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Study of the Torsion-Rotation Hamiltonian for Symmetric Tops
Using the Millimeter Wave Spectrum of Methyl! Silane
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The torsion-rotation Hamiltonian for symmetric tops has been tested in methyl silane by
combining recent anticrossing molecular beam measurements in the ground torsional state

at
(v = 0) with pure rotational spectra taken for v as high as 4. The earlier microwave data set

Wthh consisted of J = 1 «— 0 and 2 < 1 has been greatly extended by studying millimeter
transitions for J = 4 — 3, 5 — 4, and 13 <« 12. An analysis of the 72 rotational frequencies
for v < 2 and the 15 anticrossing data for v = 0 yielded an excellent fit using 14 rotational,
torsional, and distortion constants including the effective values for the 4 rotational constant
and the barrier height ¥;. No satisfactory fit could be obtained when the data set was extended
to include measurements for (v = 3) or (v = 4). For each of these higher torsional levels, the
difference between the observed frequencies and the predictions based on the best (v < 2)
constants can be expressed in terms of a shift 4B, in the B rotational constant, where 3B, is a
smooth function of the torsional energy. This disagreement is of particular interest because it
may result from the fact that the molecule passes from hindered to free rotation as v is increased
from 2 to 4. The possibility of perturbation by a low-lying vibrational level is considered briefly.
The information contained in the different types of spectra is discussed; the redundancy relations
are treated and a Fourier expansion of the diagonal torsional matrix elements is introduced. For
12CH,%SiH,, '*CH,;*SiH;, and '*CH;®SiH;, pure rotational spectra for v = 0 were studied
briefly in natural abundance. The results were combined with existing data for two deuterated
symmetric rotors to obtain a structure based only on symmetric top rotational constants.

I. INTRODUCTION

The study of internal rotation in symmetric tops has long been seriously hampered
by a lack of precision experimental methods. Because of the (AK = 0) selection rule
for electric dipole transitions, the conventional microwave rotational spectrum is
insensitive to the leading term in the torsional Hamiltonian. Until very recently (/),
no direct measurement of these terms had been made and symmetric top studies had
to rely on indirect techniques.
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The most widely used of these established methods is the torsional satellite technique
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do enter the rotatlonal spectrum and produce splittings that, at least in higher torsional
states, can be resolved with conventional microwave spectrometers. This method has
now been used for several symmetric rotors including CH;SiF; (3, 4), CF;SiF; (5),
CF,GeH; (6), and CH;SnH; (7).

The main weakness in this approach is that the height and shape of the potential
enter only through their effect on the torsional wavefunctions used in calculating the
distortional perturbations. A second difficulty lies in the fact that the results are
dependent on the structure assumed. The moments of inertia about the symmetry
axis of both the top (I,) and the entire molecule (1,) are required and generally cannot
be determined directly. As a result, the same data can often be interpreted in different
ways, as has been done with methyl silane (8, 9).

With the recent development of the avoided-crossing molecular beam technique
(10, 11), it is now possible (1) to measure directly in the same experiment both the
leading torsional terms and the required moments of inertia. To date these mea-
surements have been restricted to the ground torsional state. The technique has been
applied to methyl silane, the prototype of the torsional satellitc method. In Paper I
of the current series,’ the necessary Stark measurements were made; in Paper IL,* the
avoided-crossing results were reported and analyzed together with a molecular-beam
measurement of the (J = 1 «— 0) rotational spectrum for the torsional state (v = 0)
and Hirota’s microwave data (8) for (v = 1) and (v = 2).

The nurnose of the nresent work ig to test the existine model (2 3) for internal
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rotation in symmetric tops. To this end, the microwave data set for '2CH;%*SiH; has
been greatly extended; a detailed study has been carried out in the millimeter wave
region covering J = 4 «— 3, 5 — 4, and 13 «— 12, all with v < 4, In addition, the
precision of some of the older (/ = 1 «— 0) microwave measurements has been
improved.

On the basis of this test, it is concluded that the model for internal rotation is
consistent with the data from the two different techniques for the lower torsional
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levels (v < 2), but the model must be modified when the higher torsional levels

(v = 3) are included. When 72 rotational frequencies for v < 2 and 15 anticrossing
data for v = 0 are analyzed, an excellent fit is obtained using 14 rotational, torsional,
and distortion constants; the results are listed in Table I. However, for (v = 3) and
(v = 4), a clear discrepancy exists between the measurements and the frequencies
predicted from Table I. For (v = 3), this discrepancy can be expressed as 20B;(J +
1), where 8B; is a smooth function of the torsional energy EQ. Similar behavior is
observed for (v = 4), although 4B, is less sensitive to Ey o . Regardless of which torsion-
rotation parameters are added to those listed in Table I and regardless of the values
used for the entire set, the differences between the observed and calculated frequencies
remain an order of magnitude larger than the experimental errors.

Two possible mechanisms for the disagreement between experiment and theory
are suggested. The first involves a torsional perturbation which is enhanced by the

3 Paper I refers to Ref. (12).
4 Paper II refers to Ref. (13).
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TABLE 1

Molecular Constants for CH,*SiH,*

Quantity Value
A omg) 56 189.167  (17)
B (MHz) 10 986.0949  (51)
D, (kliz) 10,7111 (95)
. 7
Do (iciiz) 45.550  (57)
D (kHz) 189.65"
K
o 0.351 8124 (49)
vt e 592.3334  (72)
-135. 7
F3J (MHz) 135.77 (17)
-4, 4
Fey (MHz) 4.83 (164)
D (Mz) 0.6714 (78)
Jm
oft ome) 1.7 (1.9)
d (MHz) ~0.1257 (13)
H (82) 670. (160)
Jmm
-59, 10
. (Hz) 59 (10)
H (Hz) 10,16 (70)

a - Several quartic and sextic constants were
fixed at zero. See text.

b - This is fixed at the force field value (Z}L

passage of the molecule from hindered rotation (v < 2) to free rotation (v > 4). The
second involves a vibration—torsion—rotation perturbation by the nearby lowest-lying
degenerate vibrational level (v, = 1) and/or the associated sequence of torsional
combination levels. The nature of this mechanism is important not only with respect
to the modifications needed in this model, but also with respect to the properties
deduced for other molecules which undergo internal rotation.

In establishing that the model behaves as described, the development of the torsion—
rotation Hamiltonian is outlined briefly with emphasis on the redundancy relations
(14, 15) and the problem of extracting the true values of the leading parameters from
the experimental data. The information contained first in the torsional satellite spectra
and second in the anticrossing measurements is discussed. In treating the latter, the
standard Fourier analysis (16) used for internal rotation is extended; the result-
ing expansions lead to the formulas for the effective parameters introduced in
Paper II (13).

Rotational spectra for (v = 0) were obtained for three modifications: *CH;*°SiH;,
'2CH;%°SiH;, and '*CH,?®SiH;. The first of these was studied to complement the
anticrossing measurements on this isotopic form in Paper II (73). The data on the
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four isotopic modifications studied here were combined with results from earlier
experiments on 12C113285in3 (8) and lzCD3ZSShA3 \7) to obtain the structure from
symmetric top measurements only.

In the current work, the notation will follow as closely as possible that used in
Papers I and II. Definitions not given explicitly here can be taken over from these

earlier works. The fundamental constants are taken from Ref. (17).

II. THEORETICAL BACKGROUND
1. The Hamiltonian

To establish that theory and experiment do not agree, care must be taken that all
relevant terms in the torsion-rotation Hamiltonian Hyg are included. In the current
work the internal-axis method (IAM) is used.’ One starts with a classical formulation

of tha hinderad ratar nrohlam 1 m mean 1 mi 1
of the hindered rotor problem and obtains the quantum mechanical Hamiltonian

HEM in the principal-axis method (PAM) (3, 16). The IAM Hamiltonian Hqg is
then obtained in a process which involves the transformation of the torsional angular
momentum
Pram = P 1 pd.. N
in zeroth order, H§™ contains the term —24'J, ppam Where A4’ is the rotational
constant of the silyl frame. In zeroth order, H4M contains no coupling term between
J; and p; the term is eliminated by setting

. . 0) .
The zereth order IAM Hamiltonian Hy can then be written as the sum of a rotational

term HY and a torsional term HY where
HY = BJ? + (4 — B\JZ; (3a)

__,\ I~z

HY = Fp? +V31(1—cos 3a). (3b)

The reduced rotational constant
F=4/lp(1 = p)) )
In this order, V; is the height of the threefold potential V().
In extending the caiculation of H.g beyond zeroth order, it is convenient to consider

the Fourier factor (1 — cos 3na)/2 with n = 1, 2, 3, ... to be of the same order as
a factor of degree 2n in the angular momenta. Then the first-order Hamiltonian

1 1
HY = V= (1 — cos 6a) + {p* + 3 (1 = cos 3a)[F3, 3% + F3 32 — D, J*

2
— DyxJ?32 — D32 — [Djd? + Dgd? + D,p*1p* — [d; I + diJ? + dd* 0

> When the notation does not explicitly indicate the coordinate system, it is understood that the IAM
is to be used.
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| 1
+ £i[J.p cos 3a + cos 3a J.p] + F3,,,|—p2 3 (1 — cos 3a) + 3 (1 — cos 3a) pz] }

The division between Hk and HY} is somewhat arbltrary, the particular division
described here (termed Method 1) is that commoniy used in the literature (/4, 16,
18). An alternative method is described here in Section II.3. The parameters F3;,
D,,,, and d, are related in Paper II to the older notation (2, 3, 8, 14). The constants
ki, k>, k3, ks, ks, and k; used in Refs. (14) and (I/8) are here denoted, respectively,

by ~dx, —~Dxm, —@ms ~Dm, (1/2) F3k, and F3,,. In the current notation, the operation

associated with each constant can be read from the constant itself once two rules are

o 1o (9 9 L= 4% (3 w9

defined. First, an F3, (or f3,) involves a Fourier factor cos 3na, while a D (or d) does
not. Second, a lower case implies an operator J.p in addition to the operators specified
by the subscripts. These rules clearly do not apply to V; or {.

In the current work, the coupling term J,p is absent from Hry in first order as
well. This is achieved by replacing p in Eq. (1) by an effective value p. To see how
p differs from p, it is necessary to consider the terms in the first-order PAM Hamiltonian
which can produce a term J.p in Hyg. These are

1 1
Hpam = el ppam + f'[JzPPAM 2 (1 —cos 3a) + 2 (1 — cos 3a)szPAM]

1 1
+ e”[p%AM 2 (1 — cos 3a) + 3 (1 — cos 3a)p,2,AM:| . (6)

e arises from inertial defect effects (/9). It was found to be significant in both nitro-
methane (/9) and methyl alcohol (/4). It can be shown that

€ = Fip; (7a)
=fi = 2pF3p,. (7b)

Then
p=p— e+ fs = pFsn]/F. (8a)

These terms in Hpanm also make a contribution to Hrg of the form JZ, so that A
in Eq. (3) must be replaced by N
A=A+ pe (8b)

Similarly, the coefficient of (1/2)(1 — cos 3a)J? is modified to form F;. Since neither
A nor p can be isolated, F must be taken as

F = A4/[p(1 — p)]. %)
SN 3 - ; "\ T .
To correct for this, the term in p° is introduced in Eq. (§) with { = {(F — F). Equations

(7) and (8) are accurate only to first order in the quartic constants ¢, f;, and F3,,.
Because rather high values of J have been investigated, the next order contribution
to the Hamiltonian must be included:
1 1 1
HE =V, 3 (1 — cos 9a) + 3 (1 — cos 6a)[Fe;J? + Fed?] + 5 (1 = cos 3a)

X [G3d* + Gypd®IE + Gsxxd?) + Hypyd® + Hypd* 32 + Higd?J4 + Hygad 8
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+ [I"IJJmJ4 + H.IKmJZJg + I_IKKmJ‘;]p2 + [HJmsz + HKmmJg + I{mmml)zlp4
+ [hJJJ4 + hJKJZJg + hKKJ‘;]sz + [thJZ + thJzzr + hmmpzl']zp3- (10)

Equation (10) omits all terms involving the factor (1/2)(1 —cos 3na)p or
p(1/2X(1 — cos 3na). They are redundant in the sense defined in Section IL.2. and
will contribute no more than a correction in the next highest order.

2. The Energies

The total torsion-rotation energy E for a symmetric top in the ground vibronic
state can be labeled by the quantum numbers (v, J, K, ¢). For each torsional level
v, the sublevels of symmetry 4 and E are labeled by (¢ = 0) and (¢ = *1), respectively.
The correspondence between the torsion-rotation symmetry I' and (J, K, o) is given
in Ref. (8).

In Method I, the zeroth-order energy Eq (v, J, K, o) is obtained by first diagonalizing
H ?’ to obtain the torsional contribution EY and then adding the rotational contri-
bution EY. See Eq. (3). The torsion-rotation eigenfunctions of H' © are referred to
as Basis 1. The first-order correction E,(v, J, K, ¢) can be read directly from Eq. (5)
by replacing each operator @ by its diagonal matrix element (Sl}vx,, calculated by
this basis.

A careful selection of independent parameters must be made in a first-order cal-
culation from among V3, Vs, 4, p, F, §, f3, and Fs,. In doing so, account must be
taken of two “redundancy” relations (74). First,

{p 08 )k, = {c0s 3 P)yx, = 0. (1)

This eliminates f;. The second relation can be read from Eq. (12) below by setting
Ve = { = Dgm = 0. This shows F;, can be eliminated by introducing effective
parameters for {, V3, and V. The effective value for F is not independent since it
is calculated from Eq. (9). In the group above, then, the independent effective values
are those for V3, Vs, A4, p, and ¢{.

In the work on methyl alcohol (14, 18), the moments of inertia of the top and
frame were used as independent parameters. Here 4 and p are used instead. This
choice was dictated by the nature of the anticrossing experiments; see Section IV.
Because H{} contains no term in J,p, the treatment here is equivalent to setting kg
in Ref. (14) to zero; a first-order analysis with Method I thus corresponds to Fit I of
Lees and Baker (14).

The second-order energy E(v, J, K, ¢) consists of two parts: the diagonal matrix
elements of H- %){ and the second-order perturbation sums due to H' (. In the latter,
the contributions from f; and F3,, must be included since the two redundancy relations
apply only to the diagonal matrix elements. Of course, higher-order redundancy
relations exist (15), so that not all the different contributions to Ex(v, J, K, o) can be
isolated. However, since the current data set can fix at most four sextic constants,
no attempt was made to pursue this question.

The calculation in Method I of the second-order correction due to HY% is very
awkward. Not only are there a large number of terms, but many of these can be
rather large, particularly those involving Vs and {. These constants can lead to J-
dependent contributions through various cross terms.
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To simplify the calculation, Method II was introduced in which all the J-independent
torsional terms in Eq. (5) were transferred from HYj into H © {0 define a new zeroth-
order torsional Hamiltonian 1-7({-’), as well as corresponding new zeroth- and first-
order torsion-rotation Hamiltonians A and 7%, respectively. The eigenfunctions
of A form Basis II. By isolating the J-dependent distortion terms in H' () in this
way, the number of terms in the perturbation sums and their magnitude were greatly
reduced without increasing the dimensionality of the torsional matrix to be diago-
nalized.

This change of basis, however, requires that the redundancy relations be reconsidered
because they were derived (/4) only for Basis I. If only the terms in V;, ¢, and Dy,
are included in the transfer, then redundancy relation (11) is not altered. Furthermore,
the second relation can be written

1 1
<p2—(1 —cos 3a) + = (1 — cos 3a) p2>
2 2 vKe

9 Ve\/1

1
= 2”+(—+—,)<—1— 3 > —V4F’<—l— 6 >
{P* )k >t op 2( cos 3a) . (V3/ )2( cos 6a)

vKo
- (V6/2F’)<% (1 — cos 9a)> —9/4 (12a)
vKo

where N
F =F+ ¢{— K’Dg,,. (12b)

In this case, to first order, f; can be dropped and F3,, can be eliminated by introducing
the effective parameters

{=¢+ Fin (13a)
Vs=Vs+(9/2 + V4/2F)F;, (13b)
Vs = Vs — F3,,V3/4F. (13¢c)

In addition, ¥, must be introduced and the meaning of F is altered.

In applying Method II, this form of the redundancy relation is used, thus eliminating
diagonal contributions of f; and Fj,,. Because the transfer included mote than just
Vs, §, and Dy, this step introduces an error. However, because Vs and ¢ aré dominant,
the error is insignificant. Furthermore, the off-diagonal terms of f; and F3,, can be
neglected.

In the final fit, V5 and { were fixed at zero so that the most important differences
between Methods I and II are discarded in the end. In spite of this, Method II is very
useful: in the calculations which establish that in fact only the constants given in
Table I can be determined, the simplifications inherent in Method II are very helpful.
Method II will prove even more useful in analyzing later experiments in which ¥
and { can be determined.

Direct diagonalization (Method III) was also used. As in Method II, the simplifi-
cations from the redundancy relations were used and f; with F;,, were eliminated
without correction. Aside from this, the full torsion-rotation Hamiltonian was di-
agonalized for each relevant value of J. No significant difference could be found
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between Methods II and III. Once this was established, Method II was used routinely

and Mathad TTT wace annliad anly ta ahtain tha fnal /1
and MCeinoa 111 Was appiica oniy 10 ootain tnd nnail nt.

IlII. THE ROTATIONAL SPECTRUM

The electric dipole selection rules for the rotational spectra observed are (J' — J)
= AJ =1, AK =0, Ac = 0. In Method II, the frequencies for these transitions can
be written to sextic degree as
wv, J, K, 6) = 2(J + 1)B(v, K, 6) — 2(J + )K*D (v, K, o)

— 4(J + 1Y’Dy(v, K, 0) + Hypy(J + 1{(J + 2)* - JLo(14)
Here

B, K, 6)=B+ F3,<% (1 — cos 3a)> + F6J<% (1 — cos 6a)>

vKo vKe

- D.IM<p2>vKa - dJK<p>vKa + HJmm<p4>vK¢
+ hpK(0*oks + HixxK* = DF3yZy + DpuDyyZy;  (15)

where Z, and Z, are different second-order perturbation sums. It is implicit here that
the matrix elements are to be calculated in Basis II. Expressions similar to (15) can
be derived for Dx(v, K, o) and D,(v, K, ) from Egs. (3), (5), and (10).

For a given torsional sublevel (v, K, o), B, Dk, and Dy are effective constants

indenandent of J heranca tha matrix elamentc and the cacand_arder carractinng ara
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not functions of J. The basis of the torsional satellite method lies in the fact that the
effective rotational constant B for all the sublevels can be accounted for by a single
expression, namely (15), where all the matrix elements can be calculated from the
eigenfunctions of the same torsional Hamiltonian. The effective quartic distortion
constants D, and Dx can be calculated in a similar way, but their changes with
(v, K, o) are much smaller.

The microwave spectrum of CH3ZSSiH3 was first reported by Lide and Coles (20),
who observed the \.IK = 1g «— Uo} spectruim in the 21-GHz regnﬁn This ‘pai"uCLuax
spectrum was subsequently remeasured by Hirota (8) and by Ewig et al. (9). In Paper
I1, the very small o splitting in the (v = 0) state was partially resolved with a molecular
beam spectrometer, Hirota (8) extended the microwave measurements to the
(Jx = 2, «— 1)) spectrum.

In the present experiment, four different (J + 1 — .J) spectra were studied, all at
room temperature. Three lines in the (J = 1 < 0) spectrum with v = 2 were measured
once more to reduce the errors to 30 kHz. The values agreed with the older deter-
minations. To test the accuracy, the ground state (J = 1 «— 0) line was observed.
The resulting frequency of 21 931.901 (20) MHz for the unresolved pattern was within
5 kHz of the value calculated from the Paper II beam measurements of the partially
resolved spectrum. The current observations were made with a conventional Stark-
modulated spectrometer in the Department of Chemistry at the University of British
Columbia. To improve the sensitivity, a 6-m X-band absorption cell was used with
a phase-locked klystron source swept by a signal averager.

The (J = 4 < 3) and (J = 5 < 4) transitions were studied with the computer-
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controlled millimeter wave spectrometer in the Department of Physics at the University
of British Columbia. The basic instrument as described by Statt et al. (21) was modified
for Stark spectroscopy with conventional techniques. A 3-m K band absorption cell
was used. The source was a phase-locked backward wave oscillator. The linewidth
was typically 700 kHz.

The (J = 13 « 12) spectrum in the 285-GHz region was studied with the millimeter
wave spectrometer (22) in the Institut fiir Molekiilphysik of the Freie Universitit,
Berlin. Because saturation modulation was used, the lines with K = 0 could be
observed. A 1-m free space absorption cell was employed. The source was a phase-
locked carcinotron. The lines had a width of 650 kHz.

The frequencies obtained for v < 2, v = 3, and v = 4 are listed in Tables II, III,
and IV, respectively. In most cases, the frequency was measured at least twice. Also
included in these tables are the earlier measurements (8, /4) for lines which were not
studied in the current work.

For each (J + 1 — J), the distribution of the frequencies with (v, K, o) shows a
similar pattern which is strongly affected by the fact that the torsional energy E O is
clearly <V; forv <2, E ~ V;forv = 3, and EY is clearly >V for v = 4. Consider
the J = (4 — 3) spectrum as an example of the pattern. For (v < 3), the spectrum
consists of sets of well-separated lines, one set for each v. The spread within each set
due to the (K, o) dependence of »(v, J, K, o) increases with v from ~3 MHz for
(v = 0) to ~40 MHz for (v = 3). The separation between sets decreases with v; the
gap between (v = 0) and (v = 1) is 260 MHz, while that between (v = 2) and
(v = 3) is only 170 MHz.

For v > 3 where the levels are well above the top of the barrier, these characteristics
change. The effect of the potential V(a) on B, Dk, and D; is greatly reduced and
the lines no longer separate into distinct sets according to v. Calculations show that
lines for v = 4 and 5 are closely intermingled. At room temperature, the predicted
intensities of the strongest (v = 5) lines are comparable to the intensities of the
intermediate (v = 4) lines. Thus the identification of the lines for v > 3 is very
difficult. The procedure used here is discussed in Section V. It should be emphasized
that the identification given in Table IV for v = 4 is tentative.

A torsional satellite study such as that described here can yield B and the quartic
distortion constants that enter in Eq. (14) provided enough torsional sublevels are
studied to sufficient accuracy. The sextic constants are treated here entirely empirically,
in part because of the question of higher-order redundancy relations. The sextic
constants are included primarily to improve the values of the quartic parameters.

IV. THE ANTICROSSING MEASUREMENTS

A description of the molecular beam studies of both the barrier and rotational
anticrossings was given in Paper II, but it was left to the current work to determine
in detail how much information can be extracted from these data. To answer this
question, we will first extend the standard Fourier analysis (/6) that has been used
in internal rotor problems. Since all the data were in the ground torsional state with
low J and KX, the sextic terms will not be considered.

It is well known (/6) that in Method I the eigenvalues EY of the zeroth-order
Hamiltonian HY can be expanded as
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TABLE I

Pure Rotational Frequencies (in MHz) for CH,?*SiH, in Torsional Levels well below the Barrier Top

v Loger S;ate el Observed Valueb fCZ?::;:::Z
6 0 0 0 21 937.885 <01o)2 -0.001
0 0 0 ] 21 937.913 (0105 0.002
1 0 0 o0 21 873,100 (100} 0.034
1 0 0 * 21 872,460 (100) 0.089
2 0 0 0 21 808.928 (030) 0.001
20 0 %] 21 814,465 (030) 0.008
0 1 %1 mean 43 875.280 (170) -0.080
1 1 t1 0 43 745.410 (100)3 -0.057
i S TS| 43 744.750 (100) -0.178
1 IR 43 743,880 (100) -0.027
21 £ 0 43 618.530 (100)3 -0.226
21 %] %) 43 622.730 (100)4 -0.117
21 % F] 43 632.890 (100) -0.306
0 3 *1 mean 87 748.681 (050) 0.008
0 3 %2 mean 87 747.601 (050) 0.003
0 3 %3 mean 87 745.744 (050) -0.034
13 t1 o 87 488.837 (100) -0.065
13 1 %) 87 487.828 (200) 0.005%
13 t1 ¥ 87 485.750 (100) -0.031
i 3 %2 0 87 486,537 (300) -0.136°
13 %2 ot 87 487.828 (200) -0.006¢
13 2 F)| 87 484,596 (100) -0.098
1 3 %3 @ 87 483.503 (200) -0.093%
13 %3 %) 87 486.537 (300) 0.119%
13 3 7 87 483.503 (200) -0.173°
2 3 % 0 87 235.518 (050) 0.037
23 %1 %] 87 243,682 (050) 0.015
2 3 ] 7 87 264.420 (050) 0.044
2 3 2 0 87 242.180 (050) -0.083
23 %2 %] 87 234.680 (100) 0.048
2 3 t2 3} 87 263.240 (050) 0.032
2 3 #3 0 87 251,973 (200) -0.064°
2 3 £3 ) 87 229.762 (100) -0.001
23 £3 % 87 251.973 (200) -0.106
0 4 1 mean 109 683.947 (050) 0.026
0 4 *2 mean 109 682.621 (050) 0.043
0 4 *3 mean 109 680,280 (050) -0.022
0 4 4 mean 109 677.091 (050) 0.006
1 4 *] 0 109 359.222 (100) 0.000
1 4 £ %) 109 357.897 (200) 0.02&2
1 4 %22 9 109 356.408 (400) -0.027¢
14 22 % 109 357.897 (200) 0.010
1 4 2 7 109 353.960 (100) -0.001,
1 4 3 0 109 352.600 (200) 0.012¢
1 4 3 %) 109 356.408 (400) 0.289°
1 4 13 T 109 352.600 (200) -0.089
w0
(Hr)uo = 2 aP cos [2wn/3)EK — 0)]. (16)

n=0

The arguments leading to expansion (16) can be extended to the diagonal matrix
elements of any torsional operator in either Basis I or II. For each torsional operator
Q, of interest here, the diagonal matrix elements (€, )., are either even or odd under
the operation (Ko) <> (—K, —¢) according as p is +1 or —1, respectively. In all even
cases, (X1 )vk, can be expanded as in Eq. (16); for the odd cases,
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TABLE lI—Continued

Lower State § = Observed
v 3 K o3 Observed Valueb —Calculated
2 4 ] 0 109 042.516 (100) 0.069
2 4 *l %] 109 052.682 (050) -0.002
2 4 % F) 109 078.689 (100) 0.109
2 4 %2 0 109 050,954 (100) 0.025
2 4 %2 #] 109 041.600 (300) 0.215
2 4 2 7 109 077.114 (100) -0.006
2 4 %30 109 063.237 (200) 0.085°%
2 4 3 #1 109 035.145 (300) -0.154
20 4 3 % 109 063,237 (200) 0.033°%
2 4 th 0 109 672.017 (100) 06.015
2 4 x4 %] 109 035,145 (300) 0.081
2 4 x4 F] 109 046,254 (200) 0.132
0 12 0 mean 285 099.430 (150) -0.025
0 12 % mean 285 098.370 (150) 0.037
0 12 %2 mean 285 094.900 (050) 0.058
0 12 3 mean 285 088.910 (100) -0.015
0 12 4 mean 285 080,540 (100) -0.019
0 12 %5 mean 285 069.870 (050) 0.011
0 12 %6 mean 285 056,820 (050) -0.009
0 12 %7 mean 285 041.310 (050) ~0.055
0 12 %8 mean 285 023.450 (050) -0.023
0 12 %9 mean 285 003.170 (050) -0.033
6 12 *10 mean 284 980.680 (050) -0.010
0 12 %1 mean 284 955.810 (050) -0.003
0 12 #12 mean 284 928.570 (050) 0.057
bo12 0 0 284 257.520 (100) 0.099
112t 0 284 254.750 (100) 0.010
112 a1 284 251,240 (200) 0.032°
112 2 4 284 251,240 (200) -0.030°
2 12 0 il 283 496.020 (100) 0.031
2 12 = Fl 283 525,660 (100) -0.036
2 12 2 7 283 521.810 {100) -0.084
2 1z 13 0 283 485.410 (200) 0.024¢
212 13§ 283 485.410 (200) -0.089¢
2 12 % 0 283 508.620 (070) 0.020
2 12 5 0 283 497.120 (100) -0.010

a-The entry "mean" indicates that the ¢ splitting was not
resolved. The fit was made by setting the calculated
frequency equal the average over o weighted by the intenmsities.

b - Except as noted, the frequencies were measured in the current
work.,

¢ - These fequencies were taken from Paper II (13),

d - These frequencies were taken from Ref.(8). No errors were
given in the original work. The error assumed in the
present fit was 100 kHz for each line with one exceptionm.
For (v=0), the error was increased to 170 kHz because of
the averaging involved as mentioned in Footnote a.

e- In these cases, two different calculated frequencies lie very
close to the measured value. Both identifications were accepted
and the errors increased to allow for the calculated separatiom.

t)vks = 2 @ sin [2xn/3)pK — 0)]. (17
n=1
In all cases, the expansion coefficients o depend on only one quantum number,
namely v. They depend, of course, on the particular operator being expanded. In
Basis I, the only molecular parameter that affects the @' is the reduced barrier height
s. In Basis II, the 4 depend as well on the additional parameters in A%, but this
dependence is very weak.
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TABLE III

in the (v = 3) Torsional Level

Lower State Observed Value? éb 6B3C E%O)— V%ff
J K o T (MHz) (MHz)  (MHZ) (em™ 1)
o 0 0 A 21 768.727 (030) - 6.05 -3.03 21.6
0 0 I E, 21 758,47 (100)* - 0.60 -0.30 -24.,2
Lot 0 E 43 530.60 (100 - 4.86 -1.22 8.3
1ot fl E, 43 520,92 (100)] = 2.44  =~0.8I - 8.2
I O T 43 512,31 (100)% - 0.84% -0.21 -32.9
3 21 0 E 87 059.670 (070)¢ - 9.25 ~1.16 8.3
301 1 E, 87 040.273 (070), = 4.44  -0.56 - 8.2
31 31 E] 87 022.707 (070)° - 1.56 -0.20 -32.9
3 t2 0 E 87 046,428 (070) - 4.10 =0.51 -11.
3 £2  t] Ey 87 051.137 (070)€ -11.32  ~1.,42 11.4
3 %2 F1E, 87 019,805 (070) = 1.64 =~0.21 -32,
3£3 0 A+A, 87 032.195 (070) - 2.28 ~0.29 -26.
3 +3 +1] %4 not observed £ 21,
3 3 F1E 87 022.707 (070)° - 2.51  ~0.31 -22.
4 0 E 108 822.733 (100) ~11.54 ~1.15 8.3
4 £l E, 108 798.227 (100), - 5.77 -0.58 - 8.2
4 £l FL By 108 776.348 (100)° - 2.09  ~0.21 -32.9
4 2 0 E 108 806.174 (100) = 5,10 ~0.5I -11.
4 =2 %1 E; 108 812,043 (200) -14.15  ~1.42 1.4
4 =2 FL B, 108 772.83%4 (100) - 2.07 -0.21 -32.
4 £3 0 A+A, 108 788.363 (100) - 2.83 -0.28 -26.1
4 +3 *] %A not observed® £ 21.
4 #3 31 E, 108 776.348 (100)° - 3.27 -0.33 -22,
4 26 0 E 108 769,865 (100) - 2.21  -0.22 -33.4
4 %4 #1  E, 108 824.246 (150) -10.98 -1.10 5.2
4 x4 ¥ E; 108 780.815 (100) - 6.92 -0.69 - 5.3

a-
b -
c-

d-

e -

f -

Except as noted, the frequencies were measured in the current work.

5§ = observed value minus that calculated from the constants in Table I.

8By = 8/[2(3¢1)]

These frequencies were taken from Ref.(§). No errors were given in the
original work; the errors shown were assumed for the current comparison.

Stark effect studies confirm the K assignment.

This measured value falls close to two different predictions. Neither

assignment can be ruled out
A weak line was observed at 108 859.39 (30) MHz with §

However
on (Eéoy—

ngf) shown by the other transitioms.

~6.95 MHz.
the resulting 8B is in sharp disagreement with the dependence

For a specific v and K, the unweighted average over o of (Q,,).x, can be calculated
from Eqgs. (16) and (17):

@ Dw=d’+ 2 a® cos 2mnKp/3)

n=3,6,9

e}

QD= 2 dP sin 2xnKp/3).

n=

3,69

(18a)

(18b)
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TABLE IV
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Pure Rotational Frequencies for CH;*SiH; in the (v = 4) Torsional Level (assignments tentative)

T
Lower State Observed Value® &P s8,°  BL0) - v
J K o T (MHz) (MHz)  (MHz) (cm™1)
o 0 o0 & 21 737.82 (10): - 0.59  -0.30 60.0
o o g 21 743.22 (10) - 2.18  -1.09 137.2
1ot 0 E 43 485.61 (10): - 151 -0.38 77.0
RTINS T 4 43 493,00 (10) - 2.68  -0.67 102.5
I T 43 474.67 (10) - 7.57  -1.89 174.9
3 1 0 E 86 969.80 (10)° - 2.46  -0.31 77.0
3 =1 2 g 86 984.23 (10) - 515  -0.64 102.5
CEI I 86 948.45 (20) -14.07  -1.76 174.9
3 £ 0 E 86 965.34 (10)% - 5.40  —0.68 107.7
32 4 E) 86 978.92 (10) - 2.29  -p.29 72.8
3 2 f1 B 86 969.80 (10)®  -12.95  -1.62 168.9
343 0 AA, 86 %4576 (1)L - 923 -ilis 143.0
30 %3 2 %4 86 945.76 (10) +0.06  +0.0] 60.6
3 *3 *1 EA not observed 131.5
4+ 0 B 108 710.26 (00 - 3.20  -0.32 77.0
4 1 Bl 108 728.62 (10) - 6.25  -0.63 102.5
4 1 F1E] 108 683.50 (50) -17.81  -1.78 174.9
& *2 0 E 10870485 (O)" - 6,93 -0.69 107.7
42 :1 By 108 721.84 (10) - 2.81  -0.28 72.8
& *2 F1E) 108 710.26 (10) -16.35  -1.64 168.9
43 0 A+A, 108 677.30 (40) ~14.60  -1.46 143.0
4 3 %y Ea 108 680.28 (10) +0.03  +0.00 60.6
4 *3 %1 E; 108 732.64 (10) -10.10 -1.0) 131.5
§ £ 0 B 108 649.30 (40) -19.58  -1.96 181.0
64 %1 B, 108 687.10 (40) - 3.3 -0.33 81.4
¢ %4 L ES 108 742.31 (10) - 5.75  -0.58 97.4

a - Except as noted, the frequencies were measured in the current work.

b-¢& = observed value minus that calculated from the constants in Table I.

c- 6B, = 8/[2(3+1)]

d - These frequencies were taken from Ref.(g). No errors were given in the

originel work; the errors shown here were assumed for the current comparison.

e - Stark effect studies indicate theintensity is at least dominated by the
(K = 21) assignment, However, the (K = #2) tranmsition, which is calculated

to be weaker by a factor ~2, could also be present. Both predicted
frequencies fit the analysis reasonably well.

f - This measured value falls close to two different predictions. It is con-

sidered that both assignments are equally likely to be correct.

g - A second line was observed at 86 961.92 (10) MHz with § = -B8,82 MHz, but
it i{s considered to be a poorer choice for this assignment.

h~ A second line was observed at 108 700.53 (10) MHz wicth §
but is considered to be a poorer choice for this assignment.

-11.05 MHz,

For the ground torsional state and the current value of s of 32, |a,.,/a,| ~ 1/3000.
It is clear then, that to excellent approximation,

(@0 = af?

0

(r
(r

+1)
-1).

(19a)
(19b)
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The subscript K on the average has been dropped because, within the context of the
approximation, the averages are independent of K.
For each J, the barrier anticrossings can yield two (K = 1 « F1) splittings:

vee = E(0, J, £1, F1) — E(0, J, ¥1, ¥1) (20a)
vea = E(0, J, 1, ¥1) — E(0, J, ¥1, 0). (20b)

Absolute measurements were made for 1 < J < 6, and relative measurements were
made of vge(J = 2) ~ vee(J = 5) and of vga(J = 2) — vga(J = 5). The results are
summarized in Table II of Paper II.

For each J, the information contained in the two frequencies can be expressed as

VEA/VEE = % {1+ V3 cot [27p/31}{1 + 2V3(A2/A,) sin [2n/3)1 + p)]
+ (V3/2)(BI/A1) cosec [(2m/3)(1 — p)] cosec [27p/3]} (21a)
- % (vEa + vEe — vpavpe)'? = A, + A, cos (27p/3){1 — 4[sin Qmp/3)F*}. (1b)

In the quartic analysis in use for the beam data,
A, =[Vs+ F3JU + 1) + F3]a + Vea®

+[F+ = Dpd(J+ 1) — Dgla® — Da®  n=1,2 (22a)
By = —[d;J(J + 1) + dilai’ — d,.a?. (22b)

In the superscripts on the a,, (3na) refers to (1/2) (1 — cos 3na) and (n) refers to p”.
Equation (21) is a higher-order form of Eq. (13) of Paper II. In the correction terms
in Eq. (21), the expression for 4, can be simplified to

Ay = Va3 + Fa®  n=2. (23)

Equation (21a) gives a very accurate value for p. The two correction terms are
small enough that 4; and A, can be calculated to sufficient accuracy from rather
approximate values of V; and F. In B, the J-dependent term is negligible, as can be
shown from the value of d; obtained from the microwave data. The upper limit
obtained from the combined fit for the other terms in B, shows that an error of at
most 35 ppm is introduced into p by setting B, = 0. This is negligible compared to
errors from other sources. Furthermore, since the experimental splittings enter only
as a ratio, the error in the dipole moment does not affect Eq. (21a). As a result, the
value of p obtained from Eq. (21a) is very insensitive to all other molecular constants.
It is clear, then, why p was chosen as a fitting parameter.

From Eq. (21b), the coefficient 4, can be determined since p is well known and
A, again can be calculated to the required accuracy. From measurements of 4, for
a variety of J’s, one can determine the limit L as J — 0 and the derivative S with
respect to J(J + 1).

L =[V; + Fal® + Veal? + [F + { — Dgnld® — D,a? (24a)
S = F3a{” — Dya. (24b)
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Studies of the rotational anticrossings {J, K, o) = (1, 1, a) < (2, 0, ¢) yielded

fnsim cmbiddiman AL sha £nccen
I0OUL JPIHILULIEDd UL LIS 10111
v, = EO, 1, £1, 0) — E(0, 2, 0, &). (25)

The results are given in Table II of Paper II. As in the barrier anticrossings, the
contribution from Fourier coefficients with 7 = 2 can be corrected for without increasing
the errors. If these coefficients are made, then the four splittings can be written

Voo = Xo + X\ cos [27/3)p — o)] — Y sin [2#/3)(p — )] — X cos [(27/3)d’]. (26)

The J-dependent contributions to the coefficients can be obtained from the microwave
data to yield the corresponding (J — 0) limits.

N1 39 n_ A2

Xo = A4 - Dy T i'3xdy ~ — Lgmbo (27a)
X =L (27b)
Y, = did” + d,a” 27¢)
Xy = Vad?® + [F + §a? — D,.a?. (27d)

Y, is insignificant here.

The information in the two types of anticrossings can now be deduced from Egs.
(24) and (27). If Dy is taken from the force field (23) and the average defined in Eq.
(19) is used, then X, yields

. e . /1
A = A — Dg,(p*)o + F3,(<5 (1 — cos 3a)> . (28)
0
Both { and D,, can be set to zero because they cannot be determined. If Fs is
calculated by using 4.s and g in Eq. (9), then X can be inserted in Eq. (27d) to

ahtain tha affactive haisht of tha natential r/eif Furthar
VUMALLL UV WiV Y ll\/lbllt UL LI putuuucu r « 4 Ul Lll\al,

(X, — X)) = Fyaf® — Dgaf” (29a)
= —d’D . (29b)
where
DE, = Dy + M (30a)
and
A= —aPa. (30b)

This demonstrates the origin of the three effective parameters in Table IV of Paper
II; Egs. (16) of Paper II have now been derived. The anticrossing data provide a
fourth piece of information, namely the J dependence S in Eq. (24b) of the barrier
anticrossing measurements.

Two types of “effective values” have been now introduced, one labeled with a tilde

and anather lahalad unth tha ainarcerint o The diffaranca hatwaan tha twa chanld
GLIU GUUIIVI 1aULIVAL WiILll LIV OUPVIOVIEPE ©ff. 1 UV UIHVIVIIVL UVLEYYLALILL IV WU Jlivua

be kept clearly in mind. The tilde indicates the particular linear combination of
molecular constants that arises from a transformation or a redundancy and cannot
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be separated. This type of inseparability is similar to that first pointed out by Watson
(24) for molecular centrifugal distortion constants. On the other hand, the superscript
eff indicates that the particular linear combination of molecular constants cannot be
separated because of the limitations of the data set. For example if A°f could be
measured for three different torsional levels, then A, Dy, and F3x could be separated.

V. ANALYSIS AND DISCUSSION
1. Spectra withv < 2

A least-squares analysis was carried out on the 72 rotational frequencies for
v < 2 in Table II and the 15 anticrossing measurements for v = O in Table II of

Panor IT The 14 indenendant conctantc ahtainad in tha hact it hy direant digocanalization
Lapll 11, 110 15 INGCPLIIGCTI COMSWaiils Outlaliitd il ulid OO it Oy GaIClt GlagiiianZauion

(Method III) are given in Table I here. For each rotational transition, the difference
8 between the observed and calculated values is given in the current Table II. For
the anticrossing splittings, these differences are not listed, but do not differ significantly
from those given in Table II of Paper II. The overall fit is good, with a x? of 44 for
73 df. The only lines which show any indication of a possible systematic error are
those in the (J = 2 « 1) spectrum, where the experimental error was assumed to be
100 kHz in the absence of error estimates in the original work (8). With Method II,
it was shown that the fit cannot be improved by including more constants from Egs.
(5) and (10). As each additional parameter was tested, it proved to be undeterminable
and/or did not improve the fit significantly. These parameters were therefore fixed
at zero in the Table I model.

The current model differs from the one used in Paper II in that now H;,,.,,, Hixm,
H,,., and Fg; are included, while F; is excluded. In Paper II, with the limited
microwave data available, Fy, was used rather than Fg;, in spite of the fact that Fg;
is expected to be larger. This step was required to match the J dependence of both
the rotational frequencies and the anticrossing splittings.® Now with frequencies from
much higher values of J, it is possible to determine three H’s and reproduce both J
dependences with Fg;. If the current data set is analyzed using Fy; instead of F,, the
resulting best fit constants agree with those obtained in Paper II. However, because
Fg, is used here, there are small changes in A°%, B, F;, and D,,,. These changes are

measure of t model errors in these parameters due to the For‘f that the sextic
u LIIVAOUIN UL l“\l leUu\«l WALANILD 11 ‘pll\lﬂ\d y“l RLLAVLWVA YD

constants are entirely empirical. For example, although the current data cannot de-
termine V or {, computer experiments show that the introduction of these constants
can change the J dependence, particularly at the sextic level, through their influence
on the basis functions.

With the larger data set now available, the least-squares errors in the constants in
Table I are improved as compared with the results in Paper II, particularly for the
constants associated with J-dependent matrix elements. In spite of this, it is very

difficult to isolate the true values of the leadine parameters. Afﬂamntc to separate Aeﬁ

358102353 AP pAi Qi

and D&, into 4, Dy, and Fsx essentially reproduced Table V of Paper II because
these constants are determined almost entirely from the anticrossing splittings. The

6 This use of Fy, rather than F; also occurred in a similar experiment on CH;SiF; (25).
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analysis yielded A = 56 179 (75) MHz and V; = 592.2 (1.0) cm™". These two values
still contain contributions from other terms, first through Egs. (8b) and (13b), and
second through the fact that various constants have been fixed at zero. The contri-
butions are negligible compared to the error in A, but may be significant for V;.

The difference (p — p) as given in Eq. (8a) may be large compared to the least-
squares error of 140 ppm. When A and p are used to calculate the moment of inertia
I, of the methyl top, it is found that I, = 3.165(5) amu-AZ. This is in close agreement
with the value of 3.170(2) amu-A? obtained recently from similar experiments on
CH,SiF; (25). The agreement indicates that |[p — p| <€ 0.1%.

The values obtained for D; and D, from the force field are 11.0 and 35.3 kHz,
respectively (23). These are in reasonable agreement with the measured values given
in Table I. Although both will be contaminated with sextic effects, the differences
between the Table I values and the force field values should be dominated by un-
certainties in the force field. These differences indicate the order of the discrepancy
to be expected in the force field value assumed here for Dg. The values of D; and
Dj assumed in Paper II were taken from a preliminary analysis of the current data.

2. Spectra withv = 3andv = 4

The data for the higher torsional levels indicate that the existing model (2, 3, 16)
must be modified for the higher torsional levels. The (v = 3) data were considered
first. All attempts to include the (v = 3) data in the fit failed. Regardless of which
group of constants is added to those in the best fit model of Table I, the x> remained
two orders of magnitude larger than its value for the (v < 2) data set. In these fits,
the magnitude of the (observed-calculated) values was typically | MHz for the
(v = 3) lines as compared to the experimental error of ~0.1 MHz.

To investigate the disagreement further, the difference & between the measured
values and the frequencies calculated from Table I were determined along with the
differences between the torsional energy EY calculated from Table I and V. As
can be seen from Table III, £ and & show unusual patterns. For each X except
K = 0, the set of three torsional sublevels includes one which is well below the barrier
top, a second which is somewhat closer to the top but still below, and a third which
is above. The barrier top falls roughly midway between the upper two levels, For
each such triplet, |5| goes up by greater than or approximately a factor of 2 for each
of the two steps up in energy.

For each line, 6B; = 6/[2(J + 1)] was calculated. As can be seen from Table III,
0B; is a function of (K, o), but not of J. This shows that each (K, o) sublevel has an
effective B value. For each (K, o), a mean 6B; was calculated by averaging over the
J values for which measurements were made. In Fig. 1, 6B; is shown to be a remarkably
smooth function of EP.

In spite of the fact that |§] is over 10 MHz for many levels, there can be no doubt
that the identification is correct. The evidence is conclusive, including arguments
based on the clear separation of lines of different v for v < 4, Stark effect measurements
for two lines, and close agreement among the 6B, for different J but the same
(K, ¢). The smooth dependence of 5B; on EY is itself confirmation of the identification.
It should be emphasized that the point with the largest |6B;| has (K = 0, ¢ = 0), for
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FIG. 1. Plot for (v = 3) of the average discrepancy B, in the B value for each (K, o) as a function of
the torsional energy difference (EY — V) from the top of the barrier. The typical error bar shown takes
into account the error in the prediction. O for |[K| = 0; @ for |[K| = 1; A for |K| = 2; & for |K| = 3, and
X for |K| = 4.

which the experimental frequency has been measured twice earlier (2, 5, 8) and
checked again here.

The corresponding assignment for (v = 4) in Table IV is much less firm. The
reasons for the difficulty are given in Section III. For (K = 0), the identification is
virtually unambiguous, primarily because of the simplicity of the (J = 1 — 0) spectrum.
For (K = £1), the assignment is also virtually firm, primarily because three lines have
been measured for three different values of J including the relatively simple
(J =2 < 1). For K = 2, 3, and 4, the identification was made by using Fig. 2.
The mean 6B, was calculated for K = 0 and K = 1, and then plotted against
ED - V$E. As with (v = 3), a smooth functional form is obtained. It was then
assumed that the other K values would fall near the same curve. As can be seen from
Fig. 2, the resulting 6B, are consistent with this assumption. Furthermore, with the
exception of the two lines indicated in the footnotes of Table IV and one very weak
feature, the resulting assignment accounts for all the lines within the ranges spanned
by the (v = 4) frequencies. As was the case for (v = 3), the lzrgest 6B, occur for the
highest energy; the discrepancies range from a few hundred kilohertz for low energy
to almost 2 MHz at the high end.

For both (v = 3) and (v = 4), 6B, shows no simple functional dependence on K
or ¢. For example, for (v = 3), (K = 0, ¢ = 0) has the largest [6B| while (K = 0,
o = *1) has one of the smallest. The levels with the largest |68 for (v = 3) have the
smallest for (v = 4). This apparently follows from the fact that the order of E © with
respect to (K, o) is reversed when v goes from 3 to 4. There is no obvious correlation
between 6B and the symmetry of the states.

It is clear that the origin of the 6B cannot lie in a complicated combination of
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FIG. 2. Plot for (v = 4) of the average discrepancy 3B, in the B value for each (X, o) as a function of
the torsional energy difference (£ (Tc) — V&) from the top of the barrier. The typical error bar shown taken
into account the error in the predictions. The assignments, particularly for |K| > 1, must be regarded as
tentative. O for |[K| = 0; @ for |[K| = 1; A for [K| = 2; & for |[K| = 3, and X for K| =

higher-order distortion effects. All the quartic constants in Eq. (5) involving the J
dependence have been determined. No sextic term could possibly correct for the
magnitude of the effect which is observed at low J and K.

There are two general types of mechanism which can account for the behavior
illustrated in Figs. 1 and 2. The first is perturbation by a nearby vibrational state,
which in this case would be the degenerate level (v, 2= 1). The accepted fundamental
frequency for this mode is v, = 545 = 3 cm™' (26, 27). On the (EY — Vﬁg) scale
used in Figs. 1 and 2, this band origin falls at 52.5 cm™!, which is 31 cm™' above
the highest (v = 3) level. Figure 1 seems to require that the energy of the perturbing
level be at most a few cm™! away from the highest (v = 3) level. In an effort to
investigate this possible perturbation, a high resolution infrared study of the perpen-

dienlar hand wae nndartalkan vary reacantlhy (29 Praliminary raanlte indisata that
GiCuiarl gannG was UnNnGCNnaken vory ICllniuy (<o), riGiliiiary résuns inaifail wuigai 7y
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is 20 cm™" lower than the published value. However, the smoothness of the dependence
of 6B; on energy suggests that the dominant mechanism for the model failure is not
such vibrational mixing, If it were, then the matrix elements involved would have
to be very insensitive to K and o. In any case, detailed analysis of the vibrational
band should clarify this point.

It is clear from Figs. 1 and 2 that |, cannot be responsible for 6B,; after all, the
(v = 4) levels closest to v,, are perturbed the least. If »,, is causing 6B, then the level
(v¢ + v;2) is probably responsible for 6B,; v is the torsional mode.

The second possible explanation is either a perturbation which does not involve
the vibrational degrees of freedom at all or involves only vibrational levels that are,
distant in energy. It is known from the computer searches that including higher terms
in the potential such as ¥ does not remove the discrepancy. At first glance, it appears
that the failure of these searches and similar ones involving such constants as {
eliminates this second possibility. However, such a conclusion is not justified. As a
counterexample, consider a distortion in the potential which requires many Fourier
coefficients to be properly represented. The information available would then be
insufficient to determine the several constants required and the least-squares fit would
not converge. To solve the problem in this case would require a priori introduction
of a suitable form for the distortion.

In CH,SiF;, a similar comparison between experiment and theory led to similar
conclusions (25). For (v = 3), a 6B was observed with a larger magnitude for the
levels whose energy falls above the top of the barrier. In that case, it was possible to
resolve only (¢ = 0) from (¢ = *1); the K splitting was not resolved. Furthermore,
no (v = 4) data were available. As a result, the information obtained on éB was far
more limited. However, it is clear that a similar type of effect is occurring and that
the modification required of the Hamiltonian is not peculiar to methyl silane.

Work is continuing on CH;SiH; in an effort to understand better the problem of
internal rotation. Several different techniques are involved, including molecular beams.
Fourier transform spectroscopy, and diode laser spectroscopy.

VI. ISOTOPIC STUDIES

Pure rotational spectra in the ground torsional state were studied briefly for
12CH,30SiH;, '2CH,*SiH;, and '*CH,?!SiH; in natural abundance. The frequencies
measured are listed in Table V. The three (J/ = 1 — 0) lines had been measured
previously (20, 29). Small differences exist with the current values, but these are not
considered to be significant since no experimental errors were assigned to the original
measurements.

The present data for 2CH;°SiH; have been used in two earlier works in this series.
First, a rigid rotor analysis was used to determine that the effective B value B, for
(v = 0) is 10 806.90 (20) MHz. This constant is B (v = 0, K, ¢) averaged over K and
o since the torsional splitting cannot be resolved for v = 0 with conventional microwave
methods. The corresponding number for the parent species 2CH;*8SiH; is 10 968.964
(50) MHz. Both values of B, were used in treating the Stark effect in Paper I. Second,
the true value of B as defined in Eq. (15) measured here for '*CH;’SiH; was used
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TABLE V

Pure Rotational Frequencies (in MHz) for Various Isotopic Forms of Methy! Silane in the (v = 0) State

IZCH33OSiH3C 0 0 21 613,701 (030) -0.055 21 613,06 Ref.(gg)
3 i 86 452,117 (100) 0.008
3 2 86 451.005 (100) ~0.039
3 3 86 449,421 (100) 0.184
12CH3295iH3d 0 0 21 770.978 (030) -0.010 21 771.08 Ref, (20)
3 1 86 080.980 (070) -0.057
3 2 86 079.950 (070) -0.022
4 1 108 849.343 (070) -0.023
4 2 108 848.113 (070) 0.078
4 3 108 845.767 (100) -0.009
4 4 103 842,776 (200) 0.194
‘3cu3zgsiu3e 0 0 21 212,736 (030) 21 213.04 Ref.(29)

a-The o splitting was not resolved. The fits were made by setting the
calculated frequency equal the average over o weighted by the intensities.

b-No experimental errors were guoted in the original works.

c~-The fit was made to these microwave data and the anticrossing splittings
in Table II of Paper II. B, A, pand V, were varied; all other constants
were fixed at the values for the pareint species.

d=-Only B was varied. Small corrections for the isotopic substitution were
made to the values of A and p of the 5i-28 species. The remazining constants
were fixed at the Si-28 values.

e-0Only B was varied. All other constants were fixed at the C-12 values.

in Paper II along with the anticrossing measurements to obtain 4%, V'$%, and 5. The
isotopic changes in these parameters are discussed in Section VI of Paper II.
Here the data is used along with existing measurements on '2CH,?*SiD, (8) and

12CD;%88iH; (9) to obtain a structure that is based only on symmetric top rotational
constants that have been corrected for internal rotation effects. The rotational constants

W, [ A L, g T 3

and moments of inertia used are summarized in Table Vi for all six species used,
including the parent. For '>CH;8SiD;, the nine observed frequencies (8) for v < 2
were analyzed by fitting B, D,,,, Fs;, Fe;, and d;. For ?CD,%*SiH;, the four frequencies
(9) for v < 2 were analyzed by fitting B, D,,,, F3;, and F;; d; did not enter because
K = 0 for all the spectra. In both cases, 4°" and p were corrected for deuteration and
left fixed. The distortion constants that were not varied were fixed at the values for

the parent species. For the on-axis isotopic substitutions, the analysis methods are
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Rotational Constants and Moments of Inertia for Some Symmetric Top

Isotopic Forms of Methyl Silane*®

-2

Isotope B (MHz) Ib(amu - A7)
"Zen,Bsin, 10 986,095 (5)  46.0017 (2)
12cu329siu3 10 902.710 (10)  46.3535 (4)
IZCH33OSiH3 10 824.095 (10)  46.6902 (4)
Ben,Psin, 10 623.585 (15)  47.5714 (7)
'2c03285iﬂ3° 9 132.18 (10)  55.3405 (60)
1228, ¢ e s ia acd
CH3 SlD3 9 636,609 (50) 5Z2.4437 (48)

a-For '2cuy28silly, A = 56 179 (75) MHz and I, =
8.996 (12) amu = A2,

b - The moment of inertia I, of the methyl top in
12cH,2851H, is 3.165 (5) amu - A2,

and 1200.288511, w
CD3“%Silly w

c—-1B far U ain
¢-b iox CHy51iDq ana

by analysing data taken from Ref.
(9), respectively.

given in Table V. In all cases the final value of B was insensitive to the details of the
model used.

In Table VII, the structure obtained is compared to that obtained from an analysis
of 23 different isotopic species (29, 30), most of which were asymmetric rotors. This
earlier analysis used a PAM treatment of internal rotation that included only the
leading term, viz., the first term in Eq. (6). The two structures agree very well. The
current structure calculation is a little more accurate, but of greater importance is

the demonstration that the two different methods give consistent results.

TABLE VII

The Structure of Methyl Silane

Present Work Ref. (30)®
r($iH) A 1,482 (2) 1,486 (5)
L(HCH) degrees 108.03  (i1) 108.00 (50)
r(cs1) A 1.864 (1) 1.867 (1)
T(CH) A 1,095 (1) 1,092 (5)
L (HSiH) degrees 108.49 (14) 108.73  (50)
L(CSiR) degrees 110.41 (10 110.20  (50)

a - These results were obtained in Ref.(30) by reanalysing
the data in Ref.(29).
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