The microwave spectrum and structure of the methanol -SO, complex
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The rotational spectra of nine isotopomers of the methanblur dioxide van der Waals complex
were observed with a pulsed molecular beam Fourier transform microwave spectrometer. Each
rotational transition is split into aA-state fn=0) and arE-state (n= = 1) transition due to methyl

top internal rotation effects. Th& andE transitions show an additional inversion splitting ranging
from a MHz to a few tens of MHz in seven of the isotopomers. The inversion splitting is absent in
the two S°00 isotopomers. The center frequencies of the inversion doublets were used in a
simultaneous fit of both tha- andE-state transitions, producing rotational constants which allowed

a complete determination of the structure of the complex. Analysis of the moments of inertia
indicate that the complex has a stacked structure. The center of mass distance between the two
monomers is 3.08) A. The effective torsional barrier height \6,=128.61) cm ! based on the
assumption that the methyl group rotates against a heavy frame. The dipole momertli®4(3)

D. The inversion motion is discussed based on effects on the splitting associated with isotopic
substitution and the transition dipole direction. 195 American Institute of Physics.

I. INTRODUCTION worthwhile to extend the investigation of the@® SO, series
to the methanol5G, complex. To our knowledge there has

With recent advances in high-resolution spectroscopidbeen no previous spectroscopic study of this complex.
techniques, there has been a growing number of investigavlethanol has a significant dipole moment of 1.69 D, which
tions of weakly bound complexes. It is expected that theshould give rise to a strong dipole—dipole interaction with
study of a group of related complexes will be helpful in SO,. Both the hydroxyl hydrogen and methyl group in
determining trends in the configuration and properties ofmethanol can interact with the oxygen atoms in,SiDwas
complexes, which in turn will lead to a better understandingof interest to explore the effect of the relative competition of
of intermolecular forces. Several complexes containing SOthese interactions on the structure. It was also of interest to
and an amine Lewis base, such as trimethylamineletermine the barrier to internal rotation of the methyl group
(TMA)-S0O, (Ref. 1) and dimethylamindDMA)-SO, (Ref.  since a decrease in this barrier height has been observed in
2), have been studied. In these complexes the interactiole CHOH-NH,CHO (Ref. 6, CH;OH-CO (Ref. 7), and
between the sulfur atom and the nitrogen atom lone-pai€H;OH-Ar (Ref. § complexes. It was recently propoSed
electrons appears to be the dominate force which binds théat this lowering in the torsional barrier height is an artifact
monomers and it occurs with appreciable polarization efarising from neglect of the large amplitude vibrational mo-
fects. These are relatively strong complexes with nitrogention of the methanol subunit within the complex.
to-sulfur interaction distance(N-S)~2.3 A] which are
considerably smaller than the sum of the van der Waals radii
of sulfur and nitrogen. Recently, the study of Sentaining Il. EXPERIMENT
complexes was extended to theGRSO, system, where N is The methanolSO, complex was generated in a super-
replaced with O and R is either a hydrogen or a methykonic expansion of a gas mixture of roughly 2% methanol
group. In waterSO, (Ref. 3 and dimethyl etheSO, (Ref.  and 2% SQ seeded in 96% of Ne—He carrier gi80% Ne
4) the complexes are stacked and the dipole moments of thend 20% H& The backing pressure was about 2 atm. The
two monomers are aligned nearly antiparallel in the com-spectrum intensity decreased by about fifty percent when Ar
plexes. This apparent dipole—dipole interaction supplementwas used as the carrier gas. Spectrophotometric grade metha-
the polarizing interaction of sulfur with the oxygen lone-pair nol (Mallinckrodt) was used in the experiment. GBID
electrons which is of lesser importance based on the muct99% D), CD;OH (99.5% D, *CH,OH (99% *3C), and
larger distance between sulfur and oxyger2.9 A). Another  CH,'®0H (94% *80) were purchased from Isotec. GDD
interaction that can play a role in S@omplexes involves (99.5% D was obtained from Aldrich.]§.o2 (97%*0) was
methyl groups. In the methylacetylei®0, complex one of  purchased from Icon. The'®' 0 species was made by
the oxygen atoms in SCappears to be attracted to a methyl mixing equal amounts of 60, and $%0, in a sample bulb.
hydrogen, as evidenced by an eclipsed arrangement of tliEhey exchange quickly and give a ratio of 2:1:1 for
C—CH; bond and a S—O bond. Obviously, this interactionS'0*0:5%0,:S0, .
will enhance the binding strength of the complex. There are  The rotational transitions of methan8IO, were ob-
indications that this kind of interaction also influences theserved using a Balle—Flygare type Fourier transform micro-
large amplitude internal vibrations and tunneling motions inwave spectrometéf. The spectrometer operated between
the complex. 7.3—18 GHz. Spectral linewidths were typically 30—50 kHz

In view of this interplay of interaction effects, it seemed full width at half maximum resulting from Doppler broaden-
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ing. Usually the measured line frequencies were reproducibl@ABLE 1. Observed microwave transitiori®Hz) of methanolSO, (nor-
to within =5 kHz. mal speciesA lines).

Stark effect measurements were used to determinéd the py
guantum number of the transitions and the dipole moment
components of the complex. Moreover, Stark effect measure3 0 3 2 1 2 7844.668-,+) 7861.323 0.016

. - . i 7877.979+,-)
ments were helpful in determining whether a particular rota 2 11 1 7929003 +)  7929.622 0.055

K. K. "KLK Vopd Vavl Obs—Cal’

tional transition was associated with tAém=0) or theE(m 7930.241—,)
==+1) torsional states. The spectrometer was equipped witte 0 2 1 0 1 8262570-,+) 8263.103 0.003
two parallel steel mesh plates 30 cm apart straddling the 8263.631—,-)
microwave cavity! A dc voltage up to 9.9 kV was applied 11 110 8%%33%%]&'3 8633.739  —0.039
with opposite polarity to each plate. THe=1— J=0tran- ; ; 1 0 0 0 8942291 +) 8961197 —0.068
sition of OCS(u = 0.715 196 D (Ref. 12 was used to cali- 8980.104+,—)
brate the electric field at each voltage. 1 10 0 0 0 9310.81%,+) 9313.686 0.066
9316.561—,—)
3 1 3 2 1 2 11881.696,+) 11882.606 0.018
11 883.516—,—)
3 0 3 2 0 2 12347.268,+) 12348110 —0.001
12 348.951—,-)
IIl. RESULTS AND ANALYSIS 4 0 4 3 1 3 12343.3§7,+) 12357.954 —0.009

12 372.521+,—)

The methanolSG, spectrum exhibited all three dipole 8 22 22t 1122442265.1627;)?’3 124 ess o0

selection rules. The-type transitions were the most intense. 3 > 1 2 2 0 12491.847,—) 12492.147 0.003
Most of the transitions appeared either as doublets or quar- 12 492.487+,+)
tets. The splitting varied from about one MHz to a few tens 2 1 2 1 0 1 12731.866-+) 12749890  0.015

o . . L 12 767.921+,-)
of MHz within a doublet or quartet. This splitting was ini- 1 2 2 1 1 12938166 +) 12938.360 —0.012

tially thought to arise from internal rotation of the methyl 12 938.554—,—)
group, leading to a preliminary estimateof the torsional 2 1 1 1 0 1 13803.793%,+) 13806.492 0.021
barrier which was too high. We subsequently realized that 13809.23L-,-)

this splitting arose from some kind of inversion motion. This 2. 20 211 114444972%%%?3 14 484.888 0.006

is discussed more fully in Sec. IV B 1. The proper assign-, , 4 2 1 2 15504538 ,+) 15512.373 0.009
ment of the doublets was accomplished with the aid of Stark 15 520.217+,-)
effect measurements. The transitions showing a second-ordet 1 4 3 1 3 15821.314,+) 15822474 0.008

. : . i 15 823.634—,—)
Stark_ gffect were assqmated with tletorsional state; th_e & 1 3 2 0 2 16352816 4) 16360.396 0.003
transitions showing a first-order Stark effect were associate 16 385.981+ —)
with the E torsional statgexcept forK,=0 transitiong. A 4 0 4 3 0 3 16378.05%,+) 16379.236 —0.008
total of 22 pairs(with K,<2) of A-state transitions were 16 380.41%—,-)

N
w
w
N
N

16 548.209-,+) 16 548.284 —0.008

observed. Thé\-state transition pairs exhibited an inversion 4
16 548.359—,—)

splitting of different magnitude depending on the dipole ,

) ) o X 2 2 3 2 1 16729.322,—) 16729.519 0.007
type. The inversion splitting was approximately 1 MHz for 16 729.716+,+)
the a-type transitions, 30 MHz for thb-type transitions, and 4 1 3 3 1 2 17226.94%,+) 17227.208 —0.008
6 MHz for the c-type transitions. A total of 20 setsvith 17227.474-,-)

Kas 2) of E-state tran?'t'ons. were .O.bserved_' TEeState . %Observed transition frequencies. Also givém parenthesgsare the inver-
transitions showed an inversion splitting of similar magni- sion state assignments)’(p”). Whenp=" +" the specified state is asso-
tude as that observed for tiestate transitions. Unlike the ciated with the inversion state of positive pariyr symmetric species in

A-state transitions, thé&-state transitions should, in prin- 970uP theoretical languagaVhenp=" ~" the specified state is associated
with the inversion state of negative parifgr antisymmetric specigs

ciple, appear as quartets due to a mixing of the rotationarhe average experimental frequencies of the inversion doublets.
basis functions of different symmetrigdhe quartets consist °The differences between the averaged experimental frequeffoieshe

of two pairs of transitions, grouped as an inner pair and annversion doubletsand the corresponding calculated transition frequencies.
outer pair. Sometimes one of the pairs was not observed
because of low intensity, resulting in a doublet. The observed
A andE state transitions are listed in Tables | and II.
A complete (PAM) torspn-rotatlon I—_Iamﬂtoman tylpy- ]/:AP5+ BP§+CP§+ Dapa+_%§jl>
cally used in methyl group internal rotation probléfiis”

was first used to fit the average frequeriey,o of the tran- a,b.c a,b.c )
sition doubletgor quartets for the A andE states. The stan- + 52‘,— Dij(PiP;+P;P;) -2 Z QiPip+Fp
dard deviation for the fit was several hundred kHz. With the

addition of an extra linear tern),P,, the standard devia- +V3(1—cos J)/2+. 7P, 1)
tion was reduced to about 20 kHz. This modified Hamil-

tonian is given as where
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TABLE II. Observed microwave transitiori#Hz) of methanolSG, (normal speciest: lines).

Vobs Vobs
J' Ky K¢ J' Ky K¢ (inner paiy (outer paiy Vave Obs~—Cal.
3 0 3 2 1 2 8050.286 8068.322 8050.699 0.008
8051.110 8033.075
2 1 2 101 1 8103.237 8104.742  —0.006
8016.248
2 0 2 1 0 1 8233.313 8233.778  —0.001
8234.243
2 1 1 1 1 0 8463.969 8465.428 0.002
8466.886
101 1 0 0 o0 8511.366 8491.140 8511.658 —0.003
8511.949 8532.175
1 1 0 0 0 o0 9716.978 9717.374 0.002
9717.770
3 1 3 2 1 2 11992427 11 994.183 0.008
11 995.936
3 0 3 2 0 2 12307524 12308.210  —0.001
12 308.897
4 0 4 3 1 3 12371.061  12386.053 —0.003
12 401.044
3 2 1 2 2 0 12452354 12 453.148 0.001
12 453.943
3 2 2 2 2 1 12456.995 12457554  —0.009
12 458.114
2 1 2 1 0 1 12472515  12491.290  —0.009
12 510.065
3 1 2 2 1 1 12831752 12832.960  —0.009
12 834.167
2 1 1 1 0 1 14056.074 14 057.692 0.004
14.059.309
4 1 4 3 1 3 15891.014 15892.466  —0.003
15893.918
3 1 3 2 0 2 16235144 16 251.699 0.005
16 268.254
4 0 4 3 0 3 16328663 16 329.540 0.000
16 330.416
4 2 3 3 2 2 16632292 16 633.052 0.004
16 633.811
4 2 2 3 2 1 16634475 16635531  —0.005
16 636.587
4 1 3 3 1 2  17161.320 17 161.865 0.010
17 162.410
A=A, +Fp2, B=B,+Fp2, C=C,+Fp? /) contains the distortion terms in the usual Watson

D.—F i—abe i%i A-reduction Hamiltonian.,%ff) is the torsional state-
i=Fpipy  (Li=ab.c, i#]), dependent distortion Hamiltonidn:'®

i=Fp; (i=a,b,c),
Q=Fei ( ) =D 3uP?p?~ DmPap?— DiamP3p

a,b,c -1
F:F0<1_Z Pi)\i> , —de[Pa(Pﬁ—P§)+(P§—P§)Pa]|0
1
+d,p?(P3 + P?)+2L,;,P?P,p+2L ;,P?Pyp

Ar Br Cr
Pa=f Nar PO Moo PeTE Ao +2L3P?Pp+HykmP?P3p%. 2

Note thatD P, was added as a phenomenological term and  Note that a sextic term was added to improve the fits.
its interpretation was unclear. It will be shown later that it is Implementation of Eqs(1) and (2) has been discussed
likely related to the inversion motionA,(=#%2%/21,), before® The rotational temperature used in the simulations
B, (=%%/21,), andC, (=#2%/21,) are the rotational con- was 1.2 K. A simultaneous fit of all the observadines and
stants of the complext, (=#%2/21,) is the rotational con- E lines was carried out. The fitted molecular constants are
stant of the methyl top about it8; symmetry axisA,, \,,  reported in Table Ill. Note that not all the distortion terms in
and\ . are the direction cosines of the methyl group symme-£Eq. (2) were used. The unused ones were set at zero. The
try axis with respect to the principal axes of the complex.deviation for the fitAv,,,c=19 kHz (see Table ll}, is about 4
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TABLE V. Stark coefficients for the ground torsional state=€ 0) transi-
tions and dipole moment of methan80,.

Transition [M] Avlg?? Obs-Calc.
303~ 202 0 —0.059 0.000
1 —0.006 0.000
2 0.153 0.002
25— 101 0 ~0.257 0.000
1 0.317 —0.001
315—21, 0 -0.021 ~0.002
1 0.189 0.003
2 0.801 —0.001
404303 0 -0.021 0.001
1 —0.010 0.000
2 0.028 —0.001
3 0.091 —0.001 Rem. .

| 1a| =1.7812) D
| 16| =0.54323) D
|4e| =0.55422) D
| el =1.943) D

30bserved Stark coefficients in units of TOMHz/(V/cm)2.
®The uncertainties are &.

times that of the experimental uncertainty. This apparently is
caused by the inadequacy of the Hamiltonian used in the fit.
But the molecular constants obtained from the fit should be fQ‘PM
good enough to allow structural and dynamical information
to be extracted.

The spectra of the following isotopic species have also FIG. 1. Definition of the structural parameters for methaga},.
been  observed: °CH;OH-SO,,  CH,'®0H-SO,,
CH;OH-S¥®0,,  CH,0H.-SY*0'®0,  CH;OH-S'®0'0,
CHZ0OD-SO,, CD;OH-S0,, and CQOD-SO,. The rota-  structure. In this configuration, the relative geometry of the
tional spectra of the methan&'®0®0 and  two monomers in the complex can be specified by one dis-
methano!S'®0 %0 complexes differ from the spectra of the tance and five angles. As shown in Fig.Rg ), is the dis-
other species. Due to the nonequivalent positions of the tweance betweelg, the center of the mag€OM) of SO,, and
oxygen atoms in the complex, no inversion splitting was ob-y,, , the center of mass of methandk is the SQ tilt angle
served in these species. Some of the transitions of the dewgf the C, axis of SQ with respect toR- , and 6,, defines
terium isotopomers were broader than usual because of thee methanol tilt angle betweeR. ,, and yy—O of metha-
unresolved deuterium quadrupole splittings, and center frenol. The wagging angles of the $@nd methanol are defined
quencies for such clusters were visually estimated and usasyy the angles ¥ (£0,—-S—s—xm) and Wy
in the fit. The transition frequencies for all the observed iso{/H;—-O-y\,—xs), respectively. Finally, the dihedral angle
topic species are available as supplementary mateaad  was defined a® (£S~xs— xm=0).
the derived rotational constants are listed in Table III. In order to determine the structure of the complex, Sch-

To determine the dipole moment of the methaB@, wendeman’s computer prograsTRFTQ (Ref. 18§ was used
complex, second-order Stark shifts were measured for sete fit the moments of inertia of all the isotopic species. It was
eral A-state transitions. The second-order Stark coefficientaissumed that the monomer structures were unchanged in the
were obtained from least-squares fitting/of vs ¢? and are  complexes and the literature values of the monomer geom-
listed in Table IV. A least-squares fit of these observed coefetries were usetf. The six structural parameters were varied
ficients gave dipole components of,=1.7812) D, in the fitting of the twenty seven moments of inertia with the
#p,=0.54323) D, u.=0.55422) D, and a total dipole mo- resultant values given in Table V. The deviation of the fit
ment of ur=1.943) D. The Stark effect splittings were es- (Al was 0.395 amu A Schematic diagrams of the struc-

sentially the same for either inversion component. ture viewed along the axis anda axis are shown in Figs.
2(a) and 2Zb), respectively. As can be seen in Fig. 2, the
IV. DISCUSSION structure of the methan@®0O, complex has a stacked con-

figuration. The SO bonds approximately eclipse the methanol

framework bonds, and the methanol framework plane is
The structure of the complex could be determined unamnearly parallel to the SOplane.

biguously, since the spectra for nine isotopic species were The distance between the methanol and, 8@nomers

analyzed. The presence of three selection rules indicates thean be compared to expectations from the van der Waals

the methanolSO, complex has no symmetry plane. One can(vdW) radii of relevant atoms. The distance between the sul-

also expect that the methan8D, complex has a stacked fur atom and the carbon atom is 3.46 A, which is very close

A. Structure and dipole moment
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TABLE V. Structural parameters from least squares fits of the moments othe dipole moments of the two monomers antiparallel. It may
inertia. be possible that there is a interaction between the oxygen
atom of SQ near the methyl group and a methyl hydrogen,

since one S—0O bond is directed to the methyl group. This
CHiOH-SO,* H;0-S0,° (CHy),0-S0°  also could make a positive contribution to the van der Waals

Structure

0s (deg (£ xy—xs=9° 68.410  69.710) 85.96) interaction.

Oy (deg (£ xs—xm—0) 86.957) 66.314) 72.63) The structure parallels the symmetric stacked structures
Vs (deg (£L04—S-xs—xu)  76.35 90 90 for H,O-SO, and(CHy),0.S0O,. The separation between the
g“ﬁ dg’;?;éf;__’;“ﬂ‘_%)‘m ig'ggg 98 98 centers of mass of the two monomers was determined to be
Rew &) 30811)  2.9625) 3.051) 3.081 A, slightly larger than the 2.96 and 3.05 A COM dis-
Rs_o (A) 2.852) 2.82416) 2.873) tances for the KD-SO, and DME SO, complexes, respec-

Al s (amu &) 0.39 0.15 0.15 tively. However, these values are not strictly comparable
¥ east-squares fit of 27 moments of inertia from the nine isotopic species.smceXM lies nearly on t_he_ C-0 bond in m_ethan0|’ unlike
bReference 3. H,O and(CH,),0, where it lies along th€, axis. The com-
‘Reference 4. parison of the other structural parameters of meth&©)

dStruc_tural pe}rameters _d(_efine(_j in Fig. 1. Signs of the dihedral angles argith that of the WateISOZ and dimethyl etheSOz com-
consistent with the definition in Ref. 29. . . .
®Al=ly v, (0b9—Iyy  (calo for a given isotopic species. plexes is shown in Table V. The intermolecular sulfur—
oxygen distances are also listed in Table V. The sulfur—
oxygen distancéS—0O) in CH;OH-SG, is slightly larger than
to the sum of the van der Waals radii of sulfur and carborthat in H,0-SO,, and smaller than if{CH3)O-SO,. These
(3.50 A).%° The closest separation between an oxygen of theesults suggest that the van der Waals interaction may be the
SO, and a methyl hydrogen is 2.5 A assuming that the mestrongest in HO-SO,.
thyl group conformation is unchanged from methanol. This  As a check on the structural determination, Kraitchman’s
distance is slightly smaller than the sum of the van der Waalgquations* were used to determine the positions of the iso-
radii of oxygen and hydrogef2.7 A).*° This configuration is  topically substituted atoms in the complex. The results are
consistent with a dipole—dipole interaction that tends to alignjsted in Table VI. Using these coordinates, the C-O and
O—H bond lengths in methanol and the O—0O distance in SO
were calculated as 1.431, 1.154, and 2.470 A, respectively.
These are in good agreement with the C—O bond length in
methanol of 1.425 A and the O—O distance in,302.476
A. The O—H bond length, however, differs appreciably from
the value in the bare methanol monongerl A). A similar
discrepancy in the O—H bond length in the methaAol
complex was observed by Tatal® This variance is likely a
result of the large amplitude “swinging” motion of the hy-
droxyl group in the complex which is markedly affected by
deuteration.

The small uncertainties in the structural parameters
listed in Table V are the statistical values from the fitting
process. However, this is a vibrationally averaged structure
which does not take into account how the large amplitude
vibrational and tunneling motions in this weakly bound com-
plex affect the moments of inertia. These effects, which vary
with isotopic substitution, could be sizable. Consequently,
we conservatively recommend th&: ), and the angles
- should be within 0.05 A and 5° of the equilibrium values.

Based on the structure of the metha:isi, complex, the
dipole moment components were estimated from the vector
sum of the dipole moments of S@nd methanol. Due to the
nearly antiparallel alignment of the monomer dipole mo-
ments, this gave.,=0.23 D, 1,,=0.20 D, andu.=0.072 D.
Compared to the measured dipole momeiisble 1V), all
dipole moment components show a substantial difference be-
tween the estimated and measured values. The overall in-

crease in the total dipole moment of the comp{&6 D) is
FIG. 2. Schematic diagram of the structure of the methd&@) complex in - ayrihyted to induction effects and can be compared to the
the principal axis systenta) Viewed along thet axis; (b) viewed along the

a axis. yy andys are the centers of ma¢§OM) of the methanol and SO increas?s ifCH;),0-SO, and I-bOSOZ of 1.4 and O-.75 D,
monomer, respectivelfR¢  is the distance between the two COMs. respectively. These are appreciable effects but still smaller
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TABLE VI. The Cartesian coordinates of the atom positions in the principal axis system of me®@noh).
Coordinates listed under “Kraitchman” were determined using Kraitchman’s equations. Coordinates listed
under “STRFTQ” were determined using the computer program STRFTQ which fitted the 27 moments of

inertia.
Kraitchman STRFTQ
|al |b] Ic| a b c

H, 1.315 1.508 0.298 —1.434 —1.360 0.270
(6] 1.634 0.631 0.381 —-1.733 —0.728 —0.365
C 2.440 0.323 0.317 —2.375 0.339 0.326
H, —3.246 —0.005 0.892
Hs -1.693 0.851 1.012
Hy —-2.711 1.055 —0.430
(o) 0.689 1.325 0.155 0.616 1.323 0.165
Og 1.345 1.026 0.535 1.452 —0.975 0.551
S 1.010 0.046 —0.353

than in amineSO, complexes where increases of 2.7—3.0 Ddimer (Ref. 27 and acetylene&SO, (Ref. 22 are noteworthy
were observed. exceptions

C. Large amplitude motions
B. Electrostatic modeling 1. The inversion motion

Previous studies of complexes such as ethyl8@e As mentioned in Sec. Il each rotational transition in
(Ref. 21, propeneSO, (Ref. 22, furan SO, (Ref. 23, and  methanolSG, is split by an inversion motion into two com-
benzeneSO, (Ref. 24 have shown that the Buckingham and ponents. The magnitude of the inversion splitting varies for
Fowler (Ref. 25 electrostatic interaction model can rational- different dipole selection rules. The typical values are 1, 30,
ize conformational features of many vdW complexes. Weand 6 MHz for thea-, b-, and c-type transitions, respec-
therefore applied this model to our current system to explorgively (in the normal specig@sDue to the low temperature of
its ability to rationalize the structure of the methai®0D, the supersonic expansion, we need to consider only the low-
complex. est two inversion levels, designated asand —, respec-

In the Buckingham—Fowler model, the charge distribu-tively. The aforementioned dipole selection rule dependence
tion of each monomer is described by sets of point multi-of the inversion splitting suggests that thend thec dipoles
poles, which are located on the atoms and sometimes at borm@nnect inversion levels with the same parity while the
midpoints, and the electrostatic interaction energy is calcudipole connects inversion levels with the opposite parity
lated between the multipole moments. A hard splfea@ der  (these results can be verified by a direct fit of the inversion
Waals radi) interaction is used as a repulsive term. The dis-splitting, vide infra). These dipole selection rules are de-
tributed multipole values for SQwere taken from Ref. 25. picted in Fig. 3. Because thle-dipole transitions connect
Those for methanol were determined by a@m initio calcu-  inversion levels with opposite parity, the direction of the
lation using thecADPAC program with a 6-31¢ basis sef®  b-dipole moment is reversed by the inversion motion. The
(Values up to quadrupole moments were used and are praipole selection rules were not strictly followed for the
vided in the supplementary material3.he electrostatic in- E-state transitions due to wavefunction mixing caused by
teraction energy between the two monomers as a function dbrsion-rotation coupling. Hence quartet structures were ob-
torsional angled was calculated while all the other param- served for somé lines, as also shown in Fig. 3. The inver-
eters were fixed at the values in Table V. The energy versusion splitting also has a strong isotopic dependence. It is
@ calculation gave a minimurft+3.3 kcal/mo) at 36.2° near much smaller in the isotopomers with the hydroxyl hydrogen
the experimental value of 46.2°. The electrostatic energy as deuterated and it is completely quenched in the isotopomers
function of the tilt angles of SO(6s) and methanol §,,)  involving the singly substituted'80'%0. Based on the ge-
with the other structural parameters fixed was also calcuemetry of the complex, the inversion motion should occur
lated. The calculated and observed minima values for thbetween the configuration shown in Figap[also shown in
SO, tilt angle are 68.8° and 77.5°, respectively. On the othelFig. 4a)] and one of the equivalent configurations arrived by
hand, a similar calculation for the tilt angles of methanol didthe symmetry operation#B) or (AB)(23)*, where the sym-
not give a minimum. Of course, this model does not includemetry operations are those defined by Longuet—Hid8iios
the dispersion and induction interactions, nor a realistic treatthe molecular symmetry group. The configuration obtained
ment of repulsions. Nevertheless, it would appear that théy the symmetry operatiofAB), i.e., an exchange of the two
anisotropy in the electrostatic interaction terms leads to reasxygen atoms in S§ can be readily ruled out because this
sonable qualitative predictions of the orientation of,3€)la-  operation will not alter the direction of tHedipole moment
tive to a fixed methanol substrate. This parallels the resultef the complex. Therefore the inversion occurs between the
for a number of S@complexes recently studied by (80,  two configurations shown in Figs(@ and 4b). [Figure 4b)
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splitting caused by tunneling between the two equivalent
configurations of the complex shown in Figgapand 4b).

The so-called “combination sum rule” chethvas used in
the initial assignments, and appropriate dipole selection rules
were assumedand verified. The standard deviations of the
fits were typically about 20 kHz, similar to those obtained in
the fit of the averaged frequencies. The resultant “pure” in-
version splittings(A;,,) for all the isotopomers studied are
listed in Table IIl.

In the study of methylacetylen80,, the “rotation free”
inversion splittings were used to estimate a barrier to inver-
sion using a simple one-dimensional rotor Hamiltonian. Such
an approach is not attempted here since the inversion path-
way could not be easily identified. We can only speculate
that the inversion is probably some kind of wagging motion,
involving both the SQ and the methanol subunits. From the
splittings listed in Table 11l one may get some idea as to how
much involvement each atom has in the inversion motion.

The unusual linear term required to fit thestate tran-
sitions of the complex can be shown to be related to the
inversion. The coefficient of this ternD(,) for various iso-
topomers of the complex is listed in Table Ill. One can see

FIG. 3. Transition diagrams showing dipole selection rules of the rotationthat it is approximately proportional to the corresponding

inversion transitions of methan®0,. (a) a-type transitions;(b) b-type
transitions;(c) c-type transitions; andd) E-state transitions, which do not
follow any of the above.

is obtained by applying the symmetry operati@B)(23)*
to Fig. 4a).] One can visually verify that thé dipole is
reversed between the two configurations while dhend the
c dipoles remain unchanged.

The “rotation free” or “pure” inversion splitting of each

inversion splitting and becomes zero when the inversion mo-
tion is reduced or quenched by deuteration of the hydroxyl
group or by breaking the SCsymmetry isotopically. The
origin of this linear term(which resembles a first-order Co-
riolis term) is still not entirely clear, but we speculate that
rotation-inversion or torsion-inversion coupling may play a
role here. Moreover, an exchange of the two oxygen atoms in
SO, if feasible, may produce a shift in the rotational energy
which can also introduce some unexpected terms in the ro-

isotopomer of the complex can be obtained by a fit to theational Hamiltonian.
A-state rotation-inversion transitions. In such fits we assume
that each inversion state has its own effective rotational an@. The methyl group internal rotation

distortion constants and its own origim much the same

Since the methyl group in methanol undergoes internal

way as treating the two inversion states as two vibrationaloiaiion (torsion), each rotation-inversion transition of

state$. The separation between the two “origin&;,,) then
gives the “pure” inversion splitting, which is simply the

FIG. 4. Configuration(a) is energetically equivalent to configuratigh).
Tunneling betweer(a) and (b) configurations results in the “inversion”
splitting observed in the rotational spectrum of metha®@).

methanolSG, is further split into anA andE component. It
is possible to estimate the height of the potential barrier hin-
dering the internal rotation from the observAedE splitting
(or a simultaneous fit to thé and E lines) using well-
established formalisms. The torsional barriers obtained for
methanolSG, and its isotopomers are listed in Table lll. The
torsional analysis can be shown to be consistent with the
structural analysis by comparison of the direction cosines of
the methyl group symmetry axis obtained using the two
methods. The direction cosines determined in the torsional
analysis are listed in Table Ill. To calculate the direction
cosines from the structural parameters, the Kraitchman coor-
dinates of the carbon and oxygen atoms in methanol were
used first to obtain the direction of the O—C bond. Then,
taking into account that the methyl symmetry axis is tilted
about 3° from the O—C bond, we obtain the direction cosines
for the methyl group symmetry axis a3 ,=0.559,
Ap=0.701, and\.=0.443. These numbers agree quite well
with the corresponding ones listed in Table 11l

As can also be seen in Table IN; varies for different
isotopomers, especially for the deuterated species. These ob-
served barriers, however, are all substantially smaller than in
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TABLE VII. Comparison of the measured and calculated apparent torsionab ; Obtained has to be regarded as very approximate. It is
barrier heights of various isotopomers of methaBa,. See Ref. 8 for  therefore quite gratifying that with thig1 and Eq_(3) onhe

details of the calculationdV, =2(E|p,|E). The observed values were ob- can predict the apparent barrier heights of the other isoto-
tained from spectral analyses and the calculated values were obtained from f thaneS I Th It
diagonalization of Eq(3). ;=535 cm ! for all isotopomers. pomers of methaneBO, very well. ese resulls are re-

ported in Table VII from which it can be seen that the largest

Wy Vs (em™) Vs (em™) error between the observed and predicigdvalues is only

(Calg (Obs (Calg about 3%. This seems to indicate that the simple model pro-
CH,OH S0, 0.1334 128.67 128.67 posed by Fraseat al. accounts well for the dynamical aspect
CH,0D-S0, 0.0626 164.80 169.87 of the barrier reduction effect, and suggests that the methyl
CD;0H-50, 0.0283 107.19 108.76 group barrier is not markedly affected by complexation.
CD,0D-SO, 0.0113 139.11 139.02

V. CONCLUSION

The microwave spectra of methan®D, and eight of its
bare methanol, for whick/;~373 cmi L. This large decrease isotopomers were assigned. Spectral analysis gave rotational

in the methy! torsional barrier height has also been observefP'stants of these species which led to the determination of
in other methanol complexes. Recent stuiffdsave shown the structure of the complex. The complex was found to have
that such a “barrier reduction effect’ is only apparent a stacked structure, with a centers-of-mass distance of

caused by the lightness of the hydroxyl hydrogen which cars-08°) A between the two monomers. The dipole moment of
undergo large amplitude “librational” motions. Fraseral® methanolSO, was determined from Stark effect splittings. A

proposed the following torsional Hamiltonian to account for/arg€ a-dipole moment was observed indicating sizeable in-
this barrier reduction effect duction effects. The projection of the dipole moments of the

two monomers on thb-c plane are aligned close to antipar-
H=Fp’+F1p5—2Fp.py+ Va(1—Ccos 3a)/2 allel indicating electrostatic effects are a significant factor in
determining the structure. Electrostatic calculations using a

Tui(1=cos0)/2, ©) distributed multipole moment model also provided some
whereH is the Hamiltonian describing the large amplitude support for the importance of electrostatic interactions. Spec-
internal rotations of the methyl group and the hydroxyl grouptral splitting associated with both the internal rotation of the
around thea axis of methanol« is the methyl group internal methyl group and an inversion motion was observed. Analy-
rotation angle with respect to the O—H bomds the internal  sis of the internal rotation of the methyl group was carried
rotation angle of the OH groum, andp, are the conjugate out, giving an effective methyl barrier of 129 ¢t It was
momenta ofa and 6, respectivelyF,;=%2/21, wherel, is  shown that this barrier reduction is only apparent and asso-
the moment of inertia of the OH top about tlaeaxis of  ciated with the neglect of the large amplitude librational mo-
methanol F=#%21, wherel,=1,1,/(1,+1,) andl, is the  tion of the light hydroxyl hydrogen.
moment of inertia of the methyl group around its symmetry
axis. V5 is the actual methyl group torsional barrier height, ACKNOWLEDGMENTS
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