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The avoided-crossing molecular-beam method has been applied;&ilzHh the ground torsional

state g=0). 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 J=4k==1) and given torsion—rotation symmetly undergoes an
avoided crossing with its counterpart withl£€3k=*=2) and the samd’. Four “barrier”
anticrossings have been measured corresponding again to normally forbidden transitions, but in
which only the torsional energy changes. These transitions larel}, (k=*1-F1), and
=E3z—E,,E;) for J=1 and 2. From these seven zero-field splittings and nine exi&ibganch
microwave frequencies far<2, nine torsion—rotation parameters have been determined including
the effective rotational constaAf™=34 192.04(11) MHz and the effective height of the barrier to
internal rotatiori\/gff=585.08(5) cm?. For each anticrossing studied, an estimate has been made of
the contribution évy, to the zero-field splitting from the nuclear hyperfine interactions. For
CH,SiH;, CHLCDs, and CHSIF;, barrier anticrossings have been previously investigated. For each
of these anticrossings, estimates®f,,, are made here as well. For all cases studiadiuding

those for CHSID,), it is found that|&vp,|<5kHz. For CHSiD;, 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 state3,l)=(1,=1), (2,+1), and (3;:2).
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I. INTRODUCTION Ref. 10. In the early part of the G8iH; series of investiga-
tions, the pivotal step was the measurement in the ground
In the study of internal rotatioh? the physical interpre- torsional state of ther-splittings for various 4,k) by the
tation of the effective parameters that characterize the Hamilmolecular-beam avoided-crossing metiddhis particular
tonian and electric dlpole operators is Complicated primar”ytechnique was deve|op&jf0r such purposes because the
by two effects. First, there is a series of redundancies thajipole selection rules preclude the use of more conventional
prevents the separation of many of these parameters into thgrms of spectroscopy. A precision determination of the elec-
individual contributions that arise from different physical tric dipole momentu was carried out becaugeis required
mechanisms® Second, the coupling between different vi- to convert each crossing fielg measured to the correspond-
brational modes often involves levels in which the moleculeing zero-field energy differenc@r “frequency” as it is of-
is undergoing large amplitude torsional motiohThe form  ten referred th
of these coupling operators has not been investigated exten- One method of obtaining further insight into the physical
sively enough to establish how the higher vibrational stategneaning of the effective parameters is to study their isotopic
contribute to the effective parameters for the ground vibradependence. The purpose of the current work is to begin a
tional state when the coupling is removed by the usual constudy of this dependence in methyl silane, initiating a series
tact transformation. of investigations on CEBiD; similar to that on the parent
The physical interpretation of these effective parametergsotopomer CHSiHs.
is simplest for a symmetric top with one torsional degree of  The present work on C§$iD; parallels that in Refs. 13
freedom. The prototype for such molecules has come to band 11 on CHSiH;. Here the dipole moment has been
CH;SiHz. An extensive series of high-resolution spectro-measured by conventional molecular-beam electric-
scopic studies has been carried out over the last two decadegssonance technigues to an absolute accuracy S ppm
see Ref. 9 and the references cited therein. To discuss thier each of the rotational states),k)=(1,=1), (2,x1),
part of this work that is directly relevant here, we can confineand (3x2). For J=1, two anticrossings were measured
attention to the ground vibrational state. The torsional levelgorresponding to the normally forbidden zero-field transi-
are distinguished bys=0,1,2 ... . Foreach rotational state tions (J=1k=*lo=F1)«—(J=1k=F1l0=%*1) and
(J,k), there are three torsional sublevels labeled by the indexJ=1k=*1,0=%1)«(J=1k=*1,0=0); see Ref. 14.
o=0,+1,—1. Note thatk can be positive or negative; see These are called “barrier” anticrossings because the energy
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differences arise entirely from the torsional terms in the  For the states of low ;,J,K) investigated here, the
Hamiltonian (except for small corrections For J=2, the effective Hamiltonian can be written

corresponding pair of anticrossings was measured as well.

Three anticrossings in which changes by unity were ob- Hy=HY +HY, )
served corresponding to the normally forbidden zero-field

transitions (=4k=%1,0)—(J=3k==*2,0) for ¢=0, Wwhere

*+1,+~1. These are called “rotational” anticrossings because _ o

the energy differences contain a contribution from the rota- H(go)z BJ?+ (A— B)J§+ Fp2+V3 1(1—cos %)

tional Hamiltonian.

An investigation of the microwave absorption +[—Dgmp?+ Fax 3 (1—cos 3)]J7, 2
spectrunt® led to the determination of pure rotational fre-
quenciesvg(vg,J,k,o) obeying the normal dipole selection H{Y = — D%~ D322~ Dy J; — d;3,pI%+[ — D ypp?
rulesAJ=+1, Ak=0, andA o=0. The transitions measured
were (J,k)=(1,0)—(0,0) and (2+1)«—(1,+1) for vg=<4, +Fg3y3(1—cos 3v) +Fgy3(1—cos &)]J%.  (3)

but there were some difficulties falg=3 and 4. Theo-
splitting for given (g,J,k) was resolved only fovg=2. In  In Egs.(2) and(3), « is the deviation from the equilibrium
the absence of perturbations from excited vibrational statealue of the torsional angle between the methyl top and the
this o-splitting is determined primarily by the-dependence Silyl frame.p is traditionally called the torsional angular mo-
of the effectiveB-value (and is insensitive to the leading Mentum operator. However, the angular momentum of the
terms in the torsional Ham"tor“a_n internal motion |$(1_p), see Ref. 1. The structural param-
From the analysis of the seven molecular-beam zerofter p (to the accuracy appropriate to the current work
field frequencies and nine pure rotational frequencies witfeaualsl,/l5. Herel, is the moment of inertia about the
ve<2, values were obtained for nine parameters in theSymmetry axis of the methyl top ang is the corresponding
torsion—rotation Hamiltonian including effective values for moment for the entire molecule. The reduced rotational con-
the A-rotational constant and the barrier height. These stantF=A/p(1-p).
results are compared with their counterparts for;SiH; In Eq. (2), the first two terms form the rigid rotor Hamil-
obtained in Ref. 11 from the analysis of a similar body of tonian F|R1 while the next two form the zeroth-order tor-
data. The anticrossing data presented here fosSIB4 will  sjonal HamiltoniarH ;. The last two are actually first-order
be very useful in the analysis of high-resolution infrarederms that have been moved into zeroth order for computa-
bands currently under study. tional convenience. These terms provide the leading tor-

In the Appendix, the question is reexamined as 1Osional dependence of the effectiv-rotational constant
whether the nuclear hyperfine interactions contribute in low-pefi,, 1 ).

est order to the zero-field frequencies determined from the |, Eq. (3), the first three terms form the usual quartic
barrier anticrossings. Contrary to arguments presentegengifugal distortion Hamiltonian. The next term is unusual
earlier;~ it is shown here that this contribution can be thej, the sense that it is linear id, and linear inp. The last
order of the diagonal matrix elements of the hyperfinetnree terms provide the leading torsional dependence of the
Hamiltonian. F_or CIgS|D_3, an est|m_ate has been made of thegtfective B-rotational constanBe(y,,k,0). The term inFq,
nuclear hyperfmg contribution. Adj_ustments were then mad@s actually a second-order terfne., sextig that is included

to the errors assigned to the zero-field frequencies used in the i‘_]él) to simplify the notation,

torsion—rotation analysis. Similarly, estimates of the hyper- The use of tildes in Eqs(l) to (3) follows that in a
fine contributions have been made for each of the moleculelsecent work on CHCF, 2 rather than that in the default
for VéhICh balrn?:r a.ﬁlcigsg;'ngth?;/e zril'oculeylg’?en”meabption, namely Ref. 19. The tilde on a Hamiltonian term
sured, namely CEBiH,, 3SR, ™ and CHCD,. " In a indicates that the form to be used is in the IAkather than

cases, the hyperfine contribution has been estimated to tfﬁ the principal axis metho@AM)]. A tilde on a constant

=5 k.HZ n ma_gmtud_e. The hyperflne contributions 1o theTindicated an effective value resulting from a transformation
rotational anticrossing frequencies measured here

) . Br a redundancy.

CH;SiD5 are shown to average to zero to first order. The separation of the “tilde-type” of effective value
into the component parts cannot be carried out by frequency
Il. THEORETICAL BACKGROUND measurements on a single isotopomer so long as the contact
transformation approatfi does not break down. Such effec-
tive values should not be confused with a second type, indi-

For a symmetric rotor with a single torsional degree ofcated by the superscript eff, which arises because of limita-
freedom, the torsion—rotation Hamiltoniﬁrb appropriate to  tions in the data set. In this case, the effective parameter is a
the ground vibrational state has been discussed re¢®imly linear combination of parameters that is useful for breaking
some detail. Here a brief summary will be given of the re-correlations in the analysis of a particular data set. However,
sults relevant to the current work. Reference 19 will form theby such means as using higher resolution and probing a
“default option” for definitions, notation, and mathematical wider range of quantum numbers, the individual contribu-
procedures; any changes will be indicated. The internal axifons can be isolated. These two types of effective values are
method(IAM ) will be used throughout. See Ref. 10. discussed further in Ref. 21.

A. Torsion—rotation energy
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The eigenvalue&r(J,vg,k,0) of the torsion—rotation

. .~ . . MQ(‘J1U61k1U)={7LO+/‘Lg<%(l_COS 39[)>u6,k,0
HamiltonianH 4 were calculated by setting up the matrix for

H in the free-rotor basis, diagonalizing this matrix, and + u3(P?) g kot T FII+ 1)+ uik?
treating H{" by first-order perturbation theory. This is a . .
single-stack approach, the single stack being the set of tor- IO+ D)+ (uy — p) K}

sional levels in the ground vibrational state. The perturba- x(p) /K 4)
tions from higher vibrational levels are all nonresonant, and vg koo T
so are absorbed into the effective molecular parameters forhe angular brackets represent diagonal matrix elements in
the ground-state stack. This procedure is the same as thgfe pasis formed by the eigenfunctionsi{ .
used in the first stage of the two-stage process described in  The seven independent dipole constants in @y.are
Sec. Il of Ref. 19. . . appropriate for characterizing dipole matrix elements calcu-
The procedure for determiningrg(J,ve,k,0) used N |ateq in the IAM. Four of theséhose labeled with a tilge
the counterpart paperon CH;SiH; differs from that em-  paye had their physical meaning modified by the PAM-to-
ployed here in two respects. First, the older work includedap transformation. These four are expressed in terms of
the termFg;3(1—cos Q) rather than that ifFg; in Eq. (3).  untransformed parameters in Column | of Table Il of Ref. 6.
As discussed in Sec. VI of Ref. 11, it was recognized at thaThe dipole moment functiopo(J,vs .k, o) can then be writ-
time that this was an unusual step. It was taken becByse ten in terms of seven dipole constants without tildes, the
gave a reduction inc? that was significant at the 85% con- counterparts of the seven in E@).
fidence level. However, subsequent works showed that the The physical meaning of these seven “untilde” param-
term inFg; is the better choice when the microwave compo-eters can be determined by combining the centrifugal distor-
nent of the data set is expand@dand so theF; choice is  tion work for C3, molecule&® with the contact transforma-
made here for CESiD; from the beginning. tion analysis for CHSiHg.> Except for small correctiongy,
The second difference is that the termsDip, andF3¢  is the equilibrium dipole moment, whilg$ and i arise
are included here il{" rather than inH{") as in Ref. 11. from centrifugal distortion. The remaining four dipole con-
This step has the effect of reducing the contribution of thestants(namely those with the superscrip) arise from ef-
second-order perturbation termsrngl); see Ref. 22. Forthe fects that specifically involve the torsional degree of free-
low values ofJ, v, andK studied here, this difference is not dom. Expressions have been deriveelating these four
significant. However, for the large data sets encountered fdparameters ta, and the dipole derivatives. The constarit
CH;,SiH; (and anticipated for C§BiDs), this reduction is so  arises in large part from cubic anharmonicity mixing, while
large®® that H{) can be treated with first-order perturbation 42 is produced entirely from this effect; see E¢874 and

theory, thus simplifying the numerical procedures consider{27b of Ref. 5. Note that there is a misprint in E@7a); the
ably. cubic potential constari{gg; should appear as a factor mul-

tiplying the sum over the\; vibrational modes. Similarly,
,uI arises to a significant extent from Coriolis mixing, while
,u,ﬂ- arises entirely from this effect; see Edd) and (5) of
Ref. 23.

B. Stark energy For the purposes of the current work, Eg4) can be

. . simplified to read
The dipole moment matrix elements for a molecule such

as CHSID; have been discussed previousfi*** Since  uq(J,v5=0k) = u&o+ pul J(I+1)+p(pf — u] K2
these matrix elements display some unusual features, a brief (5)
review will be given here. Many of the details do not affect
the current experiment, but perhaps future work will be
stimulated. Matrix elements off diagonal w; provide the
transition. moment for the t.orsional bands, but they do not Mgf’foz o+ ma(3(1—cos 3)Yo+ ua(po. (6)
make a significant contribution to the Stark energy and so are
not considered. Very recently, the contact transformatiofFach barred matrix element is the unweighted average over
approach has been applied to the dipole moment operator=0,+1,—1 for yg=k=0 of the matrix element of the as-
for an asymmetric rotor such as methanol by Duan andociated operator. If an alternative valuekofs selected to
Takagi?* The methods used are very similar to those emform the average, no significant change occursin
ployed earlier for symmetric rotors such as methyl sifine. CHsSiHs, pu| andp(u]—u]) were found® to be 8.8835)
Matrix elements diagonal id are of most interest be- and —32.87(37)uD, respectively, from the k) depen-
cause the Stark enerdys(J,vs,K,0) is dominated by the dence ofuq(J,0K).
terms linear in the electric field For a symmetric rotor with The derivation of Eq(5) from Eq.(4) is straightforward.
a single torsional degree of freedom, theael€ Avg=0) First, the (k,0)-dependence of the matrix elements in the
matrix elements can be obtained from their counterparts for germs involving,ug and,u; is not important here. This varia-
C3, symmetric rotor by replacing the usual dipole constantion is too small by a factor of four or more in G8iHs, as
by an effective dipole moment function. As can be seen frontan be seen from the discussion in the Appendix of Ref. 13
Eq. (4b) of Ref. 6, this can be written and the estimates found farj and uj in Ref. 6. Secondit

Here the effective dipole moment for the ground torsional
state withJ=k=0 has been written
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was shown by Jagannatit al® that u9 and uy could be  1.99x10 2% cn?, the value for CHSiHz.™® When Eg was
well approximated by the simplified model defined in Col-@ing calculated for_a particular level,( k), the value of
umn Il of Table Il in Ref. 6. That' i_s, thesevo cor)stants,. uq was set equal teug(J,,0k,) for all levels in the matrix.
which are usually thought of as arising from centrifugal dis- These various approximations are easily shown to be more
tortion, are largely torsional in originn CHzSiH;. This sim-  than adequate for the accuracy required.
plified model will be adopted hererinally, the term in
(P)us ko CaN be neglected here. This term is one to two
orders of magnitude too small to be significant for £SkHs, _ -
as can be seen from the discussion in the Appendix of Ref. _The experimental meth-OdSls??d conditions were very
13 and the values subsequently found f@[ and (;’J similar to_those us_ed for_CjS|I_-|3. ~*The sample was made
—MD in Ref. 6. by_ reducm_g CHSIiCl, Wlth LIAID 4. The data were taken
In the analysis of the anticrossing data of {SiD,, itis YS9 the ion peak with a mass-to-charge ratio of 45. The
ful to h timate of thed d — 7 seeded-beam technique was used; a 5% mixture of methyl
Usetul 1o have an estimate o epen eTn_ce 9kq Ve silane in argon at a backing pressure between 1 and 1.5 bar
in Eq. (5). The estimate obtamec_i here fog, in CHySIDs s was expanded through a 4@m nozzle with the source at
6.1 uD. This result can b? obtained from Ed) Of. Ref. 23 room temperature. The measurements were taken in the
and the known value of., for CH;SiH; by makingthree earth’s magnetic field
simplifying assumptionskirst, it is assumed for both isoto- y

hat th ifuaal di : involvigdY i The electric field¢ in the transition region was generated
pomers that the centrifugal distortion term involviBg’ is by the PyrexC-field and stabilization systems developed
negligible. Second it is assumed, again for both G&iD;

ecifically for large electric fields of high homogeneity. The
and CHSiHg, that the sum over the modes Bf symmetry spectticatly g e 9 genetty

is dominated by the | Vi de of this t | long-term stability and resettability of the voltage was
IS dominated by the lowest-lying mode of this type, namely 5 ppm. The coating pattern of the plates was as illustrated
the silyl rock with harmonic frequencw;,. Under these

. . in Fig. 1 of Ref. 27. For the anticrossing measurements, it
assumptions, Eq4) of Ref. 23 can be written was necessary to observe only transitions wkm=0,
wheremy is the eigenvalue of the component alafigf the
total angular momentum. Consequently, the parallel-plate

X (02— 02,) "Ny 120). (7)  configuration, which gives better homogeneity, could be

used. In this case, the beam direction was as shown in Fig. 1
Hereé’él23 is the Coriolis Coup"ng constant between the tor-0f Ref. 27, and an interior section with Iength 3.6 cm along
sional mode and the silyl rock, whiléw,/dq;,, is the de-  the molecular beam was used. The resulting full width at half
rivative of thex-component of the dipole moment with re- maximum of the instrumental line shape due to time of flight
spect to the dimensionless normal coordirgig . For each WasAr=12.5 kHz. For the electric dipole measurements,
isotopomer, all of the molecular parameters on the right-han§Amy==1) transitions had to be studied, and a slit in the
side of Eq.(7) are known(or can be estimatgcexcept the C-field parallel to the beam was requirétiRather than re-
dipole derivative. For CkBiH; the values are in the coatthe Pyrex plates, tf@-field was simply rotated through
literature®"° while for CH,SiD; the values are known either 90°. In this case, the length of the transition region was 10
from the present work or from a preliminary analy8isf =~ ¢m andA»,=4.5 kHz. The fact that the plate separation
ongoing infrared studie¥. The third simplifying assumption ~ changed slightly in this step is not relevant.
is that the dipole derivative is the same for both isotopomers.
The ratio of (pu]) for the two moleculegand hencegu|)  Iv. MEASUREMENTS, ANALYSIS, AND DISCUSSION
for CH;SiD;] can then be determined.

For the AJ= x1) matrix elements of the dipole opera-
tor, a different dipole moment function, here denoted  The dipole momenﬁQ(J,vazo,k) was determined for
rr(J,v6,K), must be used; see E@la) of Ref. 6. This can the rotational states)(k) =(1,+=1), (2,+£1), and (3;+2) by
be simplified in a manner similar to that used fog. The  observing the molecular-beam electric-resonance spectrum
result can be read from E@5) by setting the term in(J in an electric field¢ of 1650.02%80) V/cm. The selection
+1) to zero. This term is omitted because its effect is entules obeyed werdm;=*+1 andAJ=Ak=0; in addition,
tirely absorbed into the effective anisotropy - o, )er in - the magnetic quantum numbers for the nuclear spins were
the polarizability; see Eq5) of Ref. 13. conserved. For eachl(K), these transitions between Stark

In calculating the Stark energ§g(J,vs=0k,0), the sublevels are denotefd-y ,+|m;|— F(|m;|—1)] follow-
Stark-rotation matrix was diagonalized after truncation ating the conventions of Ref. 13; see Refs. 10 and 14. Each of
AJ=3. In the “rotational” terms in this matrix, the effects the spectra is a multiplet consisting of many hyperfine com-
of internal rotation were neglected. The rotational energieponents, but each appeared as a single line, featureless ex-
were calculated using effective values Br D;, and Dy cept for a tail on the high frequency side. A typical signal-
obtained from lower-state combination differences deducetb-noise ratio for the[2.,,%2—F1] multiplet, for
from a preliminary analysis of thev(,=1<—0) band'® The  example, was 20/1; this was obtained with a time constant of
result of 9622.731 MHz obtained for the effectiBevalue 1 s by averaging four sweeps, each of which took 50 s. The
reproduces theyg=0) microwave spectrum of Hirot&.In  central frequency(J,k,m;) measured for each line is listed
the Stark terms in the matrixpf— @, ) ot Was held fixed at in Table I. The electric field was calibrated using the (

Ill. EXPERIMENTAL DETAILS

] =4(AF10V3) A BEX 1) (wsw10) 2

A. The dipole moment
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TABLE I. Stark measurements and resdlts.

Transition Frequency Dipole
v(J,=K,m;y) moment €R €c €n

D/H® Ik m;—m; (kH2) (D) (#D) (D) (uD)
D 1.4 *1-0 301 915.5(4.0) 0.725 840 10 17 35
D 249 ¥2—-1 99 546.2(4.0 0.725 885 29 34 45
D 3.5 F2-1 100 355.4(3.0 0.725 858 22 27 41
H 3o ¥2—-1 101 568.9(3.0) 0.734 528 22 27 41
13(3.0:£2) (3.0 2)° 0.988 197 4%

29(3.0%2) ocsgs™ 1.014 917 38

aThe electric field was 1650.025 V/cm with a relative error of 38 V/cm and an absolute error of 80 V/cm.

®The dipole moment functiopg(J,vg,K) is defined in Sec. Il A; see Eq#d), (5), and(6), in particular. The
superscriptd andH refer to CHSID; and CHSiHj;, respectively.

This is dimensionless.

4The subscripys refers to the ground vibrational state of OCS.

=1m;==+1—0) transition of OCS in its ground vibrational value of »(3,=2,72) measured for CkBiHs.
state; the OCS Stark parameters used wete
=0.71514(3) D from Ref. 29 ando{— «,)=4.67(8)
X 1024 cn?® from Ref. 30.

For each transition, the dipole momeﬁb(J,vf;:O,k)
was determined from the corresponding,k,m;), the OCS

The observed line shape can be broadened asymmetH'-anSition frequgncy, anq the OCS dipole .moment. !n each
cally by field inhomogeneities and by nuclear hyperfine in-C8S€: the result is given in Table I, along with three different
teractions. The linewidths from these effetifeach was the [YPeS of error estimates, ec, andex. The erroreg re-
sole broadening mechani$nare here denoted\v, and flects primarily the uncertainty in the methyl silane fre-
Awpy,, respectively. The latter is expected to be determinedUency;er also receives a contribution from the short-term
primarily by the quadrupole interaction of the deuterons.  stability of the voltage source, but at 2 ppm this is negligible.

To investigate these widths and shifts, the same threeg is useful in comparing directly the different dipole mo-
transitions were measured for G&lH;. All six lines (three ments measured for methyl silane. As an example, in Table I,
for each isotopomerhave roughly the same shape, althoughthe ratioﬁglﬁg for the 3., states of CHSID; and CHSiH,
the widths varied. Fod.x=3., the quadrupole contribu- s |isted. The errok¢ includeseg and the uncertainty in the
tion to the energy vanishes and the line sh@péhe absence  ocs frequencyec is useful in comparing directly the me-
of |nhomogene|t|_e)s is symmetric about ?he hyperﬂne—free thyl silane dipole moments to the OCS moment. As an ex-
frequency?® In this case, the observed linewidthw,, for ample, in Table I, the ratiqr_cgluocsgs) for the 3., state of

each isotopomer was 10 kHz. For CHSID;, the values of . Qe o
P HSIDs CH,SiD; and the ground vibrational state of OCS is listed.

Avgpswere 24 and 14 kHz fod.x=1., and 2.4, respec- i ; )
tively. The corresponding values for GBiH; were some- The errore, includeser and the uncertainty of 42 ppm in

what smaller. Two conclusions were drawn. First, the fieldthe OCS dipole momenk, is the absolute error.

inhomogeneity was-50 ppm. Second, for the.} and 2., A check on the current assessment of the asymmetry
lines, the values ofAwy, were larger by~12kHz in shifts can be obtained from the value of 1.027 (B8 mea-
CH;,SiD;, than in CHSIH;. sured here for the ratiquy/ ocsgs for the 3., state of

The shiftsévy,y, of the central frequency away from the CH;SiH; and the ground vibrational state of OCS. In Ref.
hyperfine-free value are of concern, &, will clearly bias 13, where the inhomogeneity effects were considerably
the dipole determination. These shifts have been investigatesialler and a more extensive study was carried out, this ratio

in CH,CD;'® and shown to bes 1 kHz in magnitude. With  \as found to be 1.027 08%), in good agreement with the
regard to dvy,, the one major difference between thesepresent result.

spectra of CHCD; and CHSID; lies in the 1., multiplet. In In the evaluation of the errors given in Table | for the
CHsCD;, this multiplet consists of a nearly symmetric triplet 501 moments, the long-term stability and resettability of

with a splitting of about 12 kHz; whereas, for G8ID;, the the power supply do not enter because all the frequency mea-

rsri]r?clr:a l%rgti:gaﬁsw(;%;f iﬁgs:ss :]:]riszr“r;ﬁihtg glgn(;lriln_to & surementsincluding those for OCBwere taken without al-
g ' ' y y g™Ha lrip tering the voltage setting or disturbing the circuit.

let is small enough that, even if these three were blended into . ) .
g The dipole moment of CEBiD; has been previously de-

a single line, the value gt ould still bes1 kHz. Itis . y )
ingie 1 value dbvy| would st z 1 termined by Muenter and Lauffeto be 0.726420) D using

concluded therefore thgbvy,,| in CH;SID; is also<1 kHz. : _
The final experimental uncertainty assigned to each Mmicrowave absorption. The value quoted here has been con-

measurement(J,k,m;) for CH,SiD; is listed in Table I. In ~ Verted to the current best value fabcsgs) - The agreement
each case, this is estimated from the upper limitdoR,,, with present determination is excellent; see Table I. Further-
the signal-to-noise ratio, the linewidth, and the degree ofnore, in Ref. 32, it was found thai®/u™=0.9844), in
asymmetry in the line shape. Also listed in Table | is thegood agreement with the current value given in Table I.
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@.t2, 0,E)" | FIG. 2. Normalspectrum for a typical rotational anticrossing. The trace was
L | ) taken 6.1 V/cm below the crossing field. The full width at half heigylt,,s

14

of 42 kHz is determined primarily by field inhomogeneities. Since the dif-
ELECTRIC FIELD (kV/cm)

ference in Stark energies between the two interacting levels is 3280.1 MHz,

) . o he fractional inh ity is 1 .
FIG. 1. Schematic plot against the electric field of the energy levels of thet e fractional inhomogeneity is 13 ppm

states {,k)=(4,%1) and (3;-2) involved in the rotational anticrossings

studied. Upper signs go with upper, and lower with lower. The dots indicate . . .

the allowed Stark anticrossings; all were observed. The zero-field Same order and with the same separation as they would in the
splittings are to scale, but are magnified relative to the overall separation dimit £—0.

the upper triplet from the lower triplet. As a result, the differences in the The rotational anticrossings studied here are thd (
crossing fields are exaggerated relative to their average value. The dot for

(0=0) corresponds to a zero-field energy differengg of 3281.6 MHz =+ 1_) coqnterparts of FheA(J: (1)2) 348tark rgtgtlonal anti-
and a crossing field of 13 906.5 Vicm. crossings first observed in GBF;.~“>* The mixing between

the zero-field eigenstatés) and|B) is provided by the dis-
tortion dipole momenj.p as defined in Ref. 5. The selection

B. The torsion—rotation parameters rules for the coupling require that the torsion—rotation sym-

The set of energy levels probed in the rotational anti-Metryl” be conserved; in additiom;, m,, and all the nuclear
crossing study is illustrated in Fig. 1. As an example, conSPiN quantum numbers are conserved. FoRCH, it was
sider the two levels withr=0, torsion—rotation symmetry POSSible to measurgy, and hencg.p . In the current work,
I'=E,, and the upper sigié.In the limit that the field¢ ~ Ymin Was too small relatlvg to the observed linewidth g
vanishes, the upper and lower levels are labelednd 3, of ~45 kHz to be determined. It was shown fer=0 that
respectively. In zero field, these levels differ in energy by?min=40 kHz and hence thap|<1.4 uD; see Eq. 15 of
about 3282 MHz. As the field increases, the upper level witH?ef' 33. ) o o )
m,=—3 and its lower counterpart approach one another, For eacsh anticrossing |II_ustrated in Fig. 1,_ the ;ero-fleld
When the crossing field, is reached, the difference in the freauencyr, , was determined from the anticrossing data
Stark energ\E for the two levels cancels the correspondingand the calibration procedure outlined in Ref. 27. The experi-
difference in the torsion—rotation enerfyr. As the field is ~ mental uncertaintye was determined following the method
increased further, the two levels would cross if there were n@iven in Ref. 33. The values Offya,,ﬂ and e are given in
interactions between eigenvectds and|8). However, they  Table II. As is shown in the Appendix, the nuclear hyperfine
do interact; the levels undergo an avoided crossingé At  contribution to these frequencies averages to zero in first
the levels have their minimum reparatiof,, . order. Consequently, the values etlo not have to be ad-

For fields nearé., transitions between the interacting justed before thev; , are used in the torsion—rotation
levels become allowed and can be detectgd with elecm‘?analysis. In calculating the difference in Stark ener (
resonance_molecular-beam methods._A typical spectrum is Eég) at the crossing field, the dipole momc—ﬁé(S,O:Z)
shown in Fig. 2 foro= 0. The spectrum is the envelope of all . ) —
transitions in the multiplet (4 1,0E,) < (3,=2,0E,), in- given in Table | was used for stafe For statea, uq(4.0,
cluding both upper and lower signs as well as all allowed+ 1) was calculated by using E¢), the value ofuq(2,0,
values of the nuclear spin quantum numbers. The trace was 1) in Table |, and the value ofp(u,) estimated in Sec.
obtained with a time constantfd s by averaging four I B. The contribution from pu, ) to eachv; , was only
sweeps, each of which took 50 s. The measurement wad7 ppm. The values o given in Table Il were calculated
made in a field of 13 900(9) V/cm, 6.1 V/cm below the assuming thatdu, ) has an uncertainty of 50%. The “split-
crossing field. This is far enough belagy that the spectrum ting” method?” was used to measure the differer[oe%,O
is normal® i.e., the components in the multiplet fall in the — v2, +,] directly; the result is also given in Table II. This
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TABLE Il. Zero-field frequenciesin CH;SiD; from anticrossing and microwave experiments.

Upper state Lower State Observed
frequency & 8¢

Vg J. K, T, r, Jg Kg og Iy (MHz) (KHz)  (kH2) Label
0 4 *1 0 E 3 *+2 0 E, 3281.575 165 -—16 1/8’0
0 4 F1 =*1 E; 3 *2 =1 E; 3462268 175 -9 3.,
0 4 =1 %1 E, 3 =*2 %1 E, 3203310 165 24 S,
0 Voo~ Vi1l 78.305 8 0 relative
0 1 +1 1 E; 1 F1 0 E, 212.663 14 0 VEA
0 2 *1 F¥1 E; 2 F1 0 E 212.681 14 0 vgea
0 1 *1 F1 E; 1 ¥1 ¥l E 92.415 1 -2 Vee
0 2 1 F1 E; 2 ¥1 ¥l E 92.426 11 2 g
0 1 0o * * 0 o = * 192453% 100 -65 10
1 1 0 * * 0 0 * * 19192.70 100 60 -0
2 1 0 0 A 0 0 0 A; 1914284 100 86 40
2 1 0 +1 E4 0 0 *+1 E, 19 145.41 100 74 40
0 2 *1 * * 1 +1 * * 38 490.54 100 33 2—1
1 2 +1 * 1 +1  * * 3838483 100 -30 21
2 2 *1 0 E 1 +1 0 E; 38285.345 100 -—-41 2—1
2 2 *1 *+1 E, 1 *+1 *1 E, 38288.814 100 -—-25 21
2 2 *+1 1 = 1 +1 1 E; 38291.542 100 -—-14 2—1

2All transitions are in the ground vibrational state and obey the selectiommge- 0. 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 valees®fisted in the original

work (Ref. 15. The value ofe listed was estimated from the performance of similar instruments in use at the
time.

This is the difference between the observed frequency and the value calculated using the parameters in Table
.

This line is an unresolved-multiplet. As indicated by the, the frequency was fit by using the average of the
component frequencies, weighted by the relative intensities.

type of relative measurement has the advantage that many qtiadrupole interaction provides the mixing for th& anti-
the sources of error are reduced. In this case,only 8 kHz  crossing, while the hydrogen—hydrogen dipolar interaction
instead of~170 kHz, as for the absolute measurements. provides the mixing in th&A case. The latter conclusion is
The set of energy levels probed fal< 1) in the barrier  supported by calculations of for CH;SiH; and CHSIF;.%®
anticrossing study is illustrated in Fig. 1 of Ref. 18. Although This hyperfine investigation considered the top—top, frame—
the energy and electric field scales are not appropriate tffame, and top—frame dipolar Hamiltonians. Here these will
CHsSiDs, the order of the levels is correct and the generabe denoted a$i,;, H¢s, andH,, respectively. The third
form of the diagram is suitable for the current discussionbarrier anticrossing in Fig. 1 of Ref. 18, namely £1,
The two anticrossings labeled with heavy dots were ob-+1 E,)« (1,71,0E,), has been shownto derive its mix-
served. For the dot with the higher crossing field, the zerojng matrix elementy only from H; . As this matrix element
field splitting (i.e., frequency is labeledve,, because the s very small, no attempt was made to observe this anticross-
upper and lower levels, respectively, have torsional SYMMeing for either J=1) or (J=2).
try E andA in zero field. For the dot with the lower crossing For each of the four barrier anticrossings observed, the
field, the zero-field frequency is labeleg for correspond- ;¢4 field frequency and its experimental uncertainty were
ing reasons. The crossing fields are 252.92 and 582.02 V/Cjatermined using methods similar to those applied to the

for the EE andEA cases, respectively. rotational anticrossings. The results are given in Table II.

In these barrier anticrossings, the torsmn—rotaﬂon SYMThe dipole moments required were measured directly in the
metryI" changes and k= =2, but all the magnetic quantum . . -
Stark study and are listed in Table I. The;lvalue of uq

numbers are conservéll. For the EE case, ¢, o for th p : ; thie1): th
—F1)(oz=71), whie for the EA case, @, was used for therzg and v, anticrossings withd=1); the

=F1)(0z=0). ForJ=2, the two corresponding anti- 21 value ofuq was used for thegg andve, anticrossings
crossings were measure®E, (J=2k=x*1o=%1m; with (J=2). For the barrier anticrossings, the nuclear hyper-
=+2)—(2,71,71,%2); and EA, (2,+1,71,+2)—(2, fine interactions can contribute to the zero-field frequencies.
+1,0,+2). The qualitative features of the barrier anticross-The values of the corresponding experimental ereonsve
ing spectra were similar to those of the rotational anticrossbeen increased so that this contribution can be neglected in
ings. The observed linewidth§ v, were about 45 and 27 the torsion—rotation analysis. For further discussion of the
kHz for (J=1) and g=2), respectively. nuclear hyperfine effects, see the Appendix.

The matrix elemeni mixing statesx and 8 is produced In addition to the molecular-beam avoided-crossing
by the nuclear hyperfine interactions. In a similar study ofmeasurements, the current data set includes the pure rota-
CH5CD5, '8 it was tentatively concluded that the deuteriumtional frequenciesvg(vg,J.k,0) measured by Hirofd for
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TABLE IIl. Molecular constants for CkBiD,. obtained in Ref. 9 from a two-band analysis involving over
2700 frequencies.

Parameter Value Nonetheless, it is instructive to compare the present
At (MHz) 34192.0411) CH,SiD; results with their CHSiH; counterparts obtained
B (MHz) 9636-633‘546) from a data set of similar scope by using a similar Hamil-
BjK Emz 42"‘347 tonian modftfel_; see Tablg 11 herg and Table IVfin Ref.. 11. The
Dy (KH2) 53.0F value of V§' is smaller in CHSID; by 7.26 cn?, a differ-
p 0.213 97223 ence which is likely to remain approximately const&at
vs' (ecm™) 585.08451)" least to 1 cm? or sg as the CHSID; data set expands. The
Fa) (MHz) —115.01(35) barrier height is also reduced in ethane when the frame is
E“ Em:g _g'gg%?) fully deuterated. The barrier heights in g@ED;*® and
pet (MH2) 4.4446)° CH,CH,*® are 993.8 and 1012.5 crh respectively. The fact
dy (MHz) —0.095(54) that the barrier height is lowered upon deuteration is perhaps

not a surprise. The amplitude of the zero-point motion of the
deuterium atoms is smaller and the CD bond length is shorter
at zero. . . .
PThis is fixed at the value obtained in a preliminary analysis of thg ( than the CH bond length. However, an in-depth discussion of
=10) infrared bandRef. 18. these effects must wait until the contribution to the effective
‘This is fixed at the force-field value of Ref. 36. barrier height from rotation—vibration interactions is better
ISee Eq(160 of Ref. 11. understood.
It should also be noted that each torsional distortion con-
stant in CHSID; has the same sign as its counterpart in
vg<2; these frequencies are listed in Table Il. Hirota’s dataCH;SiH; and is smaller in magnitude by a factor of 1.2 to
with vg=3 and 4 were deliberately omitted. In G&iHz, it 2.4, This general behavior is expected in general when the
has been showrthat a good fit to the pure rotational spec- frame becomes heavier.
trum of these higher torsional levels cannot be obtained with-
out including the perturbations from the low-lying vibra- v. CONCLUSION
tional states. Furthermore, these perturbations cannot be
treated without an extensive data set involving, for example,
the (v1,=1+0) infrared band. Similar behavior is expected
in CH5SID;. For vg=3 and 4, the differences between the

This effective value is defined by E€L63 or (16b) of Ref. 11.F 5 is fixed

The first phase has been completed of a study of the
changes in the vibration—torsion—rotation and electric-dipole
constants of methyl silane when the silyl frame is fully deu-
observed frequencies and their counterparts calculated froﬁ?rated' Once the torsional ban_ds an_d the low-lying vibra-
the best fit modelsee below were of the same order in tional fundamentals have been investigated and the pure ro-
CH,SID; as they were in CkSiH, when these perturbations tational spectrum has been measured in the mm-wave region,
werse or;itted' see Tables IlI ansa IV of Ref. 21 it should be possible to obtain a greater understanding of the

The data set presented in Table Il was analyzed using th%ifferent physical mechanisms that underlie these molecular
parameters.

methods outlined in Sec. Il A; see Ed$) to (3) in particu-
lar. In the least-squares fiDx was held fixed at its force-
field value®® while D; and D,x were held fixed at values
determined from combination differences obtained in an in-  The authors wish to thank Mr. J. Schroderus for many
frared study of the ¢,,=1<0) band*® F5 was fixed at fruitful discussions. One of ud.0.) wishes to express his
zero, and the effective valuds™ andD§", were introduced appreciation to the Natural Sciences and Engineering Re-
as defined, respectively, in Eq468 and(16b) of Ref. 11.F search Council of Canada for partial funding of this research.
was calculated fronA® and p, with p replacingF as an !.O..|s par_tlcularly gratefL_JI to the Un|verS|.ty of Numegen for
independent parameter. By varying the eight remaining pal_'[S financial support while this manuscript was being pre-
rameters in Eqs(2) and (3), as well asp, a good fit was Pared.
obtained. The best-fit values of the molecular parameters are
listed in Table Ill. The difference between each observed APPE_ND|X3 HYPERHNE SHIFTS FOR CH;SID,,
frequency and its counterpart calculated with these best fitHsSiHa, CHsSiFs, AND CH3CD,
values is given in Table II. The possibility of a hyperfine shifivy, in the zero-field
The results obtained here for the molecular parametergequencies obtained in these anticrossing experiments is of
are substantially more accurate than those obtained éarliemparticular concern in the current work, because the deuterium
using the Kivelson satellite meth&dfor reasons mentioned quadrupole Hamiltonian, here denoﬂd@, can be expected
in Sec. | and discussed in more detail in Sec. | of Ref. 20to produce larger effects than the spin—rotation and spin—
Moreover, the present results represent the data very welkpin interactions. Considerrmrmal spectrum(as defined in
However, as the data set is expanded, some of the effectivBec. |V B); Fig. 2 provides an example. To synthesize this
values can be expected to change by many times the statignvelope, first a stick spectrum would be constructed for the
tical errors given in Table I1l. For example, the valueM§'  individual hyperfine components by assigning to itiresuch
obtained in Ref. 11 for C§BiH; from a data set comparable component its intensity; and hyperfine shif6v; away from
to that used here is 0.925 cthlarger than the value 65’3 the hyperfine-free frequency,. Then the stick spectrum

ACKNOWLEDGMENTS
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would be convolved with the effective instrumental line follow that Sviyp="0, as was the case for the rotational anti-
shape of linewidtf\ ve;. The problem then is to estimate the crossings previously considered. However, for the barrier an-
differencedvy,, between the measured central frequency foricrossings, the mixing between statesand 3 arises from
the resulting envelope and the hyperfine-free valye the hyperfine Hamiltonian. Consequently, the transition mo-
Unfortunately, the form ofHg for a molecule of the ment and the intensity; will depend oni (i.e., on the
symmetry of CHSID; has not been developed. However, thenuclear spin quantum numbgr§urthermore, sinck and/or
corresponding operator for GB* can be used to deduce |, changes, some particulamay be excluded by the selec-
the qualitative features of the spectrum and to estimatgion rules. In general, then, the center of gravity will not fall
Ovpyp- The deuterium quadrupole coupling constant eqQat the hyperfine-free frequenay, and SVhyp# 0.
will be taken to be 200 kHz[In CH;CDs, it is (167 In the current work on CkSIiD;, the value ofévyy, is
+18) kHz.] estimated conservatively as one-half of the maximum shift
Consider the Stark rotational anticrossings first. In thepossible from the diagonal quadrupole matrix elements
lower stateg, the diagonal matrix elementsi); equal zero (HQ)i . This estimate for the magnitude 6y, is 5 kHz for
for all i since each matrix element will contain the factor J=1 and 7 kHz forJ=2. The errors given in Table Il have
[3K?—J(3+1)], which vanishes fod.x=3.,. Thusé»,  been increased to allow for these estimate$df,,|. The
is simply (Hg); for the upper statex with J=4 andk increase is not serious since the uncertainties from other
== 1. Itis easily shown that the shifv; are asymmetri-  sources arez|dvyy,]. The contributions taSvy, from the
cally distributed, but that the average value vanishes. Bespin—rotation and spin—spin interactiofsee below were
cause the mixing between stateand s due to the distortion estimated and found to be smaller than the quadrupolar con-
dipole moment is independent of the nuclear spin quantunipution.
numbers, the transition moment is independerit [&dee Eq. In earlier studies of barrier anticrossings in §3H,, !
(12) of Ref. 33, and allY; are equal. It follows then that the CH,SiF;,1” and CHCD5,*® Svnyp Was neglected on the basis
center of gravity of the distribution falls at the hyperfine-free of the Ref. 11 argument. The contribution 6, to the
valuevg. If Aver= the frequency differenca vy, between  frequencies measured in these earlier studies has now been
the highest and lowest frequency hyperfine components, theevaluated.
resulting envelope will be asymmetric to some degree, but  For CH,SiH;, Svhyp Can be estimated by adapting the
the central frequency will not be shifted significantly. energy expression for the fluorine spin—rotation and
In the current work, the splitting v, due to eqQ in the  fluorine—fluorine dipolar interactions in ORFsee Eq(2) of
Stark rotational anticrossing spectra observed is estimated Ref. 31. For each state and 3 in the barrier anticrossing,
be 12 kHz, which is almost a factor of four smaller then thethe values of, andl; were taken from Table XlII of Ref. 35.
observed linewidti s 0f ~45 kHz. Thusdvyy, should be  The direct spin—spin coupling constant can be calculated
negligible compared with the experimental uncertaingf 8  from the structuré! From the known spin—rotation constants
kHz in the relative measurement listed in Table II. for CH,* and SiH,** the spin-rotation constants fof and
Now consider the barrier anticrossings. It waatedin |, respectively, in CESiH; can be estimated by assuming
Ref. 11 that the states and g differ only in the sign ofk that these coupling constants are proportional to their asso-
and, for theEA anticrossing, ino. It was thenconcluded ciated rotational constants.
that, except possibly for smatt-dependent terms, states The spin—spin contributions t8v; are of the same order
and g have the same diagonal hyperfine matrix elements aneds the spin—rotation contributions from the terms u“i (
Svnyp is consequently zero. This statement and conclusion-c!) and (c‘f‘—ci). The superscripts and f, respectively,
are incorrect. The states and 8 also differ in the torsion— refer to top and frame spin—rotation interactions. The sub-
rotation symmetnI". Moreover,« and g differ in the total  scriptsil and_L, respectively, refer to the and x diagonal
spinl, for the three identical top nuclei and/or the total spinelements of the spin—rotation tensor. The spin—spin contri-
I+ for the three identical frame nuclei. The diagonal quadru-butions increase witll, while the spin—rotation contribu-
pole matrix element¢HY); will depend onl;, as can be tions decrease with; the overall value obvyy, can be taken
seen from Table IV of Ref. 39. As a result, the individdad to be roughly independent af. The estimated values for
can be nonzero. | vy are 4 and 6 kHz, respectively, for thieE and EA
Furthermore, it is possible for a hyperfine interaction toanticrossings. These values kﬂvhyp| should be added in
be forbidden in state, for example, and allowed in stae  quadrature to the errors listed in the original work; see Table
An example of just such a case exists for £SHH;. For |, Il of Ref. 11. The resulting increases in these errors are small
=1/2, the diagonal matrix element$l,); of the top—top because each original error is larger in magnitude than its
spin—spin interactiott vanish becausel,, is a second rank associated value dBvpy. The effect on the published val-
tensor inl,.*? On the other hand;H,); does not vanish if ues of the molecular parameters for §3H,° is negligible.

|,=3/2. Similar statements apply t8¢;, but not toH.*! A similar analysis was carried out in GSiF;. In this
From Table XIII of Ref. 35, it is then easily seen tiat,,); case, the spin—rotation constants for the frame were esti-
vanishes forl'=E;, but not forI'=E;. Thus (Hy); will mated using the information available on the spin—rotation

make a direct contribution tév; for the EA anticrossinggin  tensor of Sif.*>*® As was the case with C}$iH;, the spin—

which (' ,=Ez) < (I s=E)]. (H¢); plays a similar role in  spin and spin—rotation contributions to té; in CHzSiF;

the EE anticrossings. were of the same order, but for this molecule the leading
Although §v; can be nonzero, in general, it might still spin—rotation contribution arose from the termdb. The



4832 J. Chem. Phys., Vol. 109, No. 12, 22 September 1998

estimated values fdw6vy,,| are 2 kHz for theEE anticross-
ings, 3 kHz for theEA avoided crossings fod<3, and 6
kHz for the EA anticrossing forJ=5 (as well as for the
relative EA measurement involving=5 andJ=2). The
(J=5) value of|6vhyp| is larger because this particular an-
ticrossing was measured fam;= =5, whereas all the other
measurements were fon;=+1. These values ofdvyyy
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