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The Stark and Zeeman effects in methyl silane in the ground vibronic state have been
studied in detail using the molecular-beam electric-resonance method. For a symmetric rotor
without internal rotation, the rotational dependence of the effective dipole moment for matrix
elements diagonal in J has been shown by Watson, Takami, and Oka to have the form pug
= po + pJ(J + 1) + ugk?® It is shown here that, to this order, a complete characterization
of the Stark effect requires only one more parameter, namely, the effective anisotropy (e
— @)« in the polarizability. From Stark measurements alone, the true anisotropy cannot be
separated from the additional dipole distortion constant shown by Aliev and Mikhaylov to
enter dipole matrix elements off-diagonal in J. By studying nine different transitions (J, K,
m,) — (J, K, m; = 1) in CH,®SiH,, values were obtained for the four Stark parameters:
o = 0.7345600(33) D, u, = 8.83(35) uD, ux = —32.82(37) uD, and (o — a )ex = 1.99(16)
X 1072 ¢cm?>. These errors reflect only the internal consistency in the data; the absolute error
in po is 32 pD. The modification of the Stark effect by internal rotation is discussed; it is shown
that the only significant effect here is to modify the interpretation of wo. The change in po
upon isotopic substitution of *°Si for *Si was determined: po(*°Si) — po(**Si) = 67.0(2.0) uD.
A study of molecular magnetic effects in CH;**SiH; has yielded the two molecular g factors,
gL = —0.036391(21) nm and gy = —0.10667(13) nm, as well as the anisotropy in the sus-
ceptibility (xy — x.) = —44.9(2.3) X 107 J/T?. The molecular quadrupole moment has been
calculated.

I. INTRODUCTION

There are a growing number of spectroscopic techniques sensitive to the variation
with rotational state of the electric dipole moment in a symmetric top. Several laser
methods (/-3) are now available which provide very accurate Stark parameters
or require such constants as input to determine zero-field energy splittings. The
molecular-beam electric-resonance (MBER) method of making precision dipole
measurements has recently (4) been extended to molecules with relatively small
rotational constants. Finally, the avoided-crossing molecular-beam technique has
been introduced (3, 6) to obtain zero-field energy separations which are inaccessible
to conventional spectroscopy because of the electric dipole selection rules.

On the theoretical side, the effect of centrifugal distortion on the electric dipole
matrix elements has been treated to lowest order for a symmetric top without
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internal rotation in its ground vibronic state. For AJ = 0, this effect is taken into
account by replacing the normal permanent moment u by the effective dipole mo-

uo(J, K) = po + uJ(J + 1) + ugK> (1)

For AJ = +1, this effective moment becomes (8, 7)
pr(J, K) = po + pi(J + 1) + ueK2 (2)
Iere ug is the eguilibrium dipole moment except for a small correction. u;, ug, and

wyare distortlo d pole constants, which are typically four to six orders of magnitude
smaller than uo. The physical interpretation of all four constants has been discussed
in some detail (7-9).

In part because the precision methods mentioned are so new, the variation of
u with rotational state has been detected for only very few symmetric rotors. For
PH; (2) and CF;H (3), there is strong evidence for a change in g with J and/or
K, but not enough data to evaluate any of the individual constants. For propane-
d,, a clear variation with K was observed (10), but the experiment preceeded the
establishing of Eq. (1) and so no value of ux was extracted from the data. The
original data are rcanalyzed here to determine this constant. For CH;D (7) and
NH; {11), both u, and ux have been obtained, while for OPF, {5) Umy uy has been
measured.

In the present work, the allowed MBER spectrum of methyl silane has been
investigated to obtain values of uy, mj, px and the effective anisotropy (o
— ay ) in the polarizability.! This last parameter takes into account the Stark
contributions from the true anisotropy (ay — «,) and from the constant uf char-
acterizing the J dependence of the effective (AJ = +1) dipole moment in Eq. (2).
As is shown in Section I1.2, for all but a small class of unusual symmetric tops
p‘._l; and (a'“ - uJ_; cannot be determined s s€par aud_y from Stark measurements alone.
The modification of the linear Stark effect by internal rotation is given in the
Appendix. It is shown that the only significant change introduced in the current
analysis is to modify the interpretation of u, The present results are summarized
in Table I.

Methyl silane was selected for this Stark study because, as the prototype polar
symmetric top with internal rotation (/2), it has been the subject recently of a
detailed study using both the new anticrossing beam technique (/3) and the older

microwave ohcnrhtn’\n athad (’11\ Tha rncn‘fc of theca atudies will ha nuhlichad
mMICroy osorplion metnod L5 O tnese STudies wiua 0€ puociisneda

elsewhere (13, 16). The contrlbutlons of u, and ug are so large that, when uy(J,
K) is treated as a constant, the identification of many of the microwave lines cannot
be made properly.

The change in u upon isotopic substitution with **Si for *Si has also been mea-
sured. The motivation was again the interpretation of the anticrossing data (/5),
but this change in g is also of interest with regard to the theory of such isotopic
effects (17, 18).

Ll 16 HIOITIG CAL all COLTUCLION. Ly, Ue,

' The subscript || on a molecular parameter indicates that the parameter is to be taken for rotation
about the symmetry axis. The subscript L similarly refers to rotation about either of the other two
principal inertial axes.
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TABLE I

Stark and Zeeman Constants for CH,?*SiH,

Present QOthers Ref.
Results
Ho ) 0.7345600 (33)%  0.7380 (207 (25)
My (uD) 8.83 (35)2
My (D) -32.82 37t
1 (3,2) (D) 0.7345365 (20)°€
uQ(S,Z)/p(OCS) 1.027057  (4)
(o) = @) gpr (10-2* cn®) 1.99 (16)
g (nm) -0.036391 (21 o0.03383 a2)® (32)
g, (nm) -0.10667 (13)d
&, - Xi) (1073% J/T?) -44.9 (2.3) -39.9 (3.5) (32)
) (107*° ¢ m?) -1.2 (5)

a - This error reflects only the internal consistency of the data.

The relative signs of yg, hy and ug were determined here; the

absolute sign for Lp was chosen arbitrarily to be positive.

This value has been referred to u(0CS) = 0.71519 D (21), rather

than 0.7124 D, as used in (25). -

The error reflects only the precision relative to the OCS measurements.

The absolute error is 32 wD.

d - It was shown here that g"/gl> 0. The absolute sign of the g-factors
was taken from (15).

e - Only the magnitude was determined.

o
'

id
'

From a Zeeman study of the allowed MBER spectrum, the magnitudes of the
two rotational g factors gy and g, were determined’ along with their relative sign.
In addition, the anisotropy (x; — x.) in the susceptibility' was measured. By taking
the absolute sign of the g factors from the avoided-crossing investigation (15), the
molecular quadrupole moment ©; was calculated. The results are summarized in
Table L

II. THE STARK EFFECT

1. Measurements

The variation of p with J and K in CH,*®SiH, was determined by observing the
MBER spectrum in the high-field (79, 5) limit. The selection rules obeyed were
Am; = *+1 and AJ = AK = 0; in addition, the magnetic quantum numbers for the
nuclear spins were conserved. As listed in Table II, nine different spectra were
observed, each denoted? by [J.x, F|m,| — F(|m,| — 1)], following the conventions
of Ref. (4). Five of these were observed in two different electric fields. Each of the
spectra is a multiplet consisting of many hyperfine components, but each appeared

2 Unless otherwise indicated, it is assumed throughout that upper signs go only with upper signs, and
lower with lower.
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TABLE II

Stark Measurements®

Transition Set A Set B
é%=8051.317 V/cmb €L=12389.851 V/cmb
< d € C d €
JK my> m3 v op  Or § v o’y Op 8

27 +1 > 0 460 149.8 0.5 3.0 -0.2 750 064.3 0.5 3.0 -1.2
2 +2 + +1 475 474.3 0.5 3.0 -l.6 713 570.0 1.0 3.0 1.6
3 1+ 0 495 341.3 1.5 1.5 0.5 761 675.4 2.0 2.0 -0.2

495 340.0 1.5 1.5 -0.8 761 674.2 2.0 2.0 -1.4

3 ¥2 > 5l 493 392.1 2.0 2.0 0.4 756 963.2 2,0 2.0 1.7

+3

5,, 1> 0 98 953.0 1.5 3.5 0.0 152 018.2 0.5 3.0 1.7
S, > 0 610 590.5 2.5 4.0 -1.6
S, 1% 0 763 323.0 2.5 4.0 0.0

a - All frequencies are in kHz.

b - The absolute errors in € and 6; are 0.34 and 0.52 volts, Tespectively.
The ratio Af is accuraée to €3 ppm. The fractional deviation € in
this ratio was allowed to vary in the fitting procedure. The best fit
value for £ was -1.0(2.2) ppm.

¢ - op is the experimental error in the peak frequency.

d - or is the total error; it takes into account og and an upper limit to the
hyperfine shift,

e - § is the difference between the observed and best fit values.

as a single structureless line. The peak frequency »(J, K, m,;) measured for each
line is given in Table II.

The experimental methods and conditions were very similar to those used for
OPF; (4). The sample was made by reducing CH;SiCl; with LiAlH,. No impurities
were detected in the mass spectrum; the data were taken using the ion peak with
a mass-to-charge ratio of 44. To concentrate the population in the lower rotational
levels, the seeded beam technique was used. For the lines with |K] < 3, a 5% mixture
of methyl silane in argon was expanded through a 40-um nozzle with the source
held at room temperature. For each line, the backing pressure was adjusted to give
the most intense signal; these optimum values ranged from 1 to 1.5 bar. The
rotational temperatures attained were ~5 to 10 K. Because A, is so large, the
higher K levels in this prolate top were not sufficiently populated at these low
temperatures. To observe the lines with |[K| = 4 and 5, a 30% mixture of methyl
silane in argon was expanded through a 430-um nozzle at a backing pressure of
~25 mbar. Here a much more modest rotational cooling was attained. The mea-
surements were taken in the earth’s magnetic field.
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The basic MBER apparatus has been described elsewhere (20). The electric field
& was generated by the Pyrex C-field and the stabilization system developed re-
cently (6) specifically for large electric fields of high homogeneity. The long term
stability and resettability of the voltage was <20 ppm, while the short-term stability
was 52 ppm. The full 10-cm length of the Pyrex plates was used as the transition
region.

For each of the 16 lines measured, the observed full-width at half-height Avggg
resulted from three different contributions: Avy, Avyyp, and Avg. The time-of-flight
linewidth Avr was ~4.5 kHz. The second contribution Avyyp arose from hyperfine
shifts in the different individual transitions forming each line; it is estimated that
Avgyp S 10 kHz. The width Avg due to the inhomogeneities in the electric field
can be assumed to be proportional to the transition frequency ». Because of the
field distortions introduced by the slit needed for (Am; = +1) transitions, Avg /v
was estimated to be ~30 ppm. The value of Awvpps ranged from ~9 kHz for v
~ 100 MHz, to ~24 kHz for v ~ 750 MHz.

As listed in Table II, the experimental error og in measuring v(J, K, m;) was
estimated from Awggs, the signal-to-noise ratio S:N, and the reproducibility. For
each line, the frequency was measured at least twice, once with the frequency being
swept in each direction, but many were measured four times. For J; = 2,,, one
or two sweeps (one minute each) were taken on the signal averager to give S:N
~ 30:1. For Jx = 3., and 5.,, four sweeps were taken and S:N ~ 10:1. For Jg
= 3.3, 5.4, and 5.5, 16 sweeps were used to yield S:N ~ 5:1. Although the field
inhomogeneities make a large contribution to Avggg, any uncertainties in the mea-
sured frequencies resulting from asymmetries in the line shape were <op.

The total error oy assigned to each frequency must be increased over o to include
any possible hyperfine shifts. For each of the two 3., multipiets studied, the hy-
perfine splittings are symmetric about the hyperfine-free frequency (4) and the
peak frequency of the single structureless line observed is determined entirely by
the Stark effect. In this case, ot = og. However, for each of the seven other multiplets
studied, the single line observed can be shifted by the hyperfine contributions. This
shift is generally much smaller than any hyperfine broadening Avyyp, which was
shown to be <10 kHz. Consequently, an upper limit of 3 kHz for the hyperfine
shift should be conservative. For each of these seven cases, or was obtained by
adding this upper limit to oz in quadrature. No frequency errors due to drift
in the electric field had to be taken into account. The strongest line (2.,, my,
= F1 — 0) was used to monitor the stability of the electric field; no significant
drifts were detected. The values of ot are given in Table II.

For the lower electric field employed (Set A), 6 was calibrated using the (J
=1, m; = ¥1 — 0) transition for OCS in its ground state; the OCS Stark parameters
used were u = 0.71519(3) D (21) and (o) — @ )er = 4.67(8) X 1072 cm? (10). As
was shown for linear molecules in Ref. (22) and as discussed in Section I1.4 below,
it is the effective value of (o) — ;) that enters both here and in the original
measurements (/0). For the higher electric field employed (Set B), 6 was first
calculated using the measured value of »(3, 2, 1) in Set B, that in Set A, and the
OCS calibration. The calculation was then repeated using »(3, 2, 2). The two values
of & agreed to 4.4 ppm and the average was used. The 3., multiplets were selected
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for this purpose because their frequencies are not shifted by (o) — a ) or the
nuclear hyperfine effects. () The values &, and &y for the electric field in Set A
and Set B, respectively, are given in Table II.

2. Analysis

Because the effect of internal rotation on the Stark energies only changes the
interpretation of p, (see Appendix), the barrier height V5 is assumed here to be
very large. The molecule-fixed frame is oriented as described for OPF, (5) with
the silyl hydrogens corresponding to the fluorine atoms. The 7 direction lies along
the symmetry axis with the silicon nucleus below the carbon nucleus. The yz plane
contains a silyl hydrogen and, since V; — oo, a methyl hydrogen as well. The space-
fixed frame is oriented with the Z direction along &.

The dipole constants in Egs. (1) and (2) can be defined in terms of the ©4#
introduced by Watson (9):

o = w — OF, (3a)
=0y + 207, (3b)
u = 07 — (67 +2077), (3¢)
uy=0r. (3d)

Equation (3b) disagrees with Eq. (5b) in Ref. (5) because of a misprint in the
latter. If methyl silane is treated as a symmetric rotor with C;, symmetry, then
expressions for the ©/ of Eq. (3) in terms of other molecular properties can be
obtained from Ref. (9) by taking into account the differences in the two molecule-
fixed frames used, as indicated in footnote (7) of Ref. (5). In Ref. (7), uy(J, K)
and pz(J, K) are referred to as pg(J, K) and ufJ, K), respectively.

The electric field dependence of the energy seems to require for its character-
ization five independent Stark parameters: po, u,, g, uf, and (@) — o). However,
for CH;SiH;, this can be reduced to four, as can be seen by considering the per-
turbation expansion of the Stark energy. The first-order term E§? depends only on
uo(J, K). The second-order term ES receives contributions from ug(J, K) and
(ap — a,). The leading term due to u¥ can be written

R 62
EYY(uR) = Bk [ 4)

[3K2 — J(J + D)[3m} —JJ + 1)] }
3hB, '

JOJ+ 1)2J - 1)(2J + 3)

The constant term is of no interest. Except for a multiplicative constant, the re-
maining term is identical to the contribution to E{} from (a; — a,) (4). The effect
of uf on the energy can be taken into account by omitting uf from Eq. (2) and
replacing (ay — o) with

(o = a)er = (ay — ay) + da, (5a)
where
b = —ufuo/hB,. (5b)

A similar result was obtained earlier (22) for linear molecules.
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This reduction of the number of independent Stark parameters from five to four
will apply to all symmetric tops for which the spacing between rotational energy
levels (J, K) and (J + 1, K) can be adequately represented as being proportional
to (J + 1). For example, if a molecule has a large inversion splitting, then the
energy denominators in the second-order perturbation terms for the dipolar Stark
energy will have a different J dependence. The first term in Eq. (4) will then no
longer be proportional to the Stark contribution from (ay — «,) and one could, in
principle, separate (ay — @, ) and pf from Stark shift measurements alone.

In calculating the Stark energy, both here for CH;SiH; and in the calibration
procedure with OCS, the Stark-rotation matrix was diagonalized after truncation
at AJ = 3. In evaluating the rotational energy for methyl silane, the standard
expression including the quartic distortion terms (23) was used. Since internal
rotation is being neglected, the appropriate rotational constants are the effective
parameters for the ground torsional state. These are: B, = 10 968.964 (50) MHz,
D; =10.5(1.0) kHz, and D, = 45.7(2.0) kHz. These values are preliminary results
(16), but the quoted errors are small enough that they do not affect the evaluation
of the Stark parameters. The fundamental constants were taken from Cohen and
Taylor (24).

Our initial goal was the measurement of the four independent Stark parameters
in CH;SiH; relative to the dipole moment of OCS. For this purpose, it was assumed
that both &, and 6 are exactly equal to the values given in Table II. For & ,, this
is justified because it was calibrated with OCS. The absolute error in &, is deter-
mined by the error of 42 ppm in the OCS dipole moment; this affects only the
absolute value of uq, not its relative value. However, once &, is fixed, any difference
between the assumed value of the second field (6g) and the true value (&%) can
bias the relative results. To solve this problem, we introduced an additional fitting
parameter:

€= ([6£/5A] - [gB/gA])/(gB/GA)- (6)

A least-squares fit was made to the 16 measurements in Table II with each
weighted by 1/0%. The four Stark parameters discussed above were varied along
with e. The resulting best-fit values are given in Table I for the molecular constants
and in Table II for e. For each frequency, the difference & between the observed
and calculated values is given in Table II. The weighted standard deviation of the
fit was 1.1 kHz, which is small compared with the uncertainties o1 in the hyperfine-
free frequencies.

Three simple arguments can be made to demonstrate that the analysis is con-
sistent with the data. The first deals with the parameter ¢. The two measurements
of &5 described in Section I1.1 show that the value of &3/6 4 calculated from Table
IT should be good to ~3 ppm. The value obtained for € as given in Table II is
certainly consistent with this experimental error. The second argument involves a
least-squares fit to the data at &, and a second separate fit to the data at 6. In
these, € was fixed at zero. The two sets of four Stark parameters agreed with each
other and with the values given in Table I for the combined fit. This is a further
indication that the electric fields have been treated properly and, in addition, is
strong evidence that the hyperfine effects are small. The third argument also deals
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with the hyperfine shifts. If the values of é are compared in Table II with the
experimental errors ¢ in measuring the frequencies, then it is found that |4
> |og| for only 5 of the 16 measurements. This is about what one would expect if
the hyperfine shifts were zero and is further evidence that these shifts have been
treated conservatively.

Our second goal was to measure the value of g, for a single rotational state
relative to the OCS dipole moment as accurately as possible. The state Jx = 3.,
was chosen because, as indicated in the calibration discussion, the spectra in this
case are not shifted by (e — @, ) or the nuclear hyperfine effects. The values
obtained for the ratio uy(3, 2)/u(OCS) for the two multiplets (3.,, m, = F1 —
0) and (3.,, m; = ¥2 — F1) agreed to within 5 ppm. The average value is given
in Table I. The error in the absolute value of uy(3, 2) is 32 uD, as determined by
the absolute error in u(OCS).

An earlier, less accurate measurement of the dipole moment of CH,SiH; was
made using microwave absorption (25). The constant determined was y, itself. This
can be shown from the discussion in Section I1.4 and the fact that the polarizability
effects were negligible. As can be seen from Table I, the agreement with the current
value is acceptable.

3. The Dipole Moment of CH;*SiH,

The change in the dipole moment upon isotopic substitution of *°Si for *Si was
determined. The sample was not isotopically enriched. Because '*CH,’SiH;,
12CH,®SiH,, and '*CH,*SiH; are all comparable in natural abundance, the ion
peak used here had to be selected with some care. For each isotopic form, three
peaks were present: (CSiH,)", (CSiH;)*, and (CSiH;)". The corresponding relative
intensities were 100, 75, and 8. The strongest peak for *°Si therefore has a mass-
to-charge ratio m/e of 46. Unfortunately, this peak contains comparable contri-
butions from #Si and "*C. For this reason, the present experiments were done using
the peak with m/e = 47, which is a little weaker in the desired 3°Si species, but
has no significant contamination from the other isotopic forms.

The measurements were made on the (1.,, F1 — 0) line because uy(1, 1) is the
specific dipole moment that enters the anticrossing experiments on CH,*°SiH, (15).
The data were taken in electric fields of approximately 2644 and 5336 V/cm,
resulting in Stark splittings of 490 and 991 MHz, respectively. Each line for the
3%Si species required 16 sweeps to produce the minimum acceptable signal-to-noise
ratio of 5:1. As for the other transitions studied, the (1.,, ¥1 — 0) multiplet gave
a single structureless line. The experimental error ¢¢ in measuring the peak fre-
quency was ~1/2 kHz for the parent species and ~3 kHz for the *Si form. The
stability of the electric field was monitored by measuring the %Si spectrum before
and after each *°Si-scan, with all three traces being taken under identical conditions.
No significant drifts were detected.

In the context of the present experiment, the isotopic substitution produces only
two significant changes. In the Stark Hamiltonian, p, changes by ~100 ppm. The
contributions of the other three Stark parameters to the frequency are so minor
that the small isotopic changes in these constants are negligible. In the rotational
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Hamiltonian, B, changes by ~1.5% to 10 806.90(20) MHz (I6). The isotopic
changes in the distortion constants are again negligible. Because both *Si and %Si
have no nuclear spin, the isotopic changes in the nuclear hyperfine energy will not
be significant.

For each individual value of &, the measurements were analysed by a simple
perturbation treatment based on isolating the linear term in the Stark energy. The
results were: [uo(CH,;*°SiH;) — uo(CH;%SiH;)] equal 68.7(4.5) uD for the lower
field and 66.6(2.2) uD for the higher field. The weighted mean of 67.0(2.0) uD
leads to:

[1o(CH;*SiH;) — uo(CH3ZSSiH3)]/uo(CH3ZSSiH3) =91.2(2.7) ppm. (7)

The dipole moment of CH,SiD; has been previously determined using micro-
wave spectroscopy (25). It was found that

[[.Lo(CH328SiD3) - ﬂo(CH:;ZSSiH;)]/[lo(cH3zssiH3) = ‘0.0157(38) (8)

As expected, the magnitude of the change produced by the substitution of *Si is
much smaller than that produced by the substitution of the three silyl hydrogens.
It is interesting to note that the two isotopic shifts have opposite signs in spite of
the fact that the same end of the molecule is made heavier in both cases.

4. Discussion

In order to characterize the entire Stark Hamiltonian of a symmetric top at the
level of accuracy where distortion effects become important, the four parameters
Mo, K, B, and (o — o )y are required. The dipole constants will enter the analysis
in different ways depending on the specific transitions being studied. Transitions
with AJ = AK = 0 and Am, = =1 are often studied in MBER experiments such
as that done here. If K = 0, the quadratic Stark shift is measured and the effective
dipole moment is ug; X is absorbed into (e — a e If K # 0, the linear contribution
dominates the Stark shift; for low values of &, this shift can be characterized
entirely by the effective moment uo(J, K) given in Eq. (1).

Transitions with AJ = 1 and AK = Am,; = 0 are often studied in microwave
absorption experiments (10, 25). If K = 0 and/or m;, = 0, only quadratic terms
enter the Stark effect and the effective moment is (ug + K?ux). If both X and m;,
are nonzero, the linear term dominates. The linear shift is given by

Avg? = 2mK/J(J + 1) + 2))(E /h) o + KPux), (9)

where the subscript in A} specifies the value of Am,. The ux, dependence cancels
out and the effective moment is (uy + K’ug), just as it is for the quadratic case.

If Am, = 1 in these R-branch transitions as occurs in many laser experiments
(26, 2), n; does not drop out of the problem. For (J, K, m;) — (J + 1, K, m, £1),
the linear Stark shift is given by

AVY = ((2my 5 DKJIT + 1 + 2))NE/B) ko + Koux] T Kuf&/h). (10)

The extra shift due to u, is independent of .7 and m,, and so makes a larger fractional
contribution to the shift as J goes up. If K # 0, then, the parameters needed to
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characterize the Stark shift change when the plane of polarization of the radiation
is rotated from being parallel to being perpendicular to the Stark field. By observing
both (Am, = 0) and (Am, = 1) spectra, the contribution due to u, can be separated
if sufficient accuracy is attained.

In determining o, uj, and uyx from an MBER experiment such as that done here,
the particular states selected for study must be chosen so as to include states with
K < J as well as those with K ~ J. There are now values of both ux and u; for
three symmetric rotors: monodeuterated methane (7), ammonia (11), and methyl
silane. In these cases, ug/u, ~ —1.6, —1.9, and —3.7, respectively. For the first
two values in particular, the terms in ugx and p, tend to cancel in states with K
~ J. As a result, if only such states are studied, u, will appear to be approximately
constant and it will be very difficult to separate the three constants.

One of the earliest systematic changes of the dipole moment with K observed
was in propyne-d; (D;C—C=C—H) with microwave absorption (1/0). The accu-
racy attained of ~150 ppm was not quite high enough to verify conclusively the
expected K? dependence. Because this dependence had not been established at that
time, no attempt to determine ux was made. The data have been reanalyzed with
the methods used here for CH,;SiH;. It was found that gz = —42(10) uD. The error
quoted is one standard deviation, as is the case throughout the present work. The
value for ug in propyne-d; is very similar to that in methyl silane. The dipole
moment for the (Jx = 3,) state measured in Ref. (/0) can now be identified as
o and (ay — «,) in the original work should be reinterpreted as (o — a)en

The value of (¢y — «,) cannot be obtained from Stark shift measurements alone,
except for a few unusual cases. As indicated in the discussion of Eq. (5), all that
can be determined is (oy — «,) plus the contribution & from uf. This term can
be important, particularly in molecules with large po, small (o — «,), and/or small
By. In methyl silane, if |uf| ~ |u,l, [6a/(ay — a,)| ~ 4.5%, which is smaller than
the experimental error of 8%. On the other hand, if [uf] ~ |ugl, then the effect is
17%, which is clearly significant. A similar problem occurs for polar linear molecules
(22). In OCS, |uf] must be 24.5 uD in order that |6« be ~ the error of 1.7% in
(o — ay).

In comparing measurements of the anisotropy in the static polarizability from
Stark shifts with those at optical frequencies from depolarized-Rayleigh scattering
(27, 28) or from intensity-dependent dispersion (29), the contribution of d« to the
static values must be taken into account. In some cases, 5o can be comparable in
magnitude to the difference between the optical and static values. If ¢¥ is determined
from the intensities of the R-branch transitions, then da can be calculated and
(ay — ;) determined.

For a symmetric rotor with ¢ ~ 1 D, the MBER method can attain accuracies
~5 ppm and ~42 ppm for relative and absolute measurements, respectively. This
has been demonstrated here for CH;SiH; where nuclear hyperfine effects are small,
and by Marshall and Muenter (30) using a somewhat different approach for CH,F
where the nuclear hyperfine terms are large. On this scale, the distortion effects
on the dipole moment of methyl silane are rather sizable. For example, u(5, 5)
—u(5,1) = 24 = —0.00107uo and u(5, 1) — u(2, 1) = 24u; = 0.000294,. However,
if correlations with (ay — ) ).r do not pose a serious problem, u, and ux can be
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determined in a molecule like methyl silane even if these parameters are as small
as 1 uD.

III. THE ZEEMAN EFFECT

The rotational g factors gy and g, as well as the anisotropy (x; — x.) in the
susceptibility were determined from the MBER spectrum using techniques de-
scribed previously in detail (4). When a large magnetic field B is applied parallel
6, each of the multiplets whose spectrum appeared as a single structureless line
in the earth’s magnetic field will produce a doublet. If », and », are the peak
frequencies of the upper and lower members of the doublet, respectively, then (4)

vy — vl = 2unBlgel. (11)
Since the nuclear shielding effects are negligible here,
geﬂ‘=gL+(g|| _gL)Kz/J(J'{' 1). (12)

Let v, be the common limit of »y and ». as B — 0. Since the translational Stark
effect is negligible here as well,

[(1/2)(VU + ) — vo] = 7\(X|| - XL)BZ~ (13)

A is a constant of proportionality whose value depends on the particular multiplet
being studied. Its value can be determined from Eq. (9) of Ref. (4); A = —1/5 for
(1, ¥F1 — 0) and —1/7 for (2o, F1 — 0).

As listed in Table III, five different multiplets were studied. In all cases, B was
very close to 0.8 T; it was measured to 0.02% with a calibrated NMR probe. An
electric field of 1414.316 V /cm was applied with the large quartz C-field described
earlier (4, 20). The transition region was 16.5 cm long, giving a time-of-flight line-
width Avy ~ 2.7 kHz. The two multiplets with quadratic Stark effect came in the
low MHz region and had no significant inhomogeneity broadening. The observed

TABLE 11

Zeeman Splittings and Effective g Factors

Transition B ]vU - vL| o (nn)
I my > m} (T (kHz)
1, 10 0.80007 443.9 (4) g -0.036394 (32)
2, 1> 0 0.79996 443.8 (3) 8 -0,036387 (25)
1, 1+ 0 0.80013 870.9 (2.5) ég” + %gl -0.07140 (21)
3,5 1+ 0 0.80013 729.5 (7) %g" * égl -0.059805 (57)
3, #2031 0.80013 729.8 (7) %g” + %gl -0.059830 (57)
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widths of ~9 and 4% kHz for Jx = 1, and 2,, respectively, were dominated by the
hyperfine contributions Avyyp. The three multiplets with linear Stark effect came
in the hundred MHz region and the observed widths were dominated by the in-
homogeneity contribution Awg.

The measurements of the g factors are summarized in Table III. The two values
of o aoree. ac do the two values nf o . for , = 3... The Leit for J. = 1., is nf

Vi 6L Aeitl, as uL ul VaAiwls Seff 191 243. 208 Heff 2V VK +1 12

much lower accuracy and serves primarily to establish that g;/g, > 0. The final
values for g, and g, are given in Table I. The absolute sign was taken from the
avoided-crossing study (75).

The determination of (x; — x.) was made from the spectra for Jx = 1, and 2,
using Eq. (13). The values obtained were —69.6(4.7) and —68.4(5.5) kHz/T?,
respectively. The average is given in Table I, as is the molecular quadrupole moment
O, calculated from Eq. (14) of Ref. (4). The value of B, used is given above in
Section I1.2. The value of A4, used is 56 300 MHz, as calculated from the structure
(31). The uncertainty in A, is negligible because the error in Oy is determined
entirely by the error in the (x; — x.) contribution. Oy is small and has a relatively
large error because the g factor and susceptibility contributions differ in magnitude
by only ~10% and have opposite signs.

A previous microwave study of the (J/ = 0 — 1, K = 0) line of CH,SiH; yielded
values of g; and (x; — x.) (32). As can be seen from Table I, the microwave and
beam values of (x; — x,) agree, but the two values of g, differ by over 4 times
the quoted error. The microwave study included as well the (J =1 — 2, K = 1)
line of CH;SiD,. It was concluded that g,/g, < 0; since this ratio will have the

same sign in CH,;SiH; as in CH;3SiD;, this conclusion is in disagreement with the
present work which finds both g factors have the same sign. One possible reason
for the disagreement is the dlstortion of the microwave spectrum by the translational
Stark effect, as discussed in Ref. (33).

The form of the Zeeman energy adopted here from Ref. (4) is strictly valid only
in the limit of infinite barrier. This form must be modified to take into account the
internal rotation (34). An analysis similar to that given in the Appendix for the
dipole moment has been carried out. At the level of accuracy attained here in the
Zeeman measurements, the magnitudes of the “torsional g factors” which char-
acterize these modifications need only be smaller than |gy| and |g,| themselves in
order that these torsional corrections not affect the current results. The only change
required is to reinterpret gy and g, as effective values for the ground torsional state

tho that intarnal ratatian lande 4 Hu. el of an affa
in tne same sense tnat internai rotation ieaas to 1uuuuuvuuu OI an cucbuvc D

value B for each torsional state (14, 23).
APPENDIX

In order to discuss the effect of internal rotation on the Stark effect, it will be
necessary to introduce some notation (12, 23). When the height ¥ of the threefold
barrier to internal rotation is lowered from co, the relative angle o between the
methyl top and the silyl frame is no longer fixed. The two groups undergo small
torsional oscillations about the symmetry axis and a new angular momentum must
be introduced. This is represented by p in the internal axis method (35). To uniquely
label all the energy states, there are now introduced two new quantum numbers:
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v=0,1,2...specifying the torsional level and ¢ = 0, +1, —1 labeling the sublevels.
If K # 0, then lowering V, from oo causes the zero-field energies to split into three
groups according to whether Ko equals zero, is positive, or is negative. If K = 0,
the splitting is into two groups; the (¢ = +1) and (¢ = —1) levels remain degenerate,
but are shifted away from the (¢ = 0) levels.

In the analysis used in Section I1.2, it was assumed that the ¢ dependence of the
Stark effect is negligible. However, two different effects can introduce such a de-
pendence. The first results directly from the splitting just mentioned. In the second
order Stark effect E{¥, the energy denominators for a symmetric rotor without
internal rotation are proportional to B, (4, 10). Here, the ¢ splitting in the zero-
field energies can be taken into account by replacing B, with an effective rotational®
constant B, x, with v = 0. This is defined in Eq. (12.115) of Ref. (23). Between
one ¢ state and another, the fractional change in the second-order contribution
@ to the measured frequencies will equal the fractional change in B g, which
was estimated to be <25 kHz out of 10 GHz or 2.5 ppm (/4). Since the largest

¥? is ~50 MHz, this particular source of ¢ dependence is indeed negligible. The

aln f R A Qant
value of B, used in Section IL.2 is the average of By, over the different (X, o)

levels in the ground torsional state.

The second mechanism which can introduce a ¢ dependence in the Stark effect
is a change in the dipole operator itself. A detailed analysis was not carried out,
but rather the form of the changes were deduced by simple group theory. The
complete linear Stark effect can be written:

ES) = —(po + ﬂg<(1/2)(1 — Cos 3a)>v,Ka + ﬂ2<Pz>uku)6mJK/J(J + 1)
—(ul + (uf — DK/ HJ + 1)EmLp)oi.o
—u6mK — u m; K[ J(J + 1), (A-1)

Here ( )., indicates the diagonal matrix element in level (v, K, ¢) (35, 15). The
four new constants uf, uJ, uf, and u! introduced by internal rotation are empirical
torsion dipole parameters. A similar expression was used recently to discuss the
effective dipole moment in the asymmetric rotor CH;OH (36). Terms corresponding
to uf and p] have been introduced for C,Hg (37). In the original treatment of the
effect of internal rotation on the Stark effect in symmetric rotors (38), terms similar
to ud, p¥, and p] were included, but the term corresponding to uf was omitted.
Equation (A-1) is similar to the corresponding expression for the rotational energy.
The coefficient of —6m,K/J(J + 1) in Eq. (A-1) can be considered to be the
effective dipole moment u,x, for state (v, K, ¢) in analogy with the effective
rotational constant B, k.

The contributions to E{Y from u§ and u! will be considered first. The values of
the corresponding matrix elements were calculated using the results of our internal
rotation study (15). For v = 0, the averages over all three o states and all X from
1 to 5 were {(1/2)(1 — cos 3a)), = 0.0886 and {p*)o = 5.76. The scatter in each

3 Following the usual conventions (12), the quantum number dependence is written K, ¢ even though
the actual dependence is on K and the product Ka.
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of these averages was ~350 ppm; both the dependence on K and that on o are
very weak. As pd and ] are increased in magnitude from zero, the first effect that
appears in the spectra is a slow extra variation of the frequencies »(J, K, m,) with
K. If [ud] = 0.13 D, this variation is ~ the experimental error in we. For |[u]|, the
corresponding limit is 0.0014 D. Preliminary microwave measurements on the dif-
ference between the dipole moments for (v = 0) and (v = 2) indicate that both
|ud| and |u]| are the order of or smaller than their respective limits. As a result,
the only change introduced in the current analysis is the reinterpretation of g, in
Table I as the effective dipole moment for the ground torsional state:

T = po + ub((1/2)(1 — cos 3a))o + u1{p>0 . (A-2)

Now the contributions of ! and (] — u]) in Eq. (A-1) will be considered. Here
a new dependence on J and K is introduced in addition to that which enters through
the torsional matrix elements. A least-squares fit to the data in Table II was made
adding p! and (u] — ul) to the set of parameters being varied. This yielded u]
=0.6(2.3) mD and (uf — u1) = —1.3(3.4) mD. The four original Stark parameters
were virtually unchanged and the standard deviation of the fit was not improved.
It is clear that these two constants do not affect the current experiment.

One curious feature of Eq. (A-1) is that a linear Stark effect is predicted for K
= 0 due to u]. This, of course, occurs only for ¢ = +1, where the required degeneracy
exists; for ¢ = 0, this term vanishes because (p), xo = 0. Furthermore, this unusual
Stark effect for ¢ = %1 is independent of J. For K = 0, the normal moment gives
a second order Stark effect which drops rapidly with J. For high J and K = 0, the
relative effect of the term in p] is magnified. A study of the conventional MBER
spectrum (35, ¥1 — 0) showed that |u!| < 1.2 mD, a limit which is ~ a factor of
2 smaller than the error in k! from the least-squares fit mentioned above.
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