2002857

TABLE 2: Comparison of the Force Constants for the TABLE 3: Theoretical and Experimental Vibrational
Symmetrized Internal Coordinates Derived by Lee, Martin, Energies (cnt?) for CH 4 Using the Adjusted Morse
and Taylor (LMT) [ref 2] with Those Adjusted in This Potential. Theoretical Results for Three Different Bases Are
Work 2 Given
force constant LMT this work symmetry  state exptl | Ie I
F11 5.468 649 239 1 5.4735735 F, 0001 1310.76 1310.6 1310.6 1310.6
F2a2a= Fab2p 0.579 185 267 6 0.5794047 E 0100 1533.33 1533.7 1533.7 1533.7
Faxax = Fayay = Fagm, 5.366 023 687 5 5.387574 3 Ap 0002 2587.04 2584.0 2584.0 2584.0
Faxax = Fayay = Fanz 0.532 266 747 4 0.529 4994 F, 0002 2614.26 2615.4 2615.4 2615.4
Fi111 37.417 1029517 37.0 E 0002 2624.62 2624.1 2624.1 2624.1
F112a2a= F112020 —0.0126432698 +0.1926 F, 0101 2830.32 2831.8 2831.8 2831.8
Faaaax = Faayaysy = Fammm,  41.047 029 3030 40.047 F1 0101 2846.08 2846.5 2846.5 2846.5
Faaayey = Faaxan: = Faaa,  41.140 327 9145 40.14 Aq 1000 2916.48 2916.1 2916.1 2916.1
Faxaxaxax = Fayayayay = Fazazazaz 0.498 755194 1 0.398 755 F> 0010 3019.49 3018.0 3018.0 3018.0
Faxaxayay = Faxaxazaz = Fayayazaz 0.709 767 007 O 0.959 767 Aq 0200 3063.65 3063.8 3063.8 3063.8
ay JIAR E 0200  3065.14  3065.5 3065.5 3065.5
nits are aJ/A™n. F 0003 3870.49 38657 38655  3865.4
_ . o A1 0003  3909.18 3914.9 39147  3914.6
symmetrized force constants that differ from the original ones = 0003  3920.50 3925.9 3925.9 3925.8
of Lee, Martin, and Taylor are given in Table 2, and the results F 0003  3930.92 3933.3 39332 39332
for CH, are discussed below. E 0102  4105.15 4102.0 41014  4101.3
CHa4. The CH, energy levels using the adjusted force field P 0102 412857 41316 41315 41315
. . ; . A 0102 4132.99 4141.6 4141.6 4141.5
in Table 2 are given in Table 3, and we also present predictions = 0102 4142.86 41453 41453  4145.3
using this force field in Table 4. Note first that the calculated E 0102  4151.22 41556 41556 4155.6
energies appear to be well converged even for the smallest basis.  A: 0102  4161.87  4190°7 4190.8 4190.8
The agreement between theory and all available experimental ~ F2 1001 422346 42254 42254 42254
data is overall quite good with one exception indicated. The P 0011~ 4319.21 ~ 4317.5 43175 4317.4
luding the 0102}/state, is 2.2 cmt. For E 0011 4322.15 4322.9 4321.6 4321.6
average error, excluding , 1 1S 2. . ) = 0011 432258 43244 43229  4321.4
that state an examination of the eigenvector indicates that basis A, 0011 432272 4326.3 4326.3 4326.2
functions that differ in excitation of five modes contribute Fz 0201  4348.77  4351.0 4351.0 4351.0
significantly to the eigenvector, and so the present four-mode P 0201  4363.31  4369.3 43693  4369.3
representation of the potential is not adequate for this state. Also, EZ cﬁgé ﬁzg-ﬂ ﬁgg i ﬁgg Z ﬁgg'i
there are fairly large differences between theory and experiment F 0110 453757 45390 45390 4538.9
for the 0111 states. _ _ = 0110 454376 45450 45450  4544.9
The predictions in Table 4 are compared with previous E 0300  4592.03 45925 45925 4592.5
predictions based on a spectroscopic Hamiltonian of Georges Az 0300  4595.32 4598.1  4598.1 4598.1
et all and several predictions based on very recent perturbation él 88(1’(2) égg?-gg gggg-g ‘S‘ggg-g gggg-?
i 8 i 2 . .
theory calculation$? In general _there is much less agreement F 0012 562300 5619.8 5610.4 5619.7
between the present calculations and those based on the p, 0012 5628.39 5628.2 5627.9  5628.1
experimental spectroscopic Hamiltonian than between the Ay 2000 5790.00 5790.3 5789.9 5789.8
present calculations and experiment. The agreement with the F2 1010 5819.72  5839.3 5838.9 5838.4
predictions of perturbation theory are good. F 0111  5826.65 5847.4  5847.4  5847.3
To understand the possible source of disagreement with the Ay 0020~ 5968.10  5971.2 5970.9 5970.9
dictions of the spectroscopic Hamiltonian it is useful to return R 0020~ 6004.60 ~ 6008.7  €008.6  6008.6
pre (he spec pIC I E 0020 6043.80 6042.9 6042.8  6042.8
to the comparisons with experiment in Table 3. Apart from the F, 0210 6054.64 6060.5 6061.1 6060.0
large error of 30 cm! for 0102(4) in Table 3, resulting from Fz 0210 6065.32  6065.1 6065.0 6064.6
the large contributions of second-order five-mode coupling terms F 0030  8906.78 89185  8617.0 89155
in the potential, there are only three levels with an error greater F1 0030  8947.95  8967.8 8967.3 8965.8
than 15 cml. These are 1010¢F (18 cnt?), 0111(R) (21 A1 1400 8975.34 89762 89738 89725
: ! F, 0030 9045.92 9046.8 9045.5 9044.5

cm™1), and 0030(p) (18 cnTl). These are due to residual force
field errors; we found that there were very subtle dependencies _*Taken from refs 68. > Basis size= 5868 (A), 5346 (B and &),
of force constants on 1010 and 0111, and could not refine thesegiil (3‘3%16%%3'583)121%:(6362%% ii%%(&?ngs?gnﬁulc%t(?\)/e Eqa(?ése
confldently_ by har_ld. A least-squares algorithm i is really requm_ed coupling, energy probably not converged.
for these fine adjustments to the cross-terms in the potential.
We did not include 0030 in our refinement as it required such PT predictions for the two Fcomponents of 0301, our results
a large basis for convergence. The remaining comparisonsare slightly closer than those of ref 1. Hence, all three of our
suggest that the force field has otherwise been successfullylevels are very close to those of the PT predictions. For the
refined. remaining levels in Table 4, the comparisons are in general,
Turning now to Table 4, we see that the remaining levels in rather erratic, and this may be partly due to the difficulty we
the 0111 manifold are also in error with the predictions of ref have with degenerate levels. We have already said that the
1, although the two PT predictions suggest that the highgst F presence of second-order, five-mode terms makes it difficult to
level is quite accurate. These levels are the eigenfunctions of aaccurately assign such levels, and this situation will become
complicated 8x 8 matrix (in the absence of second-order worse as we progress up the spectrum. On the other hand, we
mixing with other states), and we obviously have not reproduced are confident that the levels within each manifold are correct.
the lower levels accurately. However, it should be emphasized It should also be pointed out that, as the number of F and E
that even the Flevel of ref 1 is 13 cm?! lower than the F level excitations increases, the larger will become the matrix
levels obtained from the PT predictions. For the remaining two to be diagonalized, and the 1:1 relationship between force
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TABLE 4: Predicted Vibrational Energies for CH 4 (cm™1) TABLE 5: Theoretical and Experimental Vibrational
Using the Adjusted Morse Force Field and Comparisons Energies (cnt?) for CD 4 Using the Adjusted Morse
with Predictions Based on a Spectroscopic Hamiltonian (SH) Representation of the LMT Potential

and Perturbation Theory

symmetry state exptl theory
symmetry normal SH present PT PT® F 0001 997.8 997.0
Az 0004 5121.3 5109.5 E 0100 1091.7 1091.7
F. 0004 5143.2 5136.6 A1 0002 1965.5 1963.3
E 0004 5167.2 5163.8 F 0002 1990.5 1990.1
F> 0004 5211.3 5222.9 E 0002 1996.8 1994.6
E 0004 5228.9 5240.2 F, 0101 2083.4 2083.7
F1 0004 5230.8 5260.1 F1 0101 2090.9 2090.6
Ay 0004 5240.0 5248.2 A 1000 2101.4 2100.9
F> 0103 5377.0 5376.2 Aq 0200 2182.2 2182.1
F1 0103 5393.7 5405.8 E 0200 2182.6 2182.6
E 0103 5424.7 5459.5 F 0010 2260.1 2258.5
F, 0103 5429.6 5455.2 F 0020 4493.7 4493.2
,E; 8182 gﬁg? gi?;dg aGray, D. L.; Robiette, A. GMol. Phys.1979 37, 1901.
211 %83 gigé:z 2451;41123 TABLE 6: Theoretical Vibrational Energies (cm~?) for CD4
F 1002 55172 55426 Using the Adjusted Morse Representation of the LMT
E 1002 55322  5536.9 Potential
A 0012 5606.3  5636.2 symmetry state theory symmetry state theory
El gg;lé ggégg ggiﬁg F 0003 2940.3 A 0202 4133.5
F, 0012 5632.0 5653.4 A1 0003 2979.0 E 0202 4152.7
A, 0202 5616.4 5614.4 F1 0003 2984.9 F 0202 4166.2
E 0202 5618.2 5621.6 F 0003 2988.6 E 0202 4168.9
= 0202 5640.6 5649.6 E 0102 3048.9 F 0202 4176.4
E 0202 5653.6 5664.6 F1 0102 3075.0 A 0202 4184.3
= 0202 5655.3 5693.2 A1 0102 3079.8 F 0202 4186.9
As 0202 5662.3 5697% F 0102 3080.7 E 0202 4198.7
F 0202 5668.9 56709 E 0102 3085.7 A 2000 4190.8
A, 0202 5682.4 5686.7 Az 0102 3105.7 F 1101 4190.9
E 0202 5691.4 5726.0 F 1001 3103.9 F 1101 4200.8
= 1101 5729.7 5743.5 F, 0201 3169.1 F 0012 4212.2
= 1101 5756.0 5766.0 F 0201 3177.9 F 0012 4240.2
F 0111 5827 2 5849.4 F1 0201 3194.1 F 0012 4243.6
A 0111 5831.3 5857.6 E 1100 3248.9 A 0012 4251.8
A, 0111 5831.8 5853.8 E 0011 3250.3 E 0012 4252.0
E 0111 5837.0 585893 F1 0011 3252.6 F 0012 4249.1
E 0111 5841.0 5866.0 A1 0011 3254.2 F 0012 4249.1
F 0111 5845.8 5874.1 E 0300 3271.8 F 0301 4254.2
F 0111 58492 5867.6 58627 5862.4 N Rl E o1 aobez
F. 0301 5867.6 5871.1 5871.2 5868.7 ! ' ’
= 0301 5879.0 5917.9 F1 0110 3343.2 F 0301 4286.3
F 0301 58941 58930 58932  5892.1 P 0110 3346.1 A 1200 42717
= 0301 5909 7 5914.9 A1 0004 3891.1 E 1200 4272.3
A 1200 5971.5 50417 F> 0004 3912.3 F 1010 4330.2
E 1200 59745 5957.9 E 0004 3924.9 E 0111 4338.3
F 0210 6059.3 6064.5 F, 0004 3971.3 F 0111 4340.1
A, 0400 6116.7 6118.4 E 0004 3979.9 E 0111 4342.8
E 0400 6118.6 6119.8 A1 0004 3984.3 F 0111 4343.1
E 0400 6124.1 6127.8 F1 0004 3991.9 F 0111 4349.3
F 0103 4025.0 A 0111 4350.6
2 Reference 1° Reference 7¢ Reference 8¢ Significant five-mode = 0103 4035.0 F 0111 4349.8
coupling, energy probably not converged. E 0103 4078.7 A 0111 43534
F 0103 4079.7 A 0400 4360.7
constant and vibrational level will almost completely disappear. El 818? jggg'g E 8388 jggé'g
A combination of the above two effects can best be seen in the F; 0103 40990 F 0210 44256
comparisons for 0004 and 0400. These represent our “cleanest” A, 1002  4065.8 F 0210  4429.8
levels and are the least affected by five-mode couplings. Fa 1002 4098.0 F 0210 44399
However, there are seven levels for 0004 since this involves E 1002 4106.9 A 0020  4458.5
Aq 0202  4132.2 E 0020 45215

four quanta of an F state, but there are only three levels for
0400 as this involves four quanta of an E state. The latter are yjth experiment for Ck The variational calculations for GD
clearly more consistent with the predictions of ref 1 than those \yere done with a relatively small basis of order 5868 far A
of the former. states, 5346 for Band B states, and 4831 for Astates.

It is clear that a more complete refinement of the,Gbtce Table 5 contains a comparison of theory and experiment for
field is required, preferably using a least squares module, andCD, vibrational energies. As seen the agreement with experi-
with the inclusion of at least five-mode coupling. This will be ment is excellent. The average error in the calculated energies
attempted in due course. is less than 1 cm. An extensive set of all the calculated

CD.. Vibrational energies of Cpand other isotopomers were  energies and assignments is given in Table 6 up to just over
done with the potential adjusted to give improved agreement 4500 cnt.
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TABLE 7: Theoretical and Experimental Vibrational TABLE 8: Theoretical Vibrational Energies (cm~1) for
Energies (cn?) for CD,H, Using the Adjusted Morse CD;H; Using the Adjusted Morse Representation of the
Representation of the LMT Potential LMT Potential
state exptl theory state theory state theory state theory
000 100 000 1033.1 1033.1 000 110000 2366.3 001010001 4016.9 010000002 4610.0
000 000 100 1091.2 1090.2 000 010 100 2422.7 000101000 4043.4 001100200 4623.5
000 000 001 1236.3 1236.1 001 010000 2766.8 100000100 4056.3 001000300 4630.4
000 010 000 1331.4 1331.6 000 300000 3066.1 000400000 4071.4 000100102 4642.9
001 000 000 1435.1 1434.8 000 200 100 3142.7 000001100 4090.0 010010100 4643.5
000 200 000 2054.2 2053.7 010100000 3184.7 002000001 4092.2 000210001 4658.4
000 100 100 21247 2126.6 000 000 300 3207.2 001020000 4093.8 000000012 4659.4
000 000 200 2145.7 2143.2 000 100 200 3237.0 000300100 4156.5 011100000 4668.2
010 000 000 2203.2 2202.8 000 100010 3245.1 002010000 4187.1 000010110 4671.1
000 000 010 2234.7 2234.4 010 000 100 3307.2 010000200 4196.3 000000202 4680.2
000 100 001 2286.0 2287.7 000200001 3316.6 100000001 4203.9 001100010 4694.3
000 000 101 2330.7 2329.5 000 000 110 3327.7 000001001 4235.8 000220000 4714.8
000 000 002 2458.8 2459.4 010000001 3381.6 010200000 4242.8 010010001 4720.1
001 100 000 2469.2 2470.4 000210000 3386.9 000200010 4246.7 011000100 4731.4
001 000 100 2510.2 2515.8 000100101 3398.1 000100300 4261.1 000100003 4748.5
000 010 001 2560.6 2561.5 000 000201 3441.1 003 000000 4262.8 000110101 4753.0
000 020 000 2658.3 2658.4 000 000011 3450.8 000200200 4263.8 001000110 4762.2
001 000 001 2671.7 2671.8 010010000 3474.4 100010000 4298.5 001200001 4771.7
002 000 000 2855.7 2854.7 000110100 3482.9 020000000 4316.2 000010011 4784.0
100 000 000 2975.5 2974.0 001200000 3484.9 000011000 4330.1 000010201 4786.4
000 001 000 3012.3 3010.0 000 100 002 3526.4 000300001 4334.6 000000103 4788.0
001 001 000 4425.6 44245 000 010200 3532.1 010100100 4348.5 010020000 4800.4
000 002 000 5999.1 5996.8 000 000 102 3557.8 010000010 4350.4 000120100 4814.0
. 000 010010 3561.8 000100110 4353.2 001000201 4823.7
®Gray, D. L. Robiette, A. GMol. Phys.1979 37, 1901. 001000200 3567.5 000310000 4402.7 001210000 4837.6

. . . . 001100100 3573.3 101000000 4402.9 000110002 4846.3

CDzH,. The vibrational calculations were done with same 0pg 110001 3626.0 000000400 4413.3 000 020 200 4856.6
bases used for CD The comparison between theory and 011000000 3628.8 000200101 4421.2 001100101 4868.0
experiment for CRH, is given in Table 7 for energies up to 010000 010 3669.4 000000210 4422.1 011000001 4875.7

nea”y 6000 cml. As seen the agreement with experiment is 000010101 3676.3 010100001 4442.7 000020010 4880.8
ve ood. The average error in the calculations is less than 2 000000003 3683.9 000200002 4444.1 000000004 4885.5
A ) g 000120000 3694.2 000000301 4463.0 002200000 4900.4

cm™*. A list of all the calculated energies up to nearly 5000 (01100001 3737.6 000000020 4487.2 001000011 4913.4
cmLis given in Table 8. 000020100 3750.5 000210100 4495.8 001010200 4915.7

CH3D and CHDs. The bases for vibrational calculations for 000010002 3761.2 001300000 45015 001110100 4926.0
these molecules was 5352 and 4573 for dnd B states, ~ 001000101 3791.0 000100201 4505.4 000120001 4951.6

; 001110000 3822.5 010110000 4531.6 001010001 4968.9
respectively. These molecules are ©f, symmetry and the 551 576100 38581 000010300 45517 000010003 4969.9

reduction t0Cz, leads to states of Aand A symmetry only. 00210000 38815 010000101 4554.8 002000200 4976.3
The comparison with experiment for GBI is given in Table 000020001 3888.5 000000111 4562.7 002100100 4979.5
9, where excellent agreement is seen. Calculated energies an@01 000 002 3902.2 000100011 4570.5 001100002 4979.6

assignments not included in Table 9 up to 4817.9%ane given 883 838 (1)88 ggg-(l) 888 5(1)8 (1)(138 jg;g-g
!n Table 10. Comparison vy|th experiment for CEiB shqwn 100 100 000 4006:4 000 110 200 4589:8
in Table 11, where, again, very good agreement is seen.

Additional calculations and assignments for C#De given in TABLE 9: Calculated and Experimental Vibrational

Table 12. Energies (in cnt?) of CH3D
(Al of the calculations for all the isotopomers included symmetry state exptl theory
eigenvectors. These are very useful in determining the extent E 000 001 11611 11606
of mixing among zero-order states and they are available upon A 001 000 1306.8 1306.9
request. E 000 010 1472.0 1472.0
CH4 J = 1. Rovibrational calculations of the fundamentals Ay 010 000 2200.0 2198.9
of CH4 were performed using the adjusted Morse force field Aq 000 002 2316.3 2315.9
for J = 1. The methods employed in these calculations have E 000 002 2323.3 2323.1
been described previoushy% Calculations are first done for /E 88% 883 ggg;'g ggg;'g
the diagonal blocks, labeled by the uskalquantum number, £ 000 011 2623.4 2624.9
and these these blocks are coupled together by the usual AL 000 011 2633.2 2634.1
nondiagonal terms in the Watson Hamiltonian, e.g., Coriolis Az 000011 2634.8 2634.8
coupling. Exact calculations fod > 0 are very computer E 001010 2776.3 2777.5
intensive and so smaller bases, of the order of 1000 for each A 000 020 2910.1 2909.3
. . E 000 020 2940.1 2939.9
symmetry block, were used with the four-mode representation Ay 100 000 2969.5 2968.9
of the potential and moment of inertia. The results are given in E 000 100 3016.7 3014.2

T o e e e e Nk, A; Champin, . Tyerew V1. G Siown, . .
; 2 . Mol. Spectrosc1997 184, 120.
ences relative to th&= 0 energies in order to make a rigorous
comparison with experiment. energies. These rovibrational energies are in good agreement
As expected the diagonal energies show spherical top with exact, coupled ones, for the= 1 zero point energy and
behavior, i.e., there is a 3-fold degeneracy in the rovibrational the v;(A1) and v,(E) fundamentals. However, for the twg F
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TABLE 10: Calculated Vibrational Energies (in cm™1) TABLE 12: Calculated Vibrational Energies (in cm~1)
of CH3D of CHD3
symmetry state theory symmetry state theory symmetry State theory symmetry state theory
E 000101 4170.4 A1 000002 20589 A 000012 33519
E 010001 3342.7 A 000101 4177.3 A 000011 23256 E 000012 3359.1
Ay 000003 3472.0 A 001020 4217.4 Az 000011 2328.7 E 000012  3372.1
Az 000003 3472.4 E 001020 4243.3 E 000011 23292 E 010010 3432.0
E 000003  3489.8 A 101000 4273.0 Ay 003000  2963.8 A 000110 ~ 3523.1
E 002001 3023.0 E 000110 3533.0
A1 011000 3501.2 E 001100 4314.1
A 001002 30714 A 000110 3549.0
A 001002 3621.3 A 020000 4342.0
E 001002 3073.2 A 001020 3579.1
E 001002 3629.7 E 100 010 4358.5
E 000003 3081.8 E 001020 3595.5
E 010010 3670.0 A 000030 4405.1 A 000003 3092.8 A 000021 3599.9
E 002001 3760.0 A 000 030 4406.6 A, 000003 3093.3 A 000021 3602.8
E 000012 3781.6 E 000030 44411 Ay 011000 31552 E 000021 3621.7
E 000012 3784.7 E 000 110 4470.8 E 010001 31789 E 000021 3636.2
A, 000012 3814.7 A 000 110 44753 E 001100 3239.1 E 000030 3840.3
A 000012 3815.3 A 000 110 4486.3 E 000101 32773 A 000030 3882.0
A1 003000 3873.0 A 010002 4476.2 A, 000101 3280.6 A 000030 3882.8
E 001011 3949.3 E 010002 4488.8 A 000101 32869 A 004 000 3929.2
A, 001011 3959.1 A 000004 4624.2 E 001010 32932 A 101 000 3986.6
B mmooA b wpe  n WOL BRI E i S
E 000021  4059.6 000004  4639.1 : -
AL 000021 40896 é 000004 46608 As 001011 3349.9 A 002002  4045.0
A 000021  4091.0 E 011001 4664.4 Ar 000012 33515 E 002002 4050.0
E 000021 4117.5 E 001003 47825  pp g 13: Rovibrational Energies of CH, Fundamentals
E 002010 4069.8 A 012000  4787.2 for J = 1 Relative to theJ = 0 Zero Point Energy
E 100001 4124.0 A 001003 4816.6
A1 000101 4162.5 A 001003 4817.9 ZPE
TABLE 11: Calculated and Experimental Vibrational diagonal coupled expt
Energies (in cnT!) of CHD3 10.48 10.47 10.48
(A1) 2927.7 2927.8
symmetry state exptl theory vo(E) 1544.5 1544.6 15440
A 001 000 10045 1003.5 v3(F2) 3029.9 3028.7 30288
E 000 001 10359 1035.5 3029.1 3029.3
E 000 010 12925 1292.2 3030.3 30305
A, 002 000 19914 1989.5 va(F2) 1321.5 1311.6 131124
: y 1316.4 1316.2
E 001 001 2041.4 2041.1 1326.1 1326.2
E 000 002 2067.6 2066.3 ' ’
A1 010 000 2142% 2142.0 aGray, D. L.; Robiette, A. GMol. Phys.1979 37, 1901. Tarrago,
E 000 100 225039 2248.9 G.; Dang-Nhu, M.; Poussigue, G.; Geulachvili, G.; Amiot,XCMol.
E 001 010 2301.2 2300.7 Spectroscl975 57, 246.
Aq 000 020 25648 2564.6
E 000020 258671 2585.8 Comparisons with experiment showed very good agreement,
Ay 100 000 29922 2991.3 . . 1
E 001 001 42625 4262.1 with average errors in the range-2 cni .
Ay 010 020 46971 4703.9 Rovibrational calculations were presented for bk J =
Az 110 000 513419 5137.9 1. The well-known Coriolis interaction of mode 4 (of; F
aGray, D. L.; Robiette, A. GMol. Phys.1979 37, 1901." Lewerenz, symmetry), and to a much lesser extent of mode 3 (also;of F
M.; Quack, M.J. Chem. Phys1988 88, 5408. symmetry) was seen, and agreement with experiment for the

absolute energies was found to be very good.

modes strong Coriolis coupling splits these modes, as is well-  As this work was being written up, we became aware of two
known1’ and the diagonal energies miss this effect. The coupled other efforts to improve the LMT potential, based on perturba-
results do reproduce these splittings in good agreement withtion theory’:8 It would be interesting to compare the various
experiment. results and to use these potentials in variational calculations.
In addition, a new global potential for GHbased on ab initio
calculations, has been developed by Marquardt and Qtfdtk.
would of course be of interest to use this potential in variational

We presented variational calculations of vibrational energies calculations as well.
of CH,4 and four isotopomers using the general code “Multi-
mode” and two modifications of a high-quality ab initio quartic =~ Acknowledgment. J.M.B. thanks the National Science
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