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Internal rotation and Stark effect in CH 3SiD3
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The avoided-crossing molecular-beam method has been applied to CH3SiD3 in the ground torsional
state (y650). Three ‘‘rotational’’ anticrossings have been measured corresponding to normally
forbidden transitions in which both the rotational and leading torsional energy terms change. Each
torsional sublevel with (J54,k571) and given torsion–rotation symmetryG undergoes an
avoided crossing with its counterpart with (J53,k562) and the sameG. Four ‘‘barrier’’
anticrossings have been measured corresponding again to normally forbidden transitions, but in
which only the torsional energy changes. These transitions are (J↔J), (k561↔71), and (G
5E3↔E2 ,E1) for J51 and 2. From these seven zero-field splittings and nine existingR-branch
microwave frequencies fory6<2, nine torsion–rotation parameters have been determined including
the effective rotational constantAeff534 192.04(11) MHz and the effective height of the barrier to
internal rotationV3

eff5585.08(5) cm21. For each anticrossing studied, an estimate has been made of
the contributiondnhyp to the zero-field splitting from the nuclear hyperfine interactions. For
CH3SiH3, CH3CD3, and CH3SiF3, barrier anticrossings have been previously investigated. For each
of these anticrossings, estimates ofdnhyp are made here as well. For all cases studied~including
those for CH3SiD3), it is found that udnhypu&5 kHz. For CH3SiD3, by using conventional
electric-resonance molecular-beam methods, the electric dipole moment has been determined to an
accuracy of;55 ppm for each of the rotational states (J,k)5(1,61), (2,61), and (3,62).
© 1998 American Institute of Physics.@S0021-9606~98!01236-7#
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I. INTRODUCTION

In the study of internal rotation,1,2 the physical interpre-
tation of the effective parameters that characterize the Ha
tonian and electric dipole operators is complicated prima
by two effects. First, there is a series of redundancies
prevents the separation of many of these parameters into
individual contributions that arise from different physic
mechanisms.3–6 Second, the coupling between different v
brational modes often involves levels in which the molec
is undergoing large amplitude torsional motion.7,8 The form
of these coupling operators has not been investigated ex
sively enough to establish how the higher vibrational sta
contribute to the effective parameters for the ground vib
tional state when the coupling is removed by the usual c
tact transformation.

The physical interpretation of these effective parame
is simplest for a symmetric top with one torsional degree
freedom. The prototype for such molecules has come to
CH3SiH3. An extensive series of high-resolution spectr
scopic studies has been carried out over the last two deca
see Ref. 9 and the references cited therein. To discuss
part of this work that is directly relevant here, we can confi
attention to the ground vibrational state. The torsional lev
are distinguished byy650,1,2, . . . . Foreach rotational state
(J,k), there are three torsional sublevels labeled by the in
s50,11,21. Note thatk can be positive or negative; se
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Ref. 10. In the early part of the CH3SiH3 series of investiga-
tions, the pivotal step was the measurement in the gro
torsional state of thes-splittings for various (J,k) by the
molecular-beam avoided-crossing method.11 This particular
technique was developed12 for such purposes because th
dipole selection rules preclude the use of more conventio
forms of spectroscopy. A precision determination of the el
tric dipole momentm was carried out becausem is required
to convert each crossing fieldjc measured to the correspond
ing zero-field energy difference~or ‘‘frequency’’ as it is of-
ten referred to!.

One method of obtaining further insight into the physic
meaning of the effective parameters is to study their isoto
dependence. The purpose of the current work is to beg
study of this dependence in methyl silane, initiating a ser
of investigations on CH3SiD3 similar to that on the paren
isotopomer CH3SiH3.

The present work on CH3SiD3 parallels that in Refs. 13
and 11 on CH3SiH3. Here the dipole moment has bee
measured by conventional molecular-beam elect
resonance techniques to an absolute accuracy of;55 ppm
for each of the rotational states (J,k)5(1,61), (2,61),
and (3,62). For J51, two anticrossings were measure
corresponding to the normally forbidden zero-field tran
tions (J51,k561,s571)←(J51,k571,s571) and
(J51,k561,s571)←(J51,k571,s50); see Ref. 14.
These are called ‘‘barrier’’ anticrossings because the ene
3 © 1998 American Institute of Physics
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4824 J. Chem. Phys., Vol. 109, No. 12, 22 September 1998 I. Ozier and W. L. Meerts
differences arise entirely from the torsional terms in t
Hamiltonian ~except for small corrections!. For J52, the
corresponding pair of anticrossings was measured as w
Three anticrossings in whichJ changes by unity were ob
served corresponding to the normally forbidden zero-fi
transitions (J54,k571,s)←(J53,k562,s) for s50,
61,71. These are called ‘‘rotational’’ anticrossings becau
the energy differences contain a contribution from the ro
tional Hamiltonian.

An investigation of the microwave absorptio
spectrum15 led to the determination of pure rotational fr
quenciesnR(y6 ,J,k,s) obeying the normal dipole selectio
rulesDJ561, Dk50, andDs50. The transitions measure
were (J,k)5(1,0)←(0,0) and (2,61)←(1,61) for y6<4,
but there were some difficulties fory653 and 4. Thes-
splitting for given (y6 ,J,k) was resolved only fory6>2. In
the absence of perturbations from excited vibrational sta
this s-splitting is determined primarily by thes-dependence
of the effectiveB-value ~and is insensitive to the leadin
terms in the torsional Hamiltonian!.

From the analysis of the seven molecular-beam ze
field frequencies and nine pure rotational frequencies w
y6<2, values were obtained for nine parameters in
torsion–rotation Hamiltonian including effective values f
the A-rotational constant and the barrier heightV3 . These
results are compared with their counterparts for CH3SiH3

obtained in Ref. 11 from the analysis of a similar body
data. The anticrossing data presented here for CH3SiD3 will
be very useful in the analysis of high-resolution infrar
bands currently under study.16

In the Appendix, the question is reexamined as
whether the nuclear hyperfine interactions contribute in lo
est order to the zero-field frequencies determined from
barrier anticrossings. Contrary to arguments presen
earlier,11 it is shown here that this contribution can be t
order of the diagonal matrix elements of the hyperfi
Hamiltonian. For CH3SiD3, an estimate has been made of t
nuclear hyperfine contribution. Adjustments were then m
to the errors assigned to the zero-field frequencies used in
torsion–rotation analysis. Similarly, estimates of the hyp
fine contributions have been made for each of the molec
for which barrier anticrossings have previously been m
sured, namely CH3SiH3,

11 CH3SiF3,
17 and CH3CD3.

18 In all
cases, the hyperfine contribution has been estimated t
&5 kHz in magnitude. The hyperfine contributions to t
rotational anticrossing frequencies measured here
CH3SiD3 are shown to average to zero to first order.

II. THEORETICAL BACKGROUND

A. Torsion–rotation energy

For a symmetric rotor with a single torsional degree
freedom, the torsion–rotation HamiltonianH̃g appropriate to
the ground vibrational state has been discussed recently19 in
some detail. Here a brief summary will be given of the
sults relevant to the current work. Reference 19 will form t
‘‘default option’’ for definitions, notation, and mathematic
procedures; any changes will be indicated. The internal a
method~IAM ! will be used throughout. See Ref. 10.
ll.
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For the states of low (y6 ,J,K) investigated here, the
effective Hamiltonian can be written

H̃g5H̃g
~0!1H̃g

~1! , ~1!

where

H̃g
~0!5BJ21~Ã2B!Jz

21F̃p21Ṽ3
1
2 ~12cos 3a!

1[ 2DKmp21F3K
1
2 ~12cos 3a!]Jz

2, ~2!

H̃g
~1!52DJJ

42DJKJ2Jz
22DKJz

42dJJzpJ21@2DJmp2

1F3J
1
2~12cos 3a!1F6J

1
2~12cos 6a!#J2. ~3!

In Eqs. ~2! and ~3!, a is the deviation from the equilibrium
value of the torsional angle between the methyl top and
silyl frame.p is traditionally called the torsional angular mo
mentum operator. However, the angular momentum of
internal motion isp(12r); see Ref. 1. The structural param
eter r ~to the accuracy appropriate to the current wo!
equalsI a /I a . Here I a is the moment of inertia about th
symmetry axis of the methyl top andI a is the corresponding
moment for the entire molecule. The reduced rotational c
stantF̃5Ã/r(12r).

In Eq. ~2!, the first two terms form the rigid rotor Hamil
tonian H̃R , while the next two form the zeroth-order to
sional HamiltonianH̃T . The last two are actually first-orde
terms that have been moved into zeroth order for comp
tional convenience. These terms provide the leading
sional dependence of the effectiveA-rotational constant
Aeff(y6,k,s).

In Eq. ~3!, the first three terms form the usual quart
centrifugal distortion Hamiltonian. The next term is unusu
in the sense that it is linear inJz and linear inp. The last
three terms provide the leading torsional dependence of
effectiveB-rotational constantBeff(y6,k,s). The term inF6J

is actually a second-order term~i.e., sextic! that is included
in H̃g

(1) to simplify the notation.
The use of tildes in Eqs.~1! to ~3! follows that in a

recent work on CH3CF3,
20 rather than that in the defau

option, namely Ref. 19. The tilde on a Hamiltonian ter
indicates that the form to be used is in the IAM@rather than
in the principal axis method~PAM!#. A tilde on a constant
indicated an effective value resulting from a transformat
or a redundancy.

The separation of the ‘‘tilde-type’’ of effective valu
into the component parts cannot be carried out by freque
measurements on a single isotopomer so long as the co
transformation approach4,5 does not break down. Such effec
tive values should not be confused with a second type, in
cated by the superscript eff, which arises because of lim
tions in the data set. In this case, the effective parameter
linear combination of parameters that is useful for break
correlations in the analysis of a particular data set. Howe
by such means as using higher resolution and probin
wider range of quantum numbers, the individual contrib
tions can be isolated. These two types of effective values
discussed further in Ref. 21.
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The eigenvaluesETR(J,y6 ,k,s) of the torsion–rotation
HamiltonianH̃g were calculated by setting up the matrix f
H̃g

(0) in the free-rotor basis, diagonalizing this matrix, a
treating H̃g

(1) by first-order perturbation theory. This is
single-stack approach, the single stack being the set of
sional levels in the ground vibrational state. The pertur
tions from higher vibrational levels are all nonresonant, a
so are absorbed into the effective molecular parameters
the ground-state stack. This procedure is the same as
used in the first stage of the two-stage process describe
Sec. II of Ref. 19.

The procedure for determiningETR(J,y6 ,k,s) used in
the counterpart paper11 on CH3SiH3 differs from that em-
ployed here in two respects. First, the older work includ

the termF9J
1
2(12cos 9a) rather than that inF6J in Eq. ~3!.

As discussed in Sec. VI of Ref. 11, it was recognized at t
time that this was an unusual step. It was taken becauseF9J

gave a reduction inx2 that was significant at the 85% con
fidence level. However, subsequent works showed that
term inF6J is the better choice when the microwave comp
nent of the data set is expanded,21 and so theF6J choice is
made here for CH3SiD3 from the beginning.

The second difference is that the terms inDKm andF3K

are included here inH̃g
(0) rather than inH̃g

(1) as in Ref. 11.
This step has the effect of reducing the contribution of
second-order perturbation terms ofH̃g

(1) ; see Ref. 22. For the
low values ofJ, y6 , andK studied here, this difference is no
significant. However, for the large data sets encountered
CH3SiH3 ~and anticipated for CH3SiD3), this reduction is so
large19 that Hg

(1) can be treated with first-order perturbatio
theory, thus simplifying the numerical procedures consid
ably.

B. Stark energy

The dipole moment matrix elements for a molecule su
as CH3SiD3 have been discussed previously.5,6,13,23 Since
these matrix elements display some unusual features, a
review will be given here. Many of the details do not affe
the current experiment, but perhaps future work will
stimulated. Matrix elements off diagonal iny6 provide the
transition moment for the torsional bands, but they do
make a significant contribution to the Stark energy and so
not considered. Very recently, the contact transformat
approach4 has been applied to the dipole moment opera
for an asymmetric rotor such as methanol by Duan a
Takagi.24 The methods used are very similar to those e
ployed earlier for symmetric rotors such as methyl silane5

Matrix elements diagonal inJ are of most interest be
cause the Stark energyES(J,y6 ,k,s) is dominated by the
terms linear in the electric fieldj. For a symmetric rotor with
a single torsional degree of freedom, these (DJ5Dy650)
matrix elements can be obtained from their counterparts f
C3v symmetric rotor by replacing the usual dipole const
by an effective dipole moment function. As can be seen fr
Eq. ~4b! of Ref. 6, this can be written
r-
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mQ~J,y6 ,k,s!5$m̃01m0
T^ 1

2~12cos 3a!&y6 ,k,s

1m2
T^p2&y6 ,k,s%1m̃J

QJ~J11!1m̃Kk2

1$m'
TJ~J11!1~m̃ i

T2m'
T !k2%

3^p&y6 ,k,s /k. ~4!

The angular brackets represent diagonal matrix element
the basis formed by the eigenfunctions ofH̃g

(0) .
The seven independent dipole constants in Eq.~4! are

appropriate for characterizing dipole matrix elements cal
lated in the IAM. Four of these~those labeled with a tilde!
have had their physical meaning modified by the PAM-
IAM transformation. These four are expressed in terms
untransformed parameters in Column I of Table II of Ref.
The dipole moment functionmQ(J,y6 ,k,s) can then be writ-
ten in terms of seven dipole constants without tildes,
counterparts of the seven in Eq.~4!.

The physical meaning of these seven ‘‘untilde’’ param
eters can be determined by combining the centrifugal dis
tion work for C3v molecules25 with the contact transforma
tion analysis for CH3SiH3.

5 Except for small corrections,m0

is the equilibrium dipole moment, whilemJ
Q and mK arise

from centrifugal distortion. The remaining four dipole co
stants~namely those with the superscriptT) arise from ef-
fects that specifically involve the torsional degree of fre
dom. Expressions have been derived5 relating these four
parameters tom0 and the dipole derivatives. The constantm0

T

arises in large part from cubic anharmonicity mixing, wh
m2

T is produced entirely from this effect; see Eqs.~27a! and
~27b! of Ref. 5. Note that there is a misprint in Eq.~27a!; the
cubic potential constantK66s should appear as a factor mu
tiplying the sum over theA1 vibrational modes. Similarly,
m'

T arises to a significant extent from Coriolis mixing, whi
m i

T arises entirely from this effect; see Eqs.~4! and ~5! of
Ref. 23.

For the purposes of the current work, Eq.~4! can be
simplified to read

m̄Q~J,y650,k!5mQ,0
eff 1rm'

TJ~J11!1r~m i
T2m'

T !k2.
~5!

Here the effective dipole moment for the ground torsion
state withJ5k50 has been written

mQ,0
eff 5m̃01m0

T^ 1
2~12cos 3a!&01m2

T^p2&0. ~6!

Each barred matrix element is the unweighted average o
s50,11,21 for y65k50 of the matrix element of the as
sociated operator. If an alternative value ofk is selected to
form the average, no significant change occurs.21 In
CH3SiH3, rm'

T andr(m i
T2m'

T ) were found13 to be 8.83~35!
and 232.87(37)mD, respectively, from the (J,k) depen-
dence ofm̄Q(J,0,k).

The derivation of Eq.~5! from Eq.~4! is straightforward.
First, the (k,s)-dependence of the matrix elements in t
terms involvingm0

T andm2
T is not important here. This varia

tion is too small by a factor of four or more in CH3SiH3, as
can be seen from the discussion in the Appendix of Ref.
and the estimates found form0

T andm2
T in Ref. 6.Second, it
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was shown by Jagannathet al.6 that m̃J
Q and m̃K could be

well approximated by the simplified model defined in Co
umn II of Table II in Ref. 6. That is, thesetwo constants,
which are usually thought of as arising from centrifugal d
tortion, are largely torsional in originin CH3SiH3. This sim-
plified model will be adopted here.Finally, the term in
^p&y6 ,k,s can be neglected here. This term is one to t
orders of magnitude too small to be significant for CH3SiH3,
as can be seen from the discussion in the Appendix of R
13 and the values subsequently found form'

T and (m̃ i
T

2m'
T ) in Ref. 6.
In the analysis of the anticrossing data of CH3SiD3, it is

useful to have an estimate of theJ-dependence ofm̄Q given
in Eq. ~5!. The estimate obtained here forrm'

T in CH3SiD3 is
6.1 mD. This result can be obtained from Eq.~4! of Ref. 23
and the known value ofm'

T for CH3SiH3 by making three
simplifying assumptions.First, it is assumed for both isoto
pomers that the centrifugal distortion term involvingB6

xy is
negligible. Second, it is assumed, again for both CH3SiD3

and CH3SiH3, that the sum over the modes ofE1 symmetry
is dominated by the lowest-lying mode of this type, nam
the silyl rock with harmonic frequencyv12. Under these
assumptions, Eq.~4! of Ref. 23 can be written

m'
T54~4F/9V3!1/4~Bz6,12a

x !~v6v12!
1/2

3~v6
22v12

2 !21~]mx /]q12a!. ~7!

Herez6,12a
x is the Coriolis coupling constant between the to

sional mode and the silyl rock, while]mx /]q12a is the de-
rivative of thex-component of the dipole moment with re
spect to the dimensionless normal coordinateq12a . For each
isotopomer, all of the molecular parameters on the right-h
side of Eq.~7! are known~or can be estimated! except the
dipole derivative. For CH3SiH3, the values are in the
literature,6,7,9 while for CH3SiD3 the values are known eithe
from the present work or from a preliminary analysis26 of
ongoing infrared studies.16 The third simplifying assumption
is that the dipole derivative is the same for both isotopom
The ratio of (rm'

T ) for the two molecules@and hence (rm'
T )

for CH3SiD3# can then be determined.
For the (DJ561) matrix elements of the dipole opera

tor, a different dipole moment function, here denot
m̄R(J,y6 ,k), must be used; see Eq.~4a! of Ref. 6. This can
be simplified in a manner similar to that used formQ . The
result can be read from Eq.~5! by setting the term inJ(J
11) to zero. This term is omitted because its effect is
tirely absorbed into the effective anisotropy (a i2a')eff in
the polarizability; see Eq.~5! of Ref. 13.

In calculating the Stark energyES(J,y650,k,s), the
Stark-rotation matrix was diagonalized after truncation
DJ53. In the ‘‘rotational’’ terms in this matrix, the effect
of internal rotation were neglected. The rotational energ
were calculated using effective values forB, DJ , and DK

obtained from lower-state combination differences dedu
from a preliminary analysis of the (y1251←0) band.16 The
result of 9622.731 MHz obtained for the effectiveB-value
reproduces the (y650) microwave spectrum of Hirota.15 In
the Stark terms in the matrix, (a i2a')eff was held fixed at
o

f.

y

-

d

s.

-

t

s

d

1.99310224 cm3, the value for CH3SiH3.
13 When ES was

being calculated for a particular level (Jr ,kr), the value of
m̄Q was set equal tom̄Q(Jr ,0,kr) for all levels in the matrix.
These various approximations are easily shown to be m
than adequate for the accuracy required.

III. EXPERIMENTAL DETAILS

The experimental methods and conditions were v
similar to those used for CH3SiH3.

13,11The sample was mad
by reducing CH3SiCl3 with LiAlD 4. The data were taken
using the ion peak with a mass-to-charge ratio of 45. T
seeded-beam technique was used; a 5% mixture of me
silane in argon at a backing pressure between 1 and 1.5
was expanded through a 40mm nozzle with the source a
room temperature. The measurements were taken in
earth’s magnetic field.

The electric fieldj in the transition region was generate
by the PyrexC-field and stabilization systems developed27

specifically for large electric fields of high homogeneity. T
long-term stability and resettability of the voltage w
&20 ppm. The coating pattern of the plates was as illustra
in Fig. 1 of Ref. 27. For the anticrossing measurements
was necessary to observe only transitions withDmT50,
wheremT is the eigenvalue of the component alongj of the
total angular momentum. Consequently, the parallel-p
configuration, which gives better homogeneity, could
used. In this case, the beam direction was as shown in F
of Ref. 27, and an interior section with length 3.6 cm alo
the molecular beam was used. The resulting full width at h
maximum of the instrumental line shape due to time of flig
was Dn t512.5 kHz. For the electric dipole measuremen
(DmT561) transitions had to be studied, and a slit in t
C-field parallel to the beam was required.28 Rather than re-
coat the Pyrex plates, theC-field was simply rotated through
90°. In this case, the length of the transition region was
cm and Dn t54.5 kHz. The fact that the plate separatio
changed slightly in this step is not relevant.

IV. MEASUREMENTS, ANALYSIS, AND DISCUSSION

A. The dipole moment

The dipole momentm̄Q(J,y650,k) was determined for
the rotational states (J,k)5(1,61), (2,61), and (3,62) by
observing the molecular-beam electric-resonance spec
in an electric fieldj of 1650.025~80! V/cm. The selection
rules obeyed wereDmJ561 andDJ5Dk50; in addition,
the magnetic quantum numbers for the nuclear spins w
conserved. For each (J,K), these transitions between Sta
sublevels are denoted@J6K ,7umJu→7(umJu21)# follow-
ing the conventions of Ref. 13; see Refs. 10 and 14. Eac
the spectra is a multiplet consisting of many hyperfine co
ponents, but each appeared as a single line, featureles
cept for a tail on the high frequency side. A typical signa
to-noise ratio for the @261 ,72→71# multiplet, for
example, was 20/1; this was obtained with a time constan
1 s by averaging four sweeps, each of which took 50 s. T
central frequencyn(J,k,mJ) measured for each line is liste
in Table I. The electric field was calibrated using theJ
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TABLE I. Stark measurements and results.a

Transition Frequency
n(J,6K,mJ)

~kHz!

Dipole
moment

~D!
eR

~mD!
eC

~mD!
eA

~mD!D/Hb J6K mJ→mJ8

D 161 71→0 301 915.5~4.0! 0.725 840 10 17 35
D 261 72→1 99 546.2~4.0! 0.725 885 29 34 45
D 362 72→1 100 355.4~3.0! 0.725 858 22 27 41
H 362 72→1 101 568.9~3.0! 0.734 528 22 27 41

m̄Q
D(3,0,62)/m̄Q

H(3,0,62)b 0.988 197c 42c

m̄Q
D(3,0,62)/mOCS(gs)

b,d 1.014 917c 38c

aThe electric field was 1650.025 V/cm with a relative error of 38 V/cm and an absolute error of 80 V/cm
bThe dipole moment functionm̄Q(J,v6 ,k) is defined in Sec. II A; see Eqs.~4!, ~5!, and~6!, in particular. The
superscriptsD andH refer to CH3SiD3 and CH3SiH3, respectively.

cThis is dimensionless.
dThe subscriptgs refers to the ground vibrational state of OCS.
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51,mJ571→0) transition of OCS in its ground vibrationa
state; the OCS Stark parameters used werem
50.715 14(3) D from Ref. 29 and (a i2a')eff54.67(8)
310224 cm3 from Ref. 30.

The observed line shape can be broadened asymm
cally by field inhomogeneities and by nuclear hyperfine
teractions. The linewidths from these effects~if each was the
sole broadening mechanism! are here denotedDnj and
Dnhyp, respectively. The latter is expected to be determin
primarily by the quadrupole interaction of the deuterons.

To investigate these widths and shifts, the same th
transitions were measured for CH3SiH3. All six lines ~three
for each isotopomer! have roughly the same shape, althou
the widths varied. ForJ6K5362 , the quadrupole contribu
tion to the energy vanishes and the line shape~in the absence
of inhomogeneities! is symmetric about the hyperfine-fre
frequency.31 In this case, the observed linewidthDnobs for
each isotopomer was;10 kHz. For CH3SiD3, the values of
Dnobs were 24 and 14 kHz forJ6K5161 and 261 , respec-
tively. The corresponding values for CH3SiH3 were some-
what smaller. Two conclusions were drawn. First, the fi
inhomogeneity was;50 ppm. Second, for the 161 and 261

lines, the values ofDnhyp were larger by;12 kHz in
CH3SiD3 than in CH3SiH3.

The shiftsdnhyp of the central frequency away from th
hyperfine-free value are of concern, asdnhyp will clearly bias
the dipole determination. These shifts have been investig
in CH3CD3

18 and shown to be&1 kHz in magnitude. With
regard todnhyp, the one major difference between the
spectra of CH3CD3 and CH3SiD3 lies in the 161 multiplet. In
CH3CD3, this multiplet consists of a nearly symmetric tripl
with a splitting of about 12 kHz; whereas, for CH3SiD3, the
much larger value ofDnj causes these lines to blend into
single feature. However, the asymmetry in the CH3CD3 trip-
let is small enough that, even if these three were blended
a single line, the value ofudnhypu would still be&1 kHz. It is
concluded therefore thatudnhypu in CH3SiD3 is also&1 kHz.

The final experimental uncertaintye assigned to each
measurementn(J,k,mJ) for CH3SiD3 is listed in Table I. In
each case, this is estimated from the upper limit ondnhyp,
the signal-to-noise ratio, the linewidth, and the degree
asymmetry in the line shape. Also listed in Table I is t
tri-
-

d

e

d

ed

to

f

value ofn(3,62,72) measured for CH3SiH3.

For each transition, the dipole momentm̄Q(J,y650,k)
was determined from the correspondingn(J,k,mJ), the OCS
transition frequency, and the OCS dipole moment. In e
case, the result is given in Table I, along with three differe
types of error estimates:eR , eC , andeA . The erroreR re-
flects primarily the uncertainty in the methyl silane fr
quency;eR also receives a contribution from the short-ter
stability of the voltage source, but at 2 ppm this is negligib
eR is useful in comparing directly the different dipole mo
ments measured for methyl silane. As an example, in Tab

the ratiom̄Q
D/m̄Q

H for the 362 states of CH3SiD3 and CH3SiH3

is listed. The erroreC includeseR and the uncertainty in the
OCS frequency.eC is useful in comparing directly the me
thyl silane dipole moments to the OCS moment. As an

ample, in Table I, the ratiom̄Q
D/mOCS(gs) for the 362 state of

CH3SiD3 and the ground vibrational state of OCS is liste
The erroreA includeseR and the uncertainty of 42 ppm in
the OCS dipole moment.eA is the absolute error.

A check on the current assessment of the asymm
shifts can be obtained from the value of 1.027 039~38! mea-

sured here for the ratiom̄Q
H/mOCS(gs) for the 362 state of

CH3SiH3 and the ground vibrational state of OCS. In Re
13, where the inhomogeneity effects were considera
smaller and a more extensive study was carried out, this r
was found to be 1.027 057~4!, in good agreement with the
present result.

In the evaluation of the errors given in Table I for th
dipole moments, the long-term stability and resettability
the power supply do not enter because all the frequency m
surements~including those for OCS! were taken without al-
tering the voltage setting or disturbing the circuit.

The dipole moment of CH3SiD3 has been previously de
termined by Muenter and Laurie32 to be 0.7264~20! D using
microwave absorption. The value quoted here has been
verted to the current best value formOCS(gs) . The agreement
with present determination is excellent; see Table I. Furth

more, in Ref. 32, it was found thatm̄D/m̄H50.984(4), in
good agreement with the current value given in Table I.
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B. The torsion–rotation parameters

The set of energy levels probed in the rotational an
crossing study is illustrated in Fig. 1. As an example, co
sider the two levels withs50, torsion–rotation symmetry
G5E1 , and the upper signs.14 In the limit that the fieldj
vanishes, the upper and lower levels are labeleda and b,
respectively. In zero field, these levels differ in energy
about 3282 MHz. As the field increases, the upper level w
mJ523 and its lower counterpart approach one anoth
When the crossing fieldjc is reached, the difference in th
Stark energyES for the two levels cancels the correspondi
difference in the torsion–rotation energyETR. As the field is
increased further, the two levels would cross if there were
interactions between eigenvectorsua& andub&. However, they
do interact; the levels undergo an avoided crossing. Atjc ,
the levels have their minimum reparationnmin .

For fields nearjc , transitions between the interactin
levels become allowed and can be detected with elec
resonance molecular-beam methods. A typical spectrum
shown in Fig. 2 fors50. The spectrum is the envelope of a
transitions in the multiplet (4,71,0,E1)↔(3,62,0,E1), in-
cluding both upper and lower signs as well as all allow
values of the nuclear spin quantum numbers. The trace
obtained with a time constant of 1 s by averaging four
sweeps, each of which took 50 s. The measurement
made in a field of 13 900.5~9! V/cm, 6.1 V/cm below the
crossing field. This is far enough belowjc that the spectrum
is normal,33 i.e., the components in the multiplet fall in th

FIG. 1. Schematic plot against the electric field of the energy levels of
states (J,k)5(4,71) and (3,62) involved in the rotational anticrossing
studied. Upper signs go with upper, and lower with lower. The dots indic
the allowed Stark anticrossings; all were observed. The zero-fields-
splittings are to scale, but are magnified relative to the overall separatio
the upper triplet from the lower triplet. As a result, the differences in
crossing fields are exaggerated relative to their average value. The do
(s50) corresponds to a zero-field energy differencen0,0

s of 3281.6 MHz
and a crossing field of 13 906.5 V/cm.
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same order and with the same separation as they would in
limit j→0.

The rotational anticrossings studied here are the (DJ
561) counterparts of the (DJ50) Stark rotational anti-
crossings first observed in CH3CF3.

12,34The mixing between
the zero-field eigenstatesua& and ub& is provided by the dis-
tortion dipole momentmD as defined in Ref. 5. The selectio
rules for the coupling require that the torsion–rotation sy
metryG be conserved; in addition,s, mJ , and all the nuclear
spin quantum numbers are conserved. For CH3CF3, it was
possible to measurenmin and hencemD . In the current work,
nmin was too small relative to the observed linewidthDnobs

of ;45 kHz to be determined. It was shown fors50 that
nmin<40 kHz and hence thatumDu<1.4 mD; see Eq. 15 of
Ref. 33.

For each anticrossing illustrated in Fig. 1, the zero-fie
frequencynsasb

s was determined from the anticrossing da

and the calibration procedure outlined in Ref. 27. The exp
mental uncertaintye was determined following the metho
given in Ref. 33. The values ofnsasb

s and e are given in

Table II. As is shown in the Appendix, the nuclear hyperfi
contribution to these frequencies averages to zero in
order. Consequently, the values ofe do not have to be ad
justed before thensasb

s are used in the torsion–rotatio

analysis. In calculating the difference in Stark energy (ES
a

2ES
b) at the crossing field, the dipole momentm̄Q(3,0,62)

given in Table I was used for stateb. For statea, m̄Q(4,0,
71) was calculated by using Eq.~5!, the value ofm̄Q(2,0,
71) in Table I, and the value of (rm') estimated in Sec.
II B. The contribution from (rm') to eachnsasb

s was only

27 ppm. The values ofe given in Table II were calculated
assuming that (rm') has an uncertainty of 50%. The ‘‘split
ting’’ method27 was used to measure the difference@n0,0

s

2n71,71
s # directly; the result is also given in Table II. Thi

e

e

of

for

FIG. 2. Normalspectrum for a typical rotational anticrossing. The trace w
taken 6.1 V/cm below the crossing field. The full width at half heightDnobs

of 42 kHz is determined primarily by field inhomogeneities. Since the d
ference in Stark energies between the two interacting levels is 3280.1 M
the fractional inhomogeneity is;13 ppm.
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TABLE II. Zero-field frequenciesa in CH3SiD3 from anticrossing and microwave experiments.

Upper state Lower State Observed
frequency

~MHz!
eb

~KHz!
d c

~kHz!v6 Ja ka sa Ga Jb kb sb Gb Label

0 4 71 0 E1 3 62 0 E1 3 281.575 165 216 n0,0
s

0 4 71 61 E3 3 62 61 E3 3 462.268 175 29 n61,61
s

0 4 71 71 E2 3 62 71 E2 3 203.310 165 24 n71,71
s

0 n0,0
s 2n71,71

s 78.305 8 0 relative
0 1 61 71 E3 1 71 0 E1 212.663 14 0 nEA

0 2 61 71 E3 2 71 0 E1 212.681 14 0 nEA

0 1 61 71 E3 1 71 71 E2 92.415 11 22 nEE

0 2 61 71 E3 2 71 71 E2 92.426 11 2 nEE

0 1 0 * * 0 0 * * 19 245.37d 100 265 1←0
1 1 0 * * 0 0 * * 19 192.70d 100 60 1←0
2 1 0 0 A2 0 0 0 A1 19 142.84 100 86 1←0
2 1 0 61 E4 0 0 61 E4 19 145.41 100 74 1←0
0 2 61 * * 1 61 * * 38 490.54d 100 33 2←1
1 2 61 * * 1 61 * * 38 384.83d 100 230 2←1
2 2 61 0 E1 1 61 0 E1 38 285.345 100 241 2←1
2 2 61 61 E2 1 61 61 E2 38 288.814 100 225 2←1
2 2 61 71 E3 1 61 71 E3 38 291.542 100 214 2←1

aAll transitions are in the ground vibrational state and obey the selection ruleDv650. The anticrossing mea
surements are from the current work; the pure rotational frequencies are taken from Ref. 15.

bThis is the experimental uncertainty. For the pure rotational transitions, no values ofe are listed in the original
work ~Ref. 15!. The value ofe listed was estimated from the performance of similar instruments in use a
time.

cThis is the difference between the observed frequency and the value calculated using the parameters
III.

dThis line is an unresolveds-multiplet. As indicated by the* , the frequency was fit by using the average of t
component frequencies, weighted by the relative intensities.
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type of relative measurement has the advantage that man
the sources of error are reduced. In this case,e is only 8 kHz
instead of;170 kHz, as for the absolute measurements.

The set of energy levels probed for (J51) in the barrier
anticrossing study is illustrated in Fig. 1 of Ref. 18. Althou
the energy and electric field scales are not appropriate
CH3SiD3, the order of the levels is correct and the gene
form of the diagram is suitable for the current discussi
The two anticrossings labeled with heavy dots were
served. For the dot with the higher crossing field, the ze
field splitting ~i.e., frequency! is labelednEA , because the
upper and lower levels, respectively, have torsional sym
try E andA in zero field. For the dot with the lower crossin
field, the zero-field frequency is labelednEE for correspond-
ing reasons. The crossing fields are 252.92 and 582.02 V
for the EE andEA cases, respectively.

In these barrier anticrossings, the torsion–rotation sy
metryG changes andDk562, but all the magnetic quantum
numbers are conserved.11 For the EE case, (sa

571)↔(sb571), while for the EA case, (sa

571)↔(sb50). For J52, the two corresponding anti
crossings were measured:EE, (J52,k561,s571,mJ

562)↔(2,71,71,62); and EA, (2,61,71,62)↔(2,
71,0,62). The qualitative features of the barrier anticros
ing spectra were similar to those of the rotational anticro
ings. The observed linewidthsDnobs were about 45 and 27
kHz for (J51) and (J52), respectively.

The matrix elementh mixing statesa andb is produced
by the nuclear hyperfine interactions. In a similar study
CH3CD3,

18 it was tentatively concluded that the deuteriu
of

to
l
.
-
-

e-

m

-

-
-

f

quadrupole interaction provides the mixing for theEE anti-
crossing, while the hydrogen–hydrogen dipolar interact
provides the mixing in theEA case. The latter conclusion i
supported by calculations ofh for CH3SiH3 and CH3SiF3.

35

This hyperfine investigation considered the top–top, fram
frame, and top–frame dipolar Hamiltonians. Here these w
be denoted asHtt , H f f , and Ht f , respectively. The third
barrier anticrossing in Fig. 1 of Ref. 18, namely (1,61,
61,E2)↔(1,71,0,E1), has been shown35 to derive its mix-
ing matrix elementh only from Ht f . As this matrix element
is very small, no attempt was made to observe this anticro
ing for either (J51) or (J52).

For each of the four barrier anticrossings observed,
zero-field frequency and its experimental uncertainty w
determined using methods similar to those applied to
rotational anticrossings. The results are given in Table
The dipole moments required were measured directly in

Stark study and are listed in Table I. The 161 value of m̄Q

was used for thenEE andnEA anticrossings with (J51); the

261 value ofm̄Q was used for thenEE andnEA anticrossings
with (J52). For the barrier anticrossings, the nuclear hyp
fine interactions can contribute to the zero-field frequenc
The values of the corresponding experimental errorse have
been increased so that this contribution can be neglecte
the torsion–rotation analysis. For further discussion of
nuclear hyperfine effects, see the Appendix.

In addition to the molecular-beam avoided-crossi
measurements, the current data set includes the pure
tional frequenciesnR(y6 ,J,k,s) measured by Hirota15 for
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y6<2; these frequencies are listed in Table II. Hirota’s d
with y653 and 4 were deliberately omitted. In CH3SiH3, it
has been shown9 that a good fit to the pure rotational spe
trum of these higher torsional levels cannot be obtained w
out including the perturbations from the low-lying vibra
tional states. Furthermore, these perturbations canno
treated7 without an extensive data set involving, for examp
the (y1251←0) infrared band. Similar behavior is expecte
in CH3SiD3. For y653 and 4, the differencesd between the
observed frequencies and their counterparts calculated
the best fit model~see below! were of the same order in
CH3SiD3 as they were in CH3SiH3 when these perturbation
were omitted; see Tables III and IV of Ref. 21.

The data set presented in Table II was analyzed using
methods outlined in Sec. II A; see Eqs.~1! to ~3! in particu-
lar. In the least-squares fit,DK was held fixed at its force
field value,36 while DJ and DJK were held fixed at values
determined from combination differences obtained in an
frared study of the (y1251←0) band.16 F3K was fixed at
zero, and the effective valuesAeff andDKm

eff were introduced
as defined, respectively, in Eqs.~16a! and~16b! of Ref. 11.F̃
was calculated fromÃeff and r, with r replacing F̃ as an
independent parameter. By varying the eight remaining
rameters in Eqs.~2! and ~3!, as well asr, a good fit was
obtained. The best-fit values of the molecular parameters
listed in Table III. The differenced between each observe
frequency and its counterpart calculated with these bes
values is given in Table II.

The results obtained here for the molecular parame
are substantially more accurate than those obtained ear15

using the Kivelson satellite method37 for reasons mentioned
in Sec. I and discussed in more detail in Sec. I of Ref.
Moreover, the present results represent the data very w
However, as the data set is expanded, some of the effe
values can be expected to change by many times the s
tical errors given in Table III. For example, the value ofV3

eff

obtained in Ref. 11 for CH3SiH3 from a data set comparabl
to that used here is 0.925 cm21 larger than the value ofṼ3

TABLE III. Molecular constants for CH3SiD3.

Parameter Value

Aeff ~MHz! 34 192.04~11!a

B ~MHz! 9 636.606~46!
DJ ~kHz! 7.55b

DJK ~kHz! 46.04b

DK ~kHz! 53.27c

r 0.213 972~23!
V3

eff (cm21) 585.084~51!d

F3J ~MHz! 2115.01(35)
F6J ~MHz! 25.45(26)
DJm ~MHz! 0.502~9!
DKm

eff ~MHz! 4.44~46!a

dJ ~MHz! 20.095(54)

aThis effective value is defined by Eq.~16a! or ~16b! of Ref. 11.F3K is fixed
at zero.

bThis is fixed at the value obtained in a preliminary analysis of the (v12

51←0) infrared band~Ref. 16!.
cThis is fixed at the force-field value of Ref. 36.
dSee Eq.~16c! of Ref. 11.
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obtained in Ref. 9 from a two-band analysis involving ov
2700 frequencies.

Nonetheless, it is instructive to compare the pres
CH3SiD3 results with their CH3SiH3 counterparts11 obtained
from a data set of similar scope by using a similar Ham
tonian model; see Table III here and Table IV in Ref. 11. T
value ofV3

eff is smaller in CH3SiD3 by 7.26 cm21, a differ-
ence which is likely to remain approximately constant~at
least to 1 cm21 or so! as the CH3SiD3 data set expands. Th
barrier height is also reduced in ethane when the fram
fully deuterated. The barrier heights in CH3CD3

23 and
CH3CH3

38 are 993.8 and 1012.5 cm21, respectively. The fact
that the barrier height is lowered upon deuteration is perh
not a surprise. The amplitude of the zero-point motion of
deuterium atoms is smaller and the CD bond length is sho
than the CH bond length. However, an in-depth discussion
these effects must wait until the contribution to the effect
barrier height from rotation–vibration interactions is bet
understood.

It should also be noted that each torsional distortion c
stant in CH3SiD3 has the same sign as its counterpart
CH3SiH3 and is smaller in magnitude by a factor of 1.2
2.4. This general behavior is expected in general when
frame becomes heavier.

V. CONCLUSION

The first phase has been completed of a study of
changes in the vibration–torsion–rotation and electric-dip
constants of methyl silane when the silyl frame is fully de
terated. Once the torsional bands and the low-lying vib
tional fundamentals have been investigated and the pure
tational spectrum has been measured in the mm-wave reg
it should be possible to obtain a greater understanding of
different physical mechanisms that underlie these molec
parameters.
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APPENDIX: HYPERFINE SHIFTS FOR CH3SiD3,
CH3SiH3, CH3SiF3, AND CH3CD3

The possibility of a hyperfine shiftdnhyp in the zero-field
frequencies obtained in these anticrossing experiments i
particular concern in the current work, because the deuter
quadrupole Hamiltonian, here denotedHQ

D , can be expected
to produce larger effects than the spin–rotation and sp
spin interactions. Consider anormal spectrum~as defined in
Sec. IV B!; Fig. 2 provides an example. To synthesize th
envelope, first a stick spectrum would be constructed for
individual hyperfine components by assigning to thei th such
component its intensityYi and hyperfine shiftdn i away from
the hyperfine-free frequencyn0 . Then the stick spectrum
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would be convolved with the effective instrumental lin
shape of linewidthDneff . The problem then is to estimate th
differencednhyp between the measured central frequency
the resulting envelope and the hyperfine-free valuen0 .

Unfortunately, the form ofHQ
D for a molecule of the

symmetry of CH3SiD3 has not been developed. However, t
corresponding operator for CH3D

39 can be used to deduc
the qualitative features of the spectrum and to estim
dnhyp. The deuterium quadrupole coupling constant e
will be taken to be 200 kHz.@In CH3CD3, it is (167
618) kHz.40#

Consider the Stark rotational anticrossings first. In
lower stateb, the diagonal matrix elements^HQ

D& i equal zero
for all i since each matrix element will contain the fact
@3K22J(J11)#, which vanishes forJ6K5362 . Thusdn i

is simply ^HQ
D& i for the upper statea with J54 and k

571. It is easily shown that the shiftsdn i are asymmetri-
cally distributed, but that the average value vanishes.
cause the mixing between statesa andb due to the distortion
dipole moment is independent of the nuclear spin quan
numbers, the transition moment is independent ofi @see Eq.
~12! of Ref. 33#, and allYi are equal. It follows then that th
center of gravity of the distribution falls at the hyperfine-fr
valuen0 . If Dneff* the frequency differenceDnmax between
the highest and lowest frequency hyperfine components,
resulting envelope will be asymmetric to some degree,
the central frequency will not be shifted significantly.

In the current work, the splittingDnmax due to eqQ in the
Stark rotational anticrossing spectra observed is estimate
be 12 kHz, which is almost a factor of four smaller then t
observed linewidthDnobsof ;45 kHz. Thusdnhyp should be
negligible compared with the experimental uncertaintye of 8
kHz in the relative measurement listed in Table II.

Now consider the barrier anticrossings. It wasstatedin
Ref. 11 that the statesa and b differ only in the sign ofk
and, for theEA anticrossing, ins. It was thenconcluded
that, except possibly for smalls-dependent terms, statesa
andb have the same diagonal hyperfine matrix elements
dnhyp is consequently zero. This statement and conclus
are incorrect. The statesa andb also differ in the torsion–
rotation symmetryG. Moreover,a and b differ in the total
spin I t for the three identical top nuclei and/or the total sp
I f for the three identical frame nuclei. The diagonal quad
pole matrix elementŝHD

Q& i will depend onI f , as can be
seen from Table IV of Ref. 39. As a result, the individualdn i

can be nonzero.
Furthermore, it is possible for a hyperfine interaction

be forbidden in statea, for example, and allowed in stateb.
An example of just such a case exists for CH3SiH3. For I t

51/2, the diagonal matrix elements^Htt& i of the top–top
spin–spin interaction41 vanish becauseHtt is a second rank
tensor inI t .42 On the other hand,̂Htt& i does not vanish if
I t53/2. Similar statements apply toH f f , but not toHt f .41

From Table XIII of Ref. 35, it is then easily seen that^Htt& i

vanishes forG5E3 , but not for G5E1 . Thus ^Htt& i will
make a direct contribution todn i for theEA anticrossings@in
which (Ga5E3)↔(Gb5E1)#. ^H f f& i plays a similar role in
the EE anticrossings.

Although dn i can be nonzero, in general, it might st
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follow that dnhyp50, as was the case for the rotational an
crossings previously considered. However, for the barrier
ticrossings, the mixing between statesa and b arises from
the hyperfine Hamiltonian. Consequently, the transition m
ment and the intensityYi will depend on i ~i.e., on the
nuclear spin quantum numbers!. Furthermore, sinceI t and/or
I f changes, some particulari may be excluded by the selec
tion rules. In general, then, the center of gravity will not fa
at the hyperfine-free frequencyn0 anddnhypÞ0.

In the current work on CH3SiD3, the value ofdnhyp is
estimated conservatively as one-half of the maximum s
possible from the diagonal quadrupole matrix eleme
^HQ

D& i . This estimate for the magnitude ofdnhyp is 5 kHz for
J51 and 7 kHz forJ52. The errorse given in Table II have
been increased to allow for these estimates ofudnhypu. The
increase is not serious since the uncertainties from o
sources are*udnhypu. The contributions todnhyp from the
spin–rotation and spin–spin interactions~see below! were
estimated and found to be smaller than the quadrupolar c
tribution.

In earlier studies of barrier anticrossings in CH3SiH3,
11

CH3SiF3,
17 and CH3CD3,

18 dnhyp was neglected on the bas
of the Ref. 11 argument. The contribution ofdnhyp to the
frequencies measured in these earlier studies has now
reevaluated.

For CH3SiH3, dnhyp can be estimated by adapting th
energy expression for the fluorine spin–rotation a
fluorine–fluorine dipolar interactions in OPF3; see Eq.~2! of
Ref. 31. For each statea and b in the barrier anticrossing
the values ofI t andI f were taken from Table XIII of Ref. 35
The direct spin–spin coupling constant can be calcula
from the structure.21 From the known spin–rotation constan
for CH4

43 and SiH4,
44 the spin-rotation constants forI t and

I f , respectively, in CH3SiH3 can be estimated by assumin
that these coupling constants are proportional to their a
ciated rotational constants.

The spin–spin contributions todn i are of the same orde
as the spin–rotation contributions from the terms in (ci

t

2c'
t ) and (ci

f2c'
f ). The superscriptst and f , respectively,

refer to top and frame spin–rotation interactions. The s
scripts i and', respectively, refer to thez and x diagonal
elements of the spin–rotation tensor. The spin–spin con
butions increase withJ, while the spin–rotation contribu
tions decrease withJ; the overall value ofdnhyp can be taken
to be roughly independent ofJ. The estimated values fo
udnhypu are 4 and 6 kHz, respectively, for theEE and EA
anticrossings. These values ofudnhypu should be added in
quadrature to the errors listed in the original work; see Ta
II of Ref. 11. The resulting increases in these errors are sm
because each original error is larger in magnitude than
associated value ofudnhypu. The effect on the published val
ues of the molecular parameters for CH3SiH3

9 is negligible.
A similar analysis was carried out in CH3SiF3. In this

case, the spin–rotation constants for the frame were e
mated using the information available on the spin–rotat
tensor of SiF4.

45,46As was the case with CH3SiH3, the spin–
spin and spin–rotation contributions to thedn i in CH3SiF3

were of the same order, but for this molecule the lead
spin–rotation contribution arose from the term inc'

f . The
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estimated values forudnhypu are 2 kHz for theEE anticross-
ings, 3 kHz for theEA avoided crossings forJ<3, and 6
kHz for the EA anticrossing forJ55 ~as well as for the
relative EA measurement involvingJ55 and J52). The
(J55) value ofudnhypu is larger because this particular a
ticrossing was measured formJ565, whereas all the othe
measurements were formJ561. These values ofudnhypu
should be added in quadrature to the original errors liste
the original work; see Table 3 of Ref. 17. For CH3SiF3, the
contribution to the final error estimates fromdnhyp is domi-
nant for each of the last three entries in Table 3 of Ref.
For each of these measurements,udnhypu is a factor of five
larger than the original error estimate, which was;1 kHz.
The effect of the increase in the error estimates on
torsion–rotation parameters obtained is expected to be sm
this effect will be discussed elsewhere.47

For CH3CD3, the analysis is essentially the same as t
for CH3SiD3. The estimates forudnhypu as one-half of the
maximum shift due toHQ

D are 5 and 7 kHz, respectively, fo
J51 and 2. In this case,dnhyp dominates the final erro
estimates because the errors from other sources are;1 kHz.
This contribution fromdnhyp may explain the inconsistenc
pointed out48 between the anticrossing data and the m
wave spectrum. It was suggested that systematic effec
the beam measurements of;5 kHz would account for the
disagreement. The increase in these error limits has o
marginal effects on the results published recently49 on the
infrared band (y1251←0) of CH3CD3.
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