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New millimeter-wave and microwave measurements fog@QBl have been combined with previous literature data and with
an extended body of Fourier transform far-infrared observations in a full global analysis of the first two torsional/states (
0 and 1) of the ground vibrational state. The fitted ;O data set contained 564 microwave and millimeter-wave lines and
4664 far-infrared lines, representing the most recent available information in the quantum numbedrang@sandK =
15. A 53-parameter converged global fit was achieved with an overall weighted standard deviation of 1.060, essentially to
within the assigned measurement uncertainties 890 kHz for almost all of the microwave and millimeter-wave lines and
+6 MHz for the far-infrared lines. The new parameters for,OB are compared to previous results obtained foriGel;OH,
¥CH,OH, and CROH isotopomers over the same quantum number ranges using the identical fitting program. Strong
asymmetry-induced coupling between the accidentally near-degené&ratedd- 1E v, = 0 substates is successfully modeled
by the fit. © 2000 Academic Press
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I. INTRODUCTION state, and several fits to model Hamiltonians of differing ordel
have been reportedl§—19 for a variety of subsets of the
This ana|ysi5 of the ground state Spectrum of the3OH FTFIR data. Further grOUnd state information is also availabl

species of methanol is the fourth in a series of global fittin§ the form of IR combination differences from the spectrum o
studies of the microwave (MW), millimeter-wave (MMW)'the CO-stretching fundamental ba2@) and from exploration
and far-infrared (FIR) spectra of methanol and its isotopome?¥ laser Stark spectroscopy of torsion-rotation transitions |
(1-4). The data sets have all been chosen to cover closéig vicinity of the HCN laser lines2(l).

similar ranges of quantum number to permit consistent inter- 1N€ present paper reports new MMW measurements f
comparison of the results. Each of the global fits reproduces {hE!<OD in the ranges from 126 -147 and 482-499 GHz, plu
data to within experimental accuracy, using a computer prg_number of further measurements in the MW region, whic

gram 6) based on the formalism of Herbst al. (6). Here, we Nave yielded about 160 new line assignments. These ha
will give brief introductory remarks relating to GBD and been combined with previous data in a global fit of a total o

refer the reader to the previous literatute ) for details of the 2228 assigned MW, MMW, and FTFIR ground state tran

computer program, the Hamiltonian model used, and the badilions of CHOD involving levels of the first two torsional

ground to the notation for the torsion—rotation quantum nuriitates ¥« = 0 and 1) up to a maximum rotational quantur
bers and transition labeling number J of 20. The one-dimensional torsion—rotation

There have been a number of studies of the MW and MM\WOdel is implemented in a well-tested computer prograjn (

spectra of CHOD (8-13, originally aimed at the structural grg:(gﬁly3appllde(é sg(lz_(':ejsfulli/ for th]éC':3O|_t|h(l’ IZ)’ d
determination of methanol via isotopic substitution, and IaterI 3f ( )ﬁg h ? é“)_go opomers of methanof an
with astrophysical applications in view. GEID was also in also for acetaldenyde, G (7)'. . .

. X : As described previoushy, the principal goals in our pro-
cluded in Woods’ far-infrared (FIR) study of four methanol
) ram of global analyses of ground state spectra for methar
isotopomers 14), whose ground state spectra were subsls-Oto omers are as follows
quently analyzed by Kwan and Dennisdrb)in order to better P '
define the torsional potential and Hamiltonian parameters. Re{i) To achieve fits of all observed transitions to within
cently, the high-resolution Fourier transform far-infrared (FTexperimental accuracy over quantum number ranges sufficie
FIR) spectrum has been investigated for the ground vibratiodal rigorous testing of the model. So far, our GbH,
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MMW SPECTRA AND TORSION-ROTATION ANALYSIS FOR CEOD 61

CH;OH, and CRQOH analyses have proven that the onestrong CHOH lines can be seen in published segments of tt
dimensional Hamiltonian model is very successful in describBdR spectra 16, 19.
ing v, = 0 and 1 methanol energy levels below and immedi The present FTFIR dataset is about twice as large as h
ately above the torsional barrier. previously been analyzed, with a more complete rang& of
(i) To obtain molecular parameters for different methanalalues, particularly for torsionally excitdgltransitions. Earlier
isotopomers in as consistent a way as possible by using tieeorted fits 17, 19 were to a transition subset with= 20
same computer program to analyze data sets covering the same&K = 6, but included onlyK states from—3 to —6 for E
guantum number ranges. This should then permit meaningéulbbands involvingv, = 1 levels. This previous data set,
intercomparison in order to explore the physical interpretatiavhich was stated to contain 2348 lines in the 20—-350 ‘cm
of the parameters. region, was archived as supplementary information and ma
available through both the British Library Document Supply
I. NEW MMW AND MW SPECTRA Centre (7) and the JMS archivel@). (We note in passing,
however, that the list from the former contains only 230¢
The majority of the new measurements in this work We[%ntries, while the latter has 2348 transitions but include
obtained in two runs on the automated FASSST rapid-scafPund 50 wavenumbers below 20 cnwhich are duplicates
MMW spectrometer at Ohio State Universitg2). The first 0f MW and MMW lines already in the fit. Also, the" labeling
scan covered the region from 126.4 to 146.9 GHz, generatitigsomewhat erratic in the archived data whenKhdoubling
a peak list of 567 lines, and the second from 482.5 to 499% unresolved, and transitions are listed which formally ar
GHz with a peak list of 253 lines. We found that even with thiorbidden by the selection rules. With tie splittings unre
short scanning times of the FASSST technique, rapiebl4  solved, of course, the forbidden and allowed transition wave
chemical exchange in the absorption cell was a prob|em, agllgmbers are identical so that Only the statistics of the fit au
significant number of known CIOH lines from the recent affected, with a single measured line being included up to fol
microwave review 23) turned up in the peak lists of thetimes. Nevertheless, one needs to be careful in reading
CH,OD spectra. In addition to the new MMW observations, Bansition labels from the archived data.)
number of additional lines have been measured in the MwIn our data set, all of the transition information was critically
region at the University of New Brunswick24), using a €valuated for reliability and internal consistency prior to fitting:
conventional Stark-modulated spectrometer with Kklystrdhis step had proven decisive in the earlier analyses in rema
sources. ing contamination from poorly measured or misassigned line
We have been able to assign torsion—rotation quantum nuafd thereby achieving convergence and stable fits. All 5¢€
bers to a substantial number of the new lines. These transitid#%/ and MMW lines were assigned an uncertainty 0100
with their frequencies are included in the complete tables Kz in the fit, except for a few unresolvé€-doublet transi-
assigned CEDD MW and MMW lines which are discussedtions which were given uncertainties af200 kHz. The 4664
below in Section 111.3. As well, we have deposited the FASSSTTFIR lines were assigned a uniform uncertainty“dd.0002
MMW peak lists, giving the line frequencies and relativ€m ' (=6 MHz). Here, use of the line-fitting routine developed
intensities and marking the suspected ;OH features, as for the Ritz program28) was important in resolving blended

supplementary data with the JMS archive accessible throug&tures and enhancing the accuracy of the wavenumbers.
the JMS home page at www.idealibrary.com. further group of assigned MW and MMW lines were excludec

from the fit because thev{,s — v, residuals were unreason
ably high or because they were blended and had multip
assignments. A number of FTFIR lines were omitted as we
1. Thev, = 0 and 1 Data Set for the latter reason. In view of the _Iarge size and broa
guantum number range of the overall fitted dataset, we do n
Our fitted data set for CHDD included a total of 5228 MW, believe that the omission of these doubtful lines would suk
MMW, and FIR lines covering quantum number rangess 1  stantially affect the values of the fitted parameters.
andJ = 20 for both A and E torsional symmetries and all We also chose at this stage not to incorpokate 2 a-type
availableK states. The 564 MW and MMW frequencies werdIMW lines, which had been included in one of the previous
obtained from the NIST MW data center compilatia®b), studies 19), in order to maintain consistency and comparabil
previous literature §-13, private files 26), and the new ity with the earlier global fits in our seried-{4). To treatv, =
measurements discussed above from Ohio State and Q#)B (2 data properly in a true, = 0-2 fit, one would look for
The 4664 fitted FTFIR data were derived from analysis, withK = *1 b-type transitions more sensitive to the torsiona
the aid of the Ritz program2{), of spectra recorded in thepotential and seek to include data covering a substantial ran
Giessen laboratorylg, 17. For the Fourier transform mea-of J and K quantum numbers. Such = 2 data have so far
surements, the long integration times again meant that chemmy been treated in a singlg-state fit ((8). In the present
ical exchange between D and H was a significant problem, andrk, as discussed below in Section 1.3, we did calculate th

I1l. GLOBAL FIT
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v, = 2 a-type transition frequencies utilizing ouf = 0 + 1 the original literature references. About 160 of the lines are tt
parameter set to explore how well these parameters woulew CHOD measurements from the FASSST spectrometer

account for that, = 2 information. Ohio State UniversityZ2) or the Stark spectrometer at UNB.
The literature lines marked with an asterisk in the tables we
2. Overall Fit Results and Parameters not included in the fit because they violated closed-loop con

In the global fit to the CHOD data, we achieved conver bination relations, had unr_easonaply large {CC) residuals,
or. were blended with multiple assignments.

gence with an overall unitless weighted standard deviation OfFor the quantum number ranaes covered in this work. it
1.060 using 53 adjusted parameters. The MW and MMW lines q 9 '

. . . accuracies of line predictions based on the final parameter :
were fitted with weighted rms errors of 1.149 for the 424= : e N )
0 transitions and 1.816 for the 14Q = 1 transitions. The of Table 1 will be either-100 kHz or~6 MHz depending on

. . . . whether frequency-measured or Fourier transform FIR da
FTFIR lines were fitted with a weighted rms error of 1.01%, re fitted in the original data set. Thus, the ranges of the M\

. e
Table 1 presents the parameters from the fit arranged accordih MMW data in Tables 2 and 3 also serve as guides as

to increasing order of torsion—rotation operator. The overa . -
R . . whether a given calculated transition may be expected to ha
orderisn = | + m, wherel is the order of the torsional factor,

; . . the higher 100 kHz level of accuracy. The uncertainties i
andm is the order of the rotational facto8)( For comparison, calculated frequencies increase sharolv above the fit u
the results from the previous corresponding fits for ;OH, q Py P

CH,;OH, and CRQOH (2—4) are included in Table 1 as well. limit of J = 20. .
To explore whetherv, = 2 a-type data were predictable
In general, the four sets of molecular constants show gopd :
. . rom ourv, = 0 + 1 parameter set or whether they containe
consistency, with comparable values for the larger parameters ... . : . .
. . : . significant new information that would require further highel
allowing for changes with mass, and no obvious discrepancie

in the lower order terms. As found for GDH (4), the “a- order parameters, we calculated frequencies for the knov

B ) 2 : . . v, = 2 MW lines. The results are presented in Tablar®
type” parameters with & factor in their matrix elements show that our parameters do a reasonably good job of accou
decrease significantly with deuteration, but now thetype” P y9 J

terms with P,-dependence such &s or k, also change sub ing for the v, = 2 data. However, the (G- C) errors are

stantially, indicating that centrifugal distortion with axikk tre'?(t:';’ﬁ'yazﬁttegqmcz 220' [nersase fig&’ﬂ"”&iﬂ'{&’;’:ﬁ‘”ﬁms
rotation tends to be dominated by the light OH rotor. ypicaly » SUgY g

. or additions to thd-dependent terms in the Hamiltonian would
In Table 1, we did not attempt to compare our parameters . )
. . indeed improve the agreement. The very large residuals o
with those of other workers, due to a problem with contempgQ-. o S .
ined for theK = —4 E transitions indicate a possible

rary detailed analyses of methanol spectra that the specific . - :
S . . : . ‘misassignment of that series in the literature.
Hamiltonians used in the various studies almost all differ in

some important aspect, with significant effects on the param-

eters. One of the major differences arises through the definitibn Coupling between the i 0 and —1 E States
of the molecular axes. The torsional angular momennmn
the commonly used IAM internal axis metho#, (15 corre-

sponds in our rho-axis systerf) (o the operatorR, + pP.), %l?dK = —1Elevels forv, = 0, leading to particularly strong

which leads to major changes in the expectation values . . L
n . - symmetry-induced coupling and mixing among the kv
terms of the typeP’ and sizeable deviations between super . . : .

. . : o evels. Due to partial cancellation of torsional and rotatione
cially identical Hamiltonian parameters. Thus, one must exer- ~ " . _
cise great care in comparing the parameters from the different, o > thiK = —1 E levels lie only about 0.6 ciif above

g paring P fhe K = 0 E levels at lowJ. Furthermore, the large GBD

models. Recent discussio29) of the possible reasons forvalue for the product of inertia term , gives a largeAK =

large discrepancies between the, k,, and k; values in 1_asymmetry matrix element coupling the = 0 and —1

CH,;OH global fits, for example, should be revised because :
’ ) -~ levels. Thus, when thaK = 2 asymmetry matrix elements
the differences between the two axis systems and Hamiltonians .
. .. connecting to th&k = 1 andK = *2 E levels not far above

were not taken into account. If one transforms appropriate %h

One of the notable features of the energy level structure
CH;OD is an accidental near-degeneracy betweerkKihe 0

between the two axis systems, the parameters turn out to g brought in as well, strong mixing occurs throughout th

- whole 5X 5K = 0 — +2 sublevel complex with significant
closely similar.

perturbations to transition frequencies and intensities. With tt
resulting difficulties in assignment, the energies for these
0 E substates have been determined from the FTFIR spectrt
To partially display the range and quality of the global fitso far only up taJ = 18 forK = 0 and—1,J = 17 forK =
we listallv, = 0 <~ 0 and 1< 1 MW and MMW transitions 1 and 2, and) = 14 for K = —2. In Fig. 1la, we show the
that were considered in this work in Tables 2 and 34aand pattern of the experimental energies Jireduced form, ob-
E torsional symmetries, respectively. The data are arrangedthined by subtractin@J(J + 1) from the term values using a
K’ < K” subband, together with the, — v..J) residuals and mean effectiveB value of 0.7576 cm'. The close approach

3. CH,OD MW and MMW Transitions
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TABLE 1

Torsion-Rotation Parameters (in cm™) for Global Fits of Transitions Involving v, = 0
and v, = 1 Torsional States of CH,OH, *CH,0H, CD,0OH, and CH,OD

Term Operatorb Parameter? Methanol Global Fit Parameters®
Order CH30OH I13CH;0H CD3z0OH CH>OD
nlm? (Ref. 2) (Ref. 3) (Ref. 4) (Present Work)
220 (1-cos3yy2 Vi o 373.594(7) 373.77677(10) 370.0549(2) 366.3400(1)
Py F 27.64682(2) 27.641920(9) 24.993957(5) 17.42806( 1)
211 PP, P 0.81020601(1)d 0.81016448(4)4 0.89466007(7)4 0.6993443(2)¢
202 P’ A 4.253724(2) 4.253857(3) 2.360146(3) 3.673981(5)
Py’ B 0.8235767(2) 0.8033395(5) 0.6623031(6) 0.7823356(4)
P2 C 0.7925390(3) 0.7737701(5) 0.6426782(7) .73286006(4)
1Py Py} Dyp -0.004171(4) -0.004423(5) -0.00442(2) 0.028047(3)
440 Pt Ky -8.985(1x 103 -8.991(1x 107 -9.1296(6)x 10+ -2.9420(6)x1(r3
(1-cos6y)/2 Vg -1.60(5) -1.5785(4) -1.6731(5) -1.6001(4)
431 PP, K3 -3.5072(3)x 1072 -3.5076(4)x 102 -3.6016(3)x10°2 S1L1183(2)x 1072
422 prﬁ G, -1.18853(4)x 104 -113802(6)x 10 -7.836(2)x 107 -8.423(2)x103
P,°P,? k> -5.1906(4)x 1072 -5.1890(5)x 102 -5.3409(Hx 1072 -1.6460(2)x 1072
2PY(P,2-P2) ¢ SLA43(hx 104 -1.40(3)x 10+ SLL2x 10 0.5(Dx10°5
P2 {P,Py} Aap 1.9CHx10-+ -0.8(2)x 1074 2.80(9)x 10
sin3y{P,.P.} Dye 1.52(1)x 1072 1.16(2)x1072 0.917(3)x 102 1.90(2)x 102
sin3v{Pp.P.} Dy SLO2(Dx 1073 ~1.02(3)x 1073 8()x104 1103 1073
(1-cos3y)P2 F, -2.38796(8)x 1073 22.33063(8)x 101 -1.8335(3)x10°3 -2.22287(9)x 1073
(1-cos3y)p,? 5 LII83(1Hx102 L1160(1)x 102 821073 1.2680(5)x 102
(1-cos3y)(Py2-P,2) ¢y S7.60(3x 1075 -8.09(5)x 107 6.7(2)x10°5 -1.4598)x 10+
(1-cos3Y1{ PPy} dap 9.048(2)x 1073 8.879(5)x 103 6.80(2)x 1073 7.805(5)x 1073
413 P.p,P? L, -1.90289(9)x 1074 -1.82200x 107+ -1.06(8)x 104 -1.2021(6)x 10
PP, Ky -3.459(1)x 1072 -3.4566(3)x 1072 -3.475(3)x102 -1.100(2)x10°2
P {P,(P,2-P. D)} cy SLYIChx 10+ -1.86(3)x 104 SL42)x10 -0.39¢1x 104
Py(P, Py+P,P, ) Bap 6.6(2)x 10+ 0.93)x10+ 2.3(3)x104 3a(hxlo*
404 -p# A 1.68627(5)x10°0 1.6238(1)x 1070 0.9811(4)x 100 1.4484(2)x10°0
-P2p,2 Ak 8.480(2)x L0F 8.173(3)x 105 3TI0D 4.786(8)x 107
Pt Ak 8.77(1)x10-7 8.7650(5)x 1073 8.29(3)x1073 2.80(Dx 103
D2PAP-PT) 8y 5.873(2)x 1008 5.57(2)x 108 2.60(2)x10°8 9.77(3)x 0%
AP, 2(P2-P2)} B 5.241(Tx 1073 4.95(3)x 1075 3.348)%10°7 4.16(2)x107
{P,.Py1P? Dypy 26(6)x10°7 0.5(1x107 -6.47(6)x10°7
(PA.P) Dok 46(1x107 1.54(9x 104 2.3(3)x100% 0.49(Hx 10
660 th-cos9y)/2 Vo 1.0(2) 1.037 dised)
p.o kg 1.044(2)x 1075 1.27¢2)x 1075 -LO38(OX103 0.05(1x107
651 PP, Kag 6.931(7)x 1073 8.06(10)x 107 -4.67(4)x 107 118(5)x 1073
642 p.tp2 M, 8638108 8.1(1x10F 6.8(3)x10°8 -0.9(Hx10°8
PYIR,,2 K, 1.863(Hx10* 2,102 104 S821(Nx 105 3.46(9)x107°
P PPy} AAg, 2.544x 107 Orixedy 7.054(1x 107
(1-cos6y)P? N, 443100 S3.6(3x 100 -0.45(6)x107°
(1-cos67)P,2 K> -1.89(hx10 2237410 0.23(4)x10-4 -3.0(1x 10
(1-coso7(PL2-P.2) cyy -6.7(3)x L0 445X 100 244105 2.8(1x107°
(1-cosop{Py. Py} ddy, 1.55(5)x 10 2.2(1)x 10 2.2(2)x10°* -LOS(Ox 104
633 PP} K; 2.6183(9)x107 2.87(2)x 104 -6.85(0)x 107 5.08(8)x10°3
P.p,p? K3y 3.3002)x 1077 3.12(5)x10°7 2.5(0)x107
PPy (P>-P.%)) cl2 208X 1070 -3.203 107
P P2 Py} 88y, -8.790x 107 Oixedy
{(1-cos3y).PPPy ) Ke) S12(3x107°
{(1-cos3y).P Py} Kek 2026104 2.024x 10 fixed) -2.3(2)x 10 0.999)x 107
624 p.2p? oy 113(hx 10 1.03(3)x107° 0.5(1)x10°Y 0.40(1)x 109
PYZPLFPz koj 4.93(2)x107 4.55(6)x 1077 352107 0.3203)x107
S kak 2.0411(3)x10* 2.2000x 107+ -2.42(2)x10°% 0.404(h)x 10+
P.2P2(Py2-P.2) [ S3.776x10 3 fixeds
(PP )} g S0.15(38)x 109 -L7(Hx108
{1-cos3y)p* f, 6.27(1Hx 1070 5.5(1x 10 6.6(5)x10°9 6.4(3)x 107
(1-cos3y)P,2P2 ksy -5.3(2x 107 -2.4(3)x 1077 S2.2(7x 103 -0.208(5)x 1075
(1-cos3y)P,* fic 3310+ 3.2797(3)x 10 -4.2(3x107 14(1Hx 10
(1-cos3y)(Py2-P2)P2 ¢ 3.508)x107 0.2001)x10°7
(1-cos3yH P2 (P,2-P.2)} g S1.201x 10 3 ctixed)
613 PP Ik 8.396)x 1O T tlixed) 891108 16701 Ius
PP P2 T 3S502x107 2.99(3x 107 2.24x10°7 (0.26(3)x10°7
Iﬁ.,Pu}” I\ 134 DHx 1079 1.18(3)x 1077 041X 10
PP (Pp2-P. )} o 6.997x 10 trixeds
PP (PP C7K S0.231(3x 107
606 Pt H, SLA46x 107 e -0.29¢4)x 1071
pip,2 Hjk 4.53(6)x 10710 412x 10710 0.8(4)x 10719
p, P2 Hy; LO3(hx 107 0.763(7x 1077 0.59(2)x 1077 005K 0T
P.° Hy LA264(2)x 105 1. 497¢6)x 1073 LA3(2)x 1000 2.83(x 1070
PP, 2 (P 2P} hik 87575107 fised)

factor. and m is the order of the rotational factor.

=4

Order of the Hamiltonian term in the notation of Ret. 2: n =1+ m. where n is the total order of the operator. 1 is the order of the torsional

Notation of Rel. 6. {A.B} = AB + BA. The product of the parameter and operator from a given row yields the term aclually used in the

vibration-rolation-torsion Hamiltoniun. except for I, p and A, which occur in the Hamiltonian in the form F(P, + pP, 2+ AP

[sSr et

p is unitless.
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TABLE 2

with O — C Residuals from the Global Fit

JP g e Freq Une O-C Refj J'P J7 P Freq Unc O-C Ref | J7 P J" P" Ireq Unc O-C  Ref
(MHz) (kHz) (kHz) (MHz) (kHz) (kHz) (MHz)  (kHz) (kHz)
vi=0e0 K=0«0 v=00 K=1¢2 v=00 K=2&3
I+ 0+ 45359400 100 57 B 8+ 7+ 15720990 100 2600 B 9+ 8+ 10279780 100 133 D
24+ 1+ 90705810 100 49 B I+ 10+ 126441.169 100 3300 |12 -t - 139625462 100 129 O
34+ 24+ 136026400 100 57T A0 T~ o - 15467910 100 60 B [v=00 K=3&2
4+ 3+ 181308197 100 -14 D 8- 7 - 66100.090 100 32 B S5+ 6+ 127846.008 100 730
S+ 44+ 2206538.674 100 81 D [le- 15- 491247684 * -1402 O 6+ 7+ 82040930 100 41 B
6+ 5+ 271704930 100 4 D |v=00 K=21 7+ &+ 30018245 F -465 D
7+ 6+ 316795.070 100 -1t E 3+ 44+ 146278.639 100 -132 O 3+ 3 - 400575320 100 93 E
8+ 74 361797570 100 20 E 54+ 64+ 63498660 (00 -l B 4+ 4 - 400606.860 100 103 E
9+ 8+ 406701.869 100 10 D 6+ 7+ 23407495 100 20 CE | 5+  5- 400676740 100 43 E
vi=0«0 K=0«1 24 2- 318790.250 100 -105  E 6+  6- 400804.820 100 10 F
44+ 3+ S2098.820 100 27 B 34+ 3 - 316791.590 100 75 E 7+ 7 - 401014290 100 -8 E
6+ S+ 148359772 100 -119 D 44+ 4 - 314185680 100 -96 R g+ 8- 401331420 100 73D
T+ 64 197233470 100 -104 D S+ 5 - 31023410 100 32k 9+ 9 401785240 100 -85 D
9+ 84+ 290158270 100 -105 K 6+ 6- 307368.180 100 7 E 34+ 24+ 536618978 100 87 D
13+ 12+ 496620.093 100 -135 O 7+ 7 - 303296.120 100 28k 4+ 3+ 581936701 100 159 D
vi=0«0 K=1«10 8+ 8- 298895.680 100 09k S+ 4+ 0627206.156 100 221 D
1+ 2+ 41859390 100 23 C 9+ 9. 204266.750 100 66 FE 6+ 5+ 072395296 * =531 D
I - 1+ 133925423 100 2 DO 2+ 1+ 412226.083 100 37D S- 0 6- 128675024 100 -19 0O
2- 2+ 135295241 100 9 DO 3+ 2+ 458973826 100 59D 6 - 7 - 83534.600 100 42 B
3- 3+ 137370.450 100 79 BO| 44+ 34+ 506459.692 100 350D 7- 8 - 38510100 100 3B
4 - 4+ 140175200 100 42 B.O| S+ 4+ 554728596 100 39D 3.0 3+ 400516340 100 139 E
5 - S+ 143741650 100 - B.O| 6+ 5+ 0603837340 100 42 D 4 - 4+ 400430210 100 63 E
6 - 6+ 148109.248 100 14 D 7+ 64 653853.566 100 330D 5- 54 400266100 100 o) E
7 - 7+ 153323998 100 71 D 8+ 7+ 704855718 100 25 D o - 6+ 399987.140 100 -17 E
8- 84+ 159437464 100 32 D 2- 3 - 180677.030 100 150 7- 7+ 399550.610 100 -6t E
9 - 9+ 166505736 100 -4 D 3- 4 - 132619491 100 48 0O 8 - 8+ 398908530 {00 -115 E
b+ O+ 177924181~ -289 D 4 - 5- 83903.300 100 02 B 9 - 9+ 398009.240 100 -199  E
24+ 1+ 221920.254 100 0 D 5 - O - 34537.320 100 90 BE | 4- 3 - 581996.056  * -328 D
3+ 24 2065235846 100 85 D 2- 2+ 322859.200 100 -66 K §S- 4 - 627386.150 100 31 D
4+ 3+ 307883550 F 285 E 3- 3+ 324893.490 100 0 E o - S 672817983 100 o4 D
S+ 4+ 349883620 100 -6 E 4 - 4+ 3270608.560 100 4 E jv=0&0 K=3¢3
O+ 5+ 391266370 100 05 E 5- S+ 331006.540 100 4 E 44+ 3+ 181421900 * t457 D
7+ 6+ 432070.130 100 189 D o - 6+ 335089.660 100 3 E S+ 4+ 226776522 100 19 D
B+ 74 472341086 100 2 D 7 - 7+ 339860.100 100 35 E 6+ 5+ 272132944 200 297 D
9+ 8+ 512134.795 100 -58 D 8 - 8 4+ 345319.590 100 31 E 7+ 0+ 317488752 200 398 D
v=0e0 K=1e1 9 - 9 4+ 35i1469.260 * -39 E 8+ T+ 362842.700 100 -124
3 - 3+ 8160.970 100 17 D 2- 1 - 410854.053 100 46 D 9+ 8+ 408197592 ¢ 2651 D
4 - 44+ 13600.040 100 -64 D 3- 2 - 454833780 F -239 D o+ 10+ 498886.239 = 30
5 - 54 20396.670 100 59 B 4 - 3 - 498121391 100 -59 D 4 - 3 - 181421081 100 26 D
6 - 6+ 28547810 100 77 0B S - 4 - 540714.926 100 88 D S- 4. 226778.738 100 91 D
7 - 7+ 33049.060 100 -8 B 6 - 5. 582014701 * 263 D 6- 5- 272138.320 100 -3 E
8- 84+ 48894.000 100 2 B 7 - 6 - 0623820.802 100 30D 7 - 6 - 317501180 100 -27 E
14 - 14+ 141326365 -1025 O 8 - 7 - 0064336715 100 49 D 8- 7 - 362868.490 100 -8k
2+ b4 89355100 100 27 B 9 - 8 - 704166.879 100 159 D 9 - & - 408241.940 100 4D
34+ 2+ 134021283 100 15 DO v=010 K=2¢2 v,=00 K=3«4
4+ 3+ 178673.890 100 43 A j1o+ 16 - 33841.064 100 79 W 1S+ T4+ 131152834 100 -2 0
S+ 44+ 223308.567 100 -15 D 34+ 24+ 136102820 100 28 A 15 - 14 - 133057.284 100 -333 0
6+ S+ 267921475 100 83 D 4+ 3+ (81507140 100 30 A |vi=00 K=d4¢3
T4+ 6+ 312508440 100 0 E S+ 4+ 226942.830 100 75 D 8+ 9+ 140474632 100 185 O
8+ 7+ 357066.220 100 45 E 6+ S+ 272417.280 100 RIS ) 8 - 9 - 140380.006 100 1250
9+ 8+ 401591.444 100 76 D 7+ 6+ 317937730 100 37 E S5+ 5 - 548602947 % 128 D
HL+ 10+ 490532881 100 -110 O 8+ 7+ 363510.600 100 66 E 5- S+ 5486003069 % 698 D
2- |- 92075.510 100 602 B 94+ 8+ 409141210 100 29 D 6+ 6 - 548657.807 200 156 D
3- 2 - 138101.530 100 48 AO| 3 - 2 - 136055.460 100 32 A0 6- 0 6+ 548666.369 200 181 D
4 - 3 - [84113.180 * 182 A 4 - 3 - 181388.970 100 57 A 7+ 7 - 548645593 200 3 D
5- 4 - 230105.096 100 7 D 5 - 4 - 226706.601 100 3 D 7- 7+ 5486060.369 % -474 D
6 - 5.0 276072.5200 100 6 E 0 - 5- 0 272004.510 100 306 B+ 8- 548622407 100 13t D
7- 6 - 322009.760 100 -4 E 7- 6 - 317278870 100 22 F 8- 8+ 348669.222 {00 255 D
8§ - 7 - 367911.010 100 45 E 8§ - 7 - 302525700 100 31 E 9+ 9-  548581.989 100 77 D
9 - 8- 413772.280 2119 D 9 - & - 407741133 100 24D 9 - 9+ 548675140 100 180 D
11 - 10 - 4980062.816  * 236 O

Note: Refs.: A, 9); B, (10); C, (11); D, (12); E, (13); W, (24); O, new Ohio State FASSST measurements.
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TABLE 2—Continued

Jpgre Freq Unc O-C Ref | J'P" J" P” Freq Unc O-C Ref | J P J"P" Freq Unc O-C  Ref
(MHz) (kHz) (kHz) (MHz) (kHz) (kHz) (MHz) (kHz) (kHz)
vi=0« 0 K=4«4 V=00 K=9«9 vi=1le1 K=2¢2
S+ 4+ 226777175 100 2259 Db+ 10+ JY8382.7T8 100 270 T+ 10+ 496413502~ 3920
S - 4.0 2267771751000 2253 D 1 - 10 - 498382778 100 270 3 - 2 1356063.760 100 3 AEO
O+ 5+ 272132944 200 251 D |v=0<0 K=10« 10 4 - 3 - 1BOY¥75.330 100 -38 AE
O - S0 272132944 200 22200 D |+ 10+ 498249264 100 -300 0 5 4 - 226078570 100 92k
T4+ O+ 3ITA8RTS2 200 359 D |11 - 10 - 498249264 100 -0 o - 5o 271271340 100 -1 kB
- O - 317488752 200 258 D |vi=le0 K=5«9 7 - 6 - 316451490 100 SHIA B
8+ T+ 362845108 100 120 D 19+ 20+ 128970191 ‘ -4 O h 7 - 301016.670 100 -127 0 E
8 - 7 - 362845108 100 160 1y 19 - 20 - 128970.19] ‘ -9 0O 1T - 10 - 496999434 100 04 O
1T+ 10+ 498910.041 100 H17 0 |vy=1«1 K=0«0 vi=le 1 K=2«3
I - 10 - 498912932 100 208 O L+ 0+ 45266320 100 23 B I8 + 17 + 30470987 100 s W
vi=0«0 K=54 2+ 1+ 90534530 100 609 B ojvi=le | K=3&2
6+ 7+ 489558.696 100 270 O 3+ 2+ 135806.920 100 SAEO[3 4+ 14+ 128123432 100 -3280 O
O - 7 - 489558.696 100 410 O 4+ 3+ 181085.210 100 52 AE [vi=1 1 K=3«3
16 + 17+ 34329994 100 -399 W S+ 4+ 226371540 100 -123  E 4+ 3+ 181040090~ 339 A
to - 17 - 34502457 100 496 W 6+ 54+ 271668040 100 -103 E S+ 4+ 226331.800 100 S50k
v=010 K=5¢35 7+ 6+ 316976560 100 -l164 E 6+ 5+ 271633590 100 70k
6+ 5+ 272004810 100 -7 E 8+ 7+ 362299210 100 -199 E T+ 6+ 316953460 100 66 E
6 - 5 - 272094810 100 7B vi=lel K=0«1 8+ 7+ 362293120 100 -240 E
T+ 6+ 3T43REE0 100 28k 24+ 34 494084922 % 9260 O jv=1e1 K=33
7 - 6 - 317438880 100 27 FE lv=tled K=1e10 4 - 3o INI046.090 % -3 A
8+ 74+ 3627R0.480 100 A% B Lo+ 15+ 34540913 100 260 W 5 - 4 -0 226334090 100 <70 B
8- 7 - 362780.480 100 -39 B [ 194+ 184+ 134259.6601 ¢ -8400 O 6 - S -0 271639710 100 82 E
9+ B+ JOSH9471 100 9 D |vi=le1 K=1«1 7- 6 - 310967.220 100 -05  E
9 - N JHORTIOA4T7T 100 o D 24+ 1+ 89961.380 100 167 DE | & - 7 - 3062320.730 100 -39k
1T+ 10+ 4987K88.129 100 3730 340 24 134925.646 100 286 E.O |11~ 10 - 498579934 100 204 O
I -ty - 498788129 100 50 0 4+ 34+ 179870.330 100 408 E |lvi=le 1 K=4«4
vi=0 0 K=6«35 S+ 4+ 224789.070 100 418k I+ 10+ 497234321 200 -194 O
I+ 12+ 484868.607 100 800 6+ S+ 269676.030 100 46060  E TE- 10 - 497234321 200 186 O
1T 12 - 484868.607 100 170 0O 7+ 64 314525440 100 431 E |lvi=le 1 K=4«35
vv=0«10 K=6«06 8+ 7+ 359332150 100 79 E |20+ 19+ 491361.569 F -2320 O
7+ 64+ 317357216 100 36 D {1+ 10+ 493452312 100 92 O |20- 19- 491276963 ¥ S7TH08 O
7 - 6 - 317357.216 100 0D 2- b- 91120.780 100 I DE |vi=1«1 K=5«4
8+ 74+ 362078588 100 73 D 3- 2 - 136663.900 100 S0 EO | 8+ 94+ 32315301 100 -2060 W
8- 7 - 362678.588 100 D 4 - 3 - 182186.480 100 78 E 8 - 9 - 32315301 160 -349 W
9+ R+ 407993723 100 47 D 5- 4 - 227681.290 100 93 B |(vi=1 1 K=5«35
Q- ¥ - 407993723 100 +7 D 0 - S 273141100 100 =233 E I+ 10+ 495222400 100 287 O
HE+ 10+ d498602.490 100 140 0O 7- 0 318S59.060 100 ORI P 10 - 493222400 100 22870
FE- 10 - 498602.490 100 40 0O 8- 7 - 363927430 100 25 b vi=led K=6¢0
vi=0 0 K=7«6 vi=11 K=1e2 I+ 10+ 498934109 100 405 0O
3+ 4+ 492605.236 0 100 040 24+ 3+ 1436174000 100 204 0O E- 10 - 498934109 100 406 0O
13- 14 - 492605.236 100 97 0 2- 3 [45342.681 100 215 O |v=1«1 K=7«7
vi=0«0 K=7«7 vi=le 1 K=2e1 T+ 10+ 497809.362 100 914 O
S+ 7+ 362384265 100 -119 D 7 - 6 - 29661170 = 240 W | HT - 10 - 497809362 100 94 O
8 - 7 - 362584.265 100 -119 D 9+ B4+ 135440450 % 3107 O |v=1«1 K=8«8
9+ 8+ 407880.723 100 94 D 18- 17 - 498839328 ¢ -5098 O Hh+ 10+ 497342771 100 5 0
9 - 8 - 407880723 100 94 D ojvi=11 K=2¢2 il - 10 - 497342771 100 5 0
I+ 10+ 498444040 100 417 O 34+ 2+ 135652720 100 19 AE jvi=1«1 K=9«9
IE- 10 - 498444040 100 -417 O 44+ 3+ 180847.820 100 68 AE 1T+ [0+ 495207162 100 189 O
v,=0e 0 K=8¢«8 S+ 4+ 226023710 100 <128 K L= 10 - 495207162 100 189 O
TE+ 10+ 498411417 100 19 0O 6+ S+ 2701175720 100 -105  FE jv=led K=10«10
IE- 10 - 498411117 100 19 0 7+ 64+ 316299050 100 <71 E I+ 10+ 497194431 100 -187 0O
8+ 7+ 361389.060 100 9 E 11 - 10- 497194431 100 -187 O

and strong downward shifts of thike= 0 and—1 levels at high off-diagonal asymmetry matrix elements. Figure 1b illustrate
J are quite striking. the resulting energy curves, showing the = 0 and —1
To explore qualitatively the effects of asymmetry mixing irenergies slowly converging to a minimum separatioh at16
producing this energy pattern, we used Matlab to set up aadd then gradually moving apart again at higheThe exper-
diagonalize a simple X 5 Hamiltonian matrix for th&K = 0 imental and calculated patterns are remarkably similar, sho
to =2 E levels of given]. We took thel = 2 Ritz term values ing that asymmetry coupling is certainly the dominant contrib
as the unperturbed diagonal elements and used molecular agor to the energy perturbations. However, in quantitativ
stantsD,, = 840.8 MHz and B — C) = 1483.2 MHzderived detail the separation betwe&n= 0 and—1 levels calculated
from Table 1 to calculate thaK = =1 and AK = ®£2 from the simple 5< 5 model is significantly larger than that
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TABLE 3
CH,OD MW and MMW v, = 0 < 0 and v, = 1 < 1 Transitions of E Torsional Symmetry for J =< 20,
with O — C Residuals from the Global Fit

JoJ Freq Une O-C Ref| J J" Freq Unc O-C Ref| J J" Freq Unce 0-C Ref
(MHz) (kHz) (kHz) (MHz) (kHz) (kHz) (MHz) (kHz) (kHz)
vi=00 K=-10 « -10 v,=00 K=-3«2 vi=00 K=-1¢0
1110 498252.761 100 200 0O 10 10 485879.205 249 0O 10 10 14585770 100 74 L
v,=00 K=-9¢«-9 I 1 484119.419 657 O I 13027540 % 585 L
L 10 498267.732 100 292 0O |v=00 K=-2¢-3 1212 11357.550 100 350 L
vi=00 K=-8«-8 14 13 127983.895 100 148 O 13 13 9681.510 100 SI8 L
110 498371.001 100 67 O |v=00 K=-2¢-2 | 0 64302160 100 156 B
vi=0«0 K=-7¢« -7 3 2 136107.600 100 22 A0 2 I 109662.000 = 546 0O
8 7 362644.680 100 30 D 4 3 181504.500 100 58 A 3 2 154963.980 100 45 E
9 8  407954.920 100 5 D 5 4 2206922584 100 10 D 4 3 200148144 100 -3200 D
v,=0¢0 K=-6 -6 6 5 272362.153 100 I D 5 4 245142988 100 160 D
7 6 317393.226 504 D 7 6 317816.191 100 D 6 5 289871.927 100 248 D
8 7 362722.120 100 8 D 8 7 363266521 100 12 D 7 6 334264918 100 -198 D
9 8 408046.577 100 2 D 9 8 408680.194 100 25 D 8 7 378269.248 100 200 D
1110 498678.014 100 T4 0 vy=0&0 K=-2¢ -1 9 8 421862.550 100 -195 D
vi=00 K=-6«-5 2 3 133375.340 100 77 0 |vi=0«0 K=0«-1
9 10 486614.917 100 2323 0O 3 4 88340.240 100 25 B 2 I 71711910 100 -120 B
19 20  33638.661 100 190 W 4 5 43658.760 100 56 B 4 3 162185.730 100 102 E
v=00 K=-5«-5 2 2 269347.820 100 10 D 5 4 207393.090 100 130 D
6 5 272073.637 100 28 D 3 3 269483.062 100 23 D 6 50252624442 100 124 D
7 6 317409.338 100 65 D 4 4 269844.680 100 24 D 7 6 297921.374 100 28 D
8 7 362740.536 100 48 D 5 5 270581.390 100 91 D 8 7 343323714 100 225 D
9 8 408066.462 100 V6 D 6 6 271864.383 100 15 D 9 8 388857.485 100 131 D
1E 100 498700.219 100 -8 0O 7 7 273870.292 100 95 D |v=0«10 K=0«0
v, =00 K=-5«-4 8 8 276756291 100 129 D ] 0 45344160 100 -32 B
1213 127892.656 100 103 0O 9 9 280630.770 100 130 D 2 | 90669.980 100 137 B
14 15 37202222 {00 166 W 2 I 360051423 100 -49 D 3 2 135958.380 100 -5 A0
vi=00 K=-4«-5 3 2 405455.439 100 13D 4 3 181191.270 100 2 A
19 18 144238.270 -395 O 4 3 450987.450 100 30D 5 4 226350.191 100 35 D
vi=0<0 K=-4« -4 5 4 496767286 100 35 DO 6 5 271417.352 100 42 D
5 4 226738.864 100 -66 D 6 5 542943610 100 159 D 7 6 316376.222 100 1 D
6 5 272080.639 100 19 D 7 6 589680.755 F 307 D 8 7361212370 100 24D
7 6 317418.981 100 -7 D 8 7 637136727 100 21 D 9 8 405914.393 100 16 D
8 7 362753467 100 20D 9 8 685436.445 100 114 D 1T 10 494890.674 100 89 O
9 8 408083.545 100 280D [vi=00 K=-2«1 vi=0& 0 K=0«1
1110 498728.350 100 -18 0O 7 6 494779.637 -4149 0O 3 20 25695840 100 52 B
vo=0190 K=-4-3 v,=0¢0 K=-1-2 4 3 70715450 100 35 DE
4 5 392720.888 100 125 D 7 6 43945.920 100 63 B [§ 5 159571.090 100 65 E
5 6 347308432 100 152 D 8 7 86510.220 100 -127 B 7 6 203024708 100 24 D
12 13 28306.763 100 90 W 9 128049.376 100 -153 O 8 7 245538.036 100 20D
vy=010 K=-3«-3 v,=00 K=-1¢-1 9 8 286887.736  F -860 D
4 3 181428.240 100 122 A 2 I 90703.650 100 9 B |[v,=00 K=1&-2
5 4 226788.612 100 I D 3 2 135972.500 100 86 A0 7 6 141731456 100 39 0
6 5 272151453 100 40 D 4 3 181142850 100 26 A |[vyv=0&0 K=1¢-1
7 6 317517.028 100 36 D 5 4 226185.930 100 22D 1212 134834.590 100 -134 0O
8 7 362885.847 100 18 D 6 5 271079.186 100 3 D |vy=00 K=1«10
9 8 408258.453 100 26 D 7 6 315810.235 100 -l D 1 2 19518790 100 254 B
vi=010 K=-3¢-2 8 7 360380.551 100 7 D 1 I 110188.860 100 27 A
3 4325954609 100 -131 D 9 8 404805.709 100 18 D 2 2 110262.640 100 44 A
4 5 280460.396 100 133 D 11 10 493331764 100 68 O 3 31104757600 100 04 A
5 6 234886.652 100 69 D jvi=0«0 K=-10 4 4 110950.750 100 -0 A
8! 7 189221.747 100 -207 D ] | 18957.950 100 138 D 5 5 THI846.300 100 15 A
7 8§ 143472330 100 -108 DO A i [8991.670 100 59 D 0 6 113350800+ -727 A
3 3 507459.040 100 -4l D 3 3 19005.640 100 0O D 7 7 115674.450 100 12 A
4 4 507382.700 100 97 D 4 4 18957.170 100 260D & § 119025800 100 -13 A
5 5 507248.796 100 77D 5 5 18792970 100 =22 D 10 10 129575.616 100 59 0O
6 6 507038.075 100 -60 D [§) 6 18454760 100 -105 D 11 11137074525 100 -9 0O
7 7 506738.887 100 59 D 7 7 17889.040 100 135 C.D| 12 12 146191.998 100 730
8 8 506358.298 100 32 D 8 8 17057.090 100 35 CD
9 9 505936.551 100 26 D 9 9 15948.140 100 -196 L

Note: Refs.: A, 9); B, (10); C, (11); D, (12); E, (13); W, (24); L, (26); O, new Ohio State FASSST measurements.

Copyright © 2000 by Academic Press



MMW SPECTRA AND TORSION-ROTATION ANALYSIS FOR CEDD

TABLE 3—Continued

Jom Freg Une  0O-C Ref] J J" Freq Unce O-C Ret| J J” Freg Une 0-C Ref
(MHz) (kHz) (kHz) (MHz) (kHz) (kHz) (MHz) (kHz) (kHz)
vi=0e0 K=1¢10 vi=0 <0 K=33 vi=le 1 K=-5«-5
[ 0 133533.080 100 2D 4 3 181451.290 100 40 A 11 10 497597866 100 17 O
2 I 200932.393 100 -6 D 5 4 226825536 100 123 D |vy=1¢1 K=-4.3
3 20 2406434165 100 730D ¢ 50272207126 100 -6 D 8 9 [44063.623 100 764 O
4 30292841956 100 73D 7 6 3173597.904 100 I D 16 16 397080.314 1220 O
5 4 338196424 100 -7 D 8 7 362999237 100 12 D |vi=le1 K=-3-4
6 5 384768910 100 730D 9 8 408412611 100 22 D 1312 20488.778 100 Sl W
7 6 432050514 100 36 D |v=00 K=43 16 15 132590.074 -1319 0O
8 7 480238.132 100 715 D 4 5 440339804 100 -85 D jvi=le 1} K=-3¢«-3
9 8 520517.557 100 -126 D 5 6 394901707 = 546 D 4 3 180682.890 100 S350
v,=00 K=1«1 8} 7 349427.582 100 84 D 1 H) 495942 890 100 105 O
2 1 90743.560 100 8 B 7 8 303904.827 100 102 D jvi=le 1 K=-3&-2
3 2 136171.610 100 -32 A0 8 9 258322261 100 -64 D 11 10 131759.259 -494 O
4 3 181666.310 100 135 A 13 14 28977.864 100 327 W lv=1«1 K=-2¢-3
h) 40227245714 100 33 0D v=0e10 K=4«4 3 4 181268.200 100 130
6 5272922588 100 36 D 5 4 226769541 100 46D 4 S 136578.249 100 98 O
7 6 318699.038 100 15 D 6 50272123154 100 6 D |v=1e1 K=-2¢-2
8 7 364363868 100 LD 7 6 317476.689 100 33D 3 20 135894260 100 135 AEO
9 S 410491.860 100 9 D 8 7 362830.003 100 18 D 4 3181126400 100 171 AL
vi=0¢90 K=1e&e2 9 8 408183.172 100 73 D 5 4226302280 100 91 E
5 4 30839200 100 33 B 1 100 498889.143 = 631 O 6 5 271408930 100 60 E
6 5 T76868.830 100 103 B |vi=00 K=4¢«35 7 6 316434450 100 63 E
vi=00 K=2e¢1 19 18 31501.743 100 -390 W 8 7 361368.920 100 -l E
2 3 60487.650 100 28 B |vi=0«10 K=5&35 1] [0 495579284 = 882 0O
3 4 14920430 100 35 B 6 5 272052.144 100 3D lvi=1e1 K=-2&-1
2 2 196659.300 100 36 DE 7 6 317383.010 100 30 D 2 20 143624.085 100 -109 0O
3 3 196586.601 100 31 DE b 7 362708.696 100 -4 D 3 3 143758.233 100 A48 0
4 4 196406.501 100 -13 D.E 9 8 408028.569 100 8 D 4 4 143833912 100 43 0
5 5 196053.733 100 92D H 10 498647.507 100 62 0O 5 S 143840.340 100 142 0O
6 6 1954398600 100 I8 D vy=00 K=6«5 6 6 143630.207 100 215 O
7 7 194368.609 100 -5 D 16 17 141493.019 100 77 O 7 7 143121231 100 273 0O
8 8 193358934 100 200 D [vi=0&0 K=6<6 8 8 2198401 100 174 O
9 9 191870147 100 -190 D 7 6 317339.138 100 103D 9 9 140738177 10 251 0O
3 2 332758.272 100 60 b 8 7362654326 100 108D 10 10 138612.032 100 07 0O
4 3 378072.681 100 8 D 9 8 407961.943 100 95 D 11 1L 135693582 100 70
5 4423299457 100 49 D I 10 4983550.883 177 O 1212 131863.800 100 -390
6 5 468382407 100 83 D |vy=0e0 K=7«6 13 13 127018421 100 -5380 O
7 6 513267.644 100 -142 D 12 13 491310946 100 106 O jvi=le 1 K=-2«1
8 7 557922.635 100 369 D |v=00 K=77 1415 489036.673 3990 O
9 8 602361.855 100 -352 D 8 7 362649.659 100 80 D vzl K=-2¢2
vi=00 K=2¢2 9 8 407958.433 100 =79 D 2 3136500513 2730 O
3 2 136098.960 100 12 A I 10 498550.883 SO (vi=lhed K=-2&3
4 3 181486.110 100 90 A [v=00 K=8«8 17 e 27027216 -1724 W
5 4 226892.804 100 -128 D 9 8 407900.892 100 29 D |vv=le1 K=-1&-2
6 3 272328.588 100 77D D10 498482365 100 118 0O 6 5 127778.632 100 -246 0 O
7 6 317807.822 100 26 D lvi=00 K=9«9 vi=le 1 K=-1¢-1
8 7363354205 100 35D 11 10 498312.940 100 41 0O 2 | 90500.490 100 12 B
9 8 409003.044 100 28D jvi=0e0 K=10« 10 3 20 135760.133 100 95 E.O
vi=00 K=30 I O 4O98138.380 100 320 4 3 IR1030.700 100 38 E
b 5 484004999 2084 O jvi=1«1 K=-9«-9 3 4 226315.850 100 10 E
v,=0 &0 K=3&2 Il 10 497416562 100 06 0O 6 5 271619.080 100 + E
5 0 130003.793 100 720 jvi=1le1 K=-8« -8 7 6 316943410 100 -1 E
6 7 85003.120 100 Is B 1T 10 497879.779 100 -3 O 8 7 362291.610 100 -42  E
7 8§ 39246.810 100 142 B jvi=le i K=-7 ¢« -7 11 10 498498211 = 39 0
3 3 403034.826 100 -9 D 1 10 497951.349 100 68 O |vi=le1 K=-1«2
4 4 402999945 100 20 D (vi=le1 K=-6«-7 14 14 132701932 = 1170 O
5 5 402932427 100 41 D 10 9 146310.908 584 0O 15 15 133899.522 1466 O
6 6 402810935 100 82 D |vy=1«1 K=-6«-6 16 16 135287.741 2042 O
7 7 402601.019 100 e b F1 10 495353.011 100 -192 O 17 17 136854.016 2937 O
8 8§ 402245978 100 85 D jvi=1le1 K=-6«-5
9 9 401655.537 100 127 D 17 18 4900649.483 100 4 0O
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TABLE 3—Continued

Joor Freq Une  O-C Reft| I J Ireq Une  O-C Ref| J J" Freq Une  O-C Ref
(MHz)  (kHz) (kHz) (MHz) (kHz) (kHz) (MHz)  (kHz) (kHz)

vi=le 1 K=0&10 vi=le | K=2-3 vi=1e1 K=4«5

| 0 43260.020 100 126 B 18 18 127439516 100 105 0O TE 10 127165976 % -1994 O

2 I 90514920 100 14 B |vy=1¢1 K=2¢1 vi=le 1 K=6«6

3 2 135760.133 100 -26 A0 8 9 496972281 = 967 O 1T 10 495773436 100 19 0O

4 3 180990.810 100 28 E 19 20 31397.096 100 98 W Jvi=1«1 K=7«7

5 4 226201.950 100 28 E |vy=1&1 K=22 11 10 496901443 * S48 0

6 5 271388.810 100 63 E 3 2 135764.850 100 S-S AEQv =11 K=7«38

7 6 316546.500 100 37 E 4 30181024220 100 28 AE ] 20 19 142212347 ¢ 21954 O

8 7361670360 100 29 E 5 4 226287.060 100 800 E o jvi=1«1 K=8«7

100 496792.856 100 99 O 6 5 271554570 100 -08  E 13 14 139705573 % 4792 0O
vi=le1 K=0¢1 7 6 316827430 100 97 B |vi=1le1 K=8«38

] 2 11787.620 100 241 L ¥ 7362100500 100 87 E H 10 495851957+ 488 O
vi=1+1 K=1«10 1E 10 497987.167 100 238 0O |vi=1le1 K=9«8

3 20 339,126 100 700 W lvi= 11 K=33 IS 1o 136086988~ S4660 O

13 12 484471734 = 13100 O 110 495868.651 100 244 O jvi=le1 K=9«9
vi=le1 K=1«1 vi=le1 K=4«3 I 10 497690.329  * 7700

2 I 90487.270 100 718 B 5 4 30631414 100 140 W

3 2 135721430 100 S EO =11 K=4«4

4 3 180944.090 100 76 E 5 4 225300.080 100 6 E

5 4 226151.520 100 70 E 6 5 270373.220 100 42 E

6 5 271339.880 100 63 E 7 6 315450.750 100 44 E

7 6 316505.350 100 16 E 8 7 360531.520 100 70 E

8 7361644170 100 -80 E 1110 495773.436 100 A48 0O

1H 10 496863.2068 100 -7 0

observed, possibly reflecting the influence of higher ordér07329 and 0.07297 cm respectively, as seen in the
Hamiltonian terms or interaction with th& = —3 levels archived data. Each of these lines was the last identifie
which would act to push th& = —1 levels further down. member of its particular series in the spectrum, suggestir
The strong coupling and mixing among the substates indhat the literature assignments had gone off track at tho:
cated by Fig. 1 also created difficulties within the fittingyoints. We realized that we could explicitly check for this by
program in assigning consistelt labels to the Hamiltonian ysing published IR wavenumbers for the CO-stretchin
eigenvalues and correctly keeping track of each particulgang 0) to determinek = 1 and—2 E v, = 0 ground state
series of substate levels with increasihgalue. Originally, a combination differences. These were then matched agair
number of FTFIR lines involving the levels with > 16 the corresponding combination differences calculated wit
labeled asK = 0 or K = —1 E had conspicuously large grqund state term values obtained from analysis of th
residuals so were removed from the fit. However, the mag@'ssigned FIR lines using the Ritz fitting progra@v), We
tudes of the residuals were quite consistent at 0.172 and 0.} End that to reproduce the CO—stretching IR combinatio

cm*ford = 1_7 and 18, respegtively, and on inspection turne fferences, the (0, 1, 17) and (8.2, 14)E energies indeed
out to be precisely the separations betwken 0 and—1 term needed to be adjusted by0.1418 and+0.0732 cm’, as

values for thosel states. A plot of the computer-generated ~ . . : : ;
energies was virtually identical to Fig. la but had a “Ievelfnp“ed from the residuals in the fit, showing that the globa

crossing” betweed = 16 andJ = 17 due to interchange by anzly_&s II'S (;:orbrectlyt;noldellng these Itevelhs_.ft d mixi
the program of th& = 0 and—1 labeling forJ = 17. Thus, S Implied above, Ihe 1arge asymmetry shills and mixing 0

simply switching theK = 0 and—1 assignments fod = 17 the five strongly coupl.ectK =0 to_ _iz Ve = O E supstates

sufficed to solve the problem and bring the residuals bafjake detailed calculation of transitions involving their sublev
down to experimental accuracy. (Note that both the origin§lS @ rigorous test for the global fitting program. However, ou
and the reversed assignments are shown in the archived FTEWfent corrected iy, — veao) residuals for these transitions
data set, in order to highlight thi-labeling problem and to show no features unaccounted for, and the perturbed subbal

emphasize the successful modeling of these lines with tAEe Well reproduced. With respect to the question of wheth
K-ordering reversed.) theK = 0 and—1 v, = O E levels start to slowly diverge

The only other major discrepancies between observed a?@Rin abovel = 18 as our analysis predicts, an extrapolatior
calculated wavenumbers in the fit occurred for thg (<, of the K = 0 and —1 E series using the IR ground state
J) = (1, 0, 18)< (0, 1, 17)E transition, with a residual combination differences indicates that this is in fact the cas
of —0.14249 cm*, and the (1,-1, 13)«< (0, —2, 14) and and that the energies are well modeled by the calculatiol
(1, -1, 14) < (0, —2, 14) E transitions with residuals of based on the parameters of Table 1.
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TABLE 4

CH,0OD MW and MMW v, = 2 < 2 a-Type Transitions of A and E Torsional Symmetry for J = 20 with
Observed Minus Calculated Residuals Obtained Using the Global Fit Parameters of Table 1

J P I Pt Freq O-C Ret| 5 J' Freq O-C Reft | I J* Freq 0-C Ref
(MHz) (MHz) (MHz) (MHz) (MHz) (MHz)
K=0«0 K=-7«-7 K=1¢1
I+ 0 + 45193.740 0.5 A 10 496706.629 6.5 O 2 I 90368.920 1.7 AE
2+ I+ 90386.350 1.0 AE |K=-6«-6 3 2 135551990 27 AE.O
3+ 2+ 135576810 L4 AEO| 11 10 498153565 -1.8 O 4 3 180733.150 3.5 AE
4+ 3+ 180764110 1.9 AE |K=-4««-4 5 4225912.050 44 E
5 + 4+ 225947170 2.4 E 5 4 225832,190 -133.2 E [§) 5 271087.990 5.3 E
6 + S+ 271124910 29 E 6 5 270991360 -166.7 E 7 6 316260.190 0.1 E
7+ 6+ 316296320 3.4 E 7 6 316146.500 -203.9 E 8 7 361428.290 6.9 E
3+ 7+ 361460210 3.8 E 7 361297.070 -2454 E t 10 496901.442 8.9 O
I+ 10+ 496896.727 5.0 O |K=-3«-3 K=22
K=1«1 4 3 180712.500 24 AE 3 2 135628.150 1.8 E.O
2+ I+ 89707.610 0.7 AE 5 4 225885.420 3.0 E 4 3 180831790 2.3 E
3+ 2+ 134559300 09 E.O 6 5 271054.920 3.6 E 5 4 226030.500 2.8 E
4 + 3+ 179408810 1.3 E 7 6 316220.250 4.3 E 6 5 271223.090 33 E
5 + 4+ 224255.060 1.6 E 8 7 361380.730 5.0 E 7 6 316408.500 39 E
6 + 5+ 269097340 2.0 E |K=-2-2 8 7 361585250 43 E
7 + 6 + 313934890 24 E 3 2 135586.910 1.2 AE.O I 10 497052.373 5.5 O
8 + 7 + 358766.870 2.7 E 4 3 180776.260 1.6 AE |[K=33
I+ 10+ 493221915 4.0 6] 5 4 225960.290 2.2 E 4 3 180674.120 2.3 E
2 - Po- 91064.220 1.5 A 6 5 27H137.400 2.6 E 5 4 225834.640 2.8 E
3 - 2 - 136593950 2.1 E.O 7 6 316306.440 3.0 E 6 5 270989.880 3.5 E
4 - 30— 182120910 28 E 8 7 361466.020 3.5 E 7 6 36138.630 4.0 E
5 - 4 - 227644200 3.5 E | 0 496878.940 9.1 O 8 7 361279990 4.6 E
o - 5 - 273162830 4.2 E |K=-2-1 10 496647.032 4.6 O
7 - 6 - 318675900 5.0 E 3 2 607125533 -12.0 O |K=d4
8 - 7 - 364182.640 5.8 E |[K=-1«-1 5 4 225911.360 25 E
K=2¢2 2 1 90381.110 1.0 AE 7 6 316262.170 34 E
3+ 2+ 135528.060 23  AEO 3 2 135568.641 1.1 O 8 7 361432780 4.0 E
4+ 3+ 180701.680 3.1 AE 4 3 180754.100 2.1 E 1 10 496919320 6.0 O
5 + 4+ 225873.050 3.8 E 5 4 225935.080 2.7 E |K=5«5
6 + S o+ 271041880 4.6 E ] S5 271110.940 32 E 11 10 496832.855 8.9 (8]
7 + 6 + 316207.570 5.5 E 7 6 316280.680 3.8 E |K=7&7
8§ + 7+ 361369.620 6.3 E 8 7 361443.330 4.3 E 11 10 495490.452  14.1 O
I+ 10 + 496832855 137 O H 10 496874.621 1.6 O
3 - 2 - 135526270 23 AEO|K=0+0
4 - 3 - 180697.270 3.1 AE I 0 45190.130 0.7 A
5 - 4 - 225864350 38 E 2 1 90379.720 1.3 A
6 - 50 -0 271026680 4.6 E 3 2 135568.970 2.4 A0
7 - 6 - 3161832060 54 E 4 3 180756.340 2.7 A
8 - 7 - 361333100 6.l E 5 4 225942.390 3.3 E
- 10 - 4906732.626 84 O 6 5 271126.540 4.0 E
K=3«3 7 6 316308.360 4.8 E
I+ 10+ 494939.701 2.0 O 8 7 361487.180 54 E
- 10 - 494939.701 2.7 O I 10 497002.975 7.2 O
K=6«6
I+ 10+  496647.032  14.0 0
- 10 - 496647.032 14.0 e}
K=9«9
o+ 10+ 498232131 N O
- 10 - 498232.i31 2.7 O

Note: Refs.: A, 9); E, (13); O, new Ohio State FASSST measurements.

1V. DISCUSSION AND CONCLUSIONS
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MW spectral regions and have been incorporated into a lar

In this work on thev, = 0 and 1 ground state spectrum oflata set of 564 MW and MMW lines and 4664 FTFIR lines
the CH,OD isotopic species of methanol, new measuremeri#dobal analysis of this data set has been accomplished with
and line assignments have been obtained in the MMW anderall weighted standard deviation of 1.060, i.e., essentially
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FIG. 1. (a) Plot ofJ-reduced experimental torsion—rotation energies foithe 0 — =2 E v, = 0 substates of CkDD, obtained by subtractingJ(J +
1) from the term values using a meBrvalue of 0.7576 crit. (b) Torsion—rotation energies for thie = 0 — +2 E v, = 0 substates of CK¥DD calculated
from a simple 5x 5 Hamiltonian taking thd = 2 term values as the unperturbed energies and introddding =1 andAK = *2 asymmetry matrix elements
evaluated withD,, = 840.8 MHz and B — C) = 1483.2MHz, respectively.

within mean experimental uncertainty, using a torsion—rotati@ssignment of IR vibrational bands through the use of grour
model with 53 adjustable parameters and including terms of sfate combination differences.
to sixth order in the torsion—rotation operators. The new MMW Planned extensions to the program of global fitting include
measurements, plus the results of the fit in the form of the fullove upward in energy to torsional states with= 2 in order
dataset together with the least-squareg,(— v.,o) residuals, to test the one-dimensional Hamiltonian model in the nec
have been deposited as supplementary information in the Jii&e-rotor regime above the barrier. Once the lower levels ¢
archive, accessible from the JMS home page at wwihe ground state are firmly under control, we will be in &
idealibrary.com. position to explore coupled-state analysis of the vibratione

There is good internal consistency among the parameter ggsturbations that enter the problem when higlground state
obtained here for CKDD and previously for?CH;OH (2), levels interact withv, = 0 and 1 states of the small-amplitude
CH;OH (3), and CDOH (4). This reinforces confidence in vibrations. We will also extend our global fitting to additional
the fitting procedure, suggesting that the right minima araethanol isotopomers for which large spectroscopic data s
being found in the least-squares process and that the paramexést, in order to probe further the isotopic dependence of tf
reliability will permit meaningful intercomparison. Further-parameters. At present, the encouraging convergence of exp
more, recenab initio calculations using the Gaussian prograrimental spectroscopy and theoretiedl initio techniques30—
to explore structural relaxation when going from the bottom t82) holds promise for detailed understanding of the isotopi
the top of the torsional barriel3Q) have shown promising results and quantitative interpretation of many of the Hamiltc
agreement with the global fitting results f6€H,0OH for those nian parameters.
distortional terms having a (% cos3y) functional dependence.

Altogether, we have now achieved global fits for the= 0
and 1 torsional states of GAH, “*CH,OH, CD,OH, and ACKNOWLEDGMENTS
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