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The microwave spectrum of SiH381Br has been reanalysed in the frequency range 8 —40 GHz
under high resolution. From 64 observed hyperfine transitions improved values for the rotational
constant B = 4292646.2(4) kHz and the quadrupole coupling constant eqQ = 279825(5) kHz
were obtained. Furthermore the centrifugal distortion constants Dy = 1.81(1) kHz and D x =
29.19(4) kHz and the spin-rotation constants Cy = — 2.32(40) kHz and Cx = —34.2(11) kHz
were determined. From the values of Cy and Ck the 8!Br nuclear shielding tensor is calculated.
An improved value of | x| = 1.319(8) D is given for the molecular electric dipole-moment.

Introduction

When we started an investigation of the mole-
cular Zeeman effect of SiH38!Br, we realized that,
although its rotational spectrum had been investi-
gated several times?, the transition frequencies have
not been reported yet. To achieve higher accuracy
in our Zeeman study, we therefore decided to re-
investigate the rotational spectrum of SiH381Br in
the frequency range 8 —40 GHz under high resolu-
tion. We observed all possible J —.J -1 transitions
(64) with J=0,1,2,3; K=0,1,2,3; F—-F+1
and F —F. With the high resolution obtained here,
we were able to determine the centrifugal distor-
tion constants Dy and Dygk. as well as the two
spin-rotation coupling constants C'x and Cg, which
were not known so far.

Experimental

Silylbromide was prepared by reaction of Hydro-
genbromide with Phenylsilane at — 78 °C 2. Because
SiH3Br readily reacts with water to form Disiloxane
((SiH3)20) and Hydrogenbromide, great care had
to be taken to remove traces of water adsorbed at
the walls of the waveguide cell. Despite these pre-
cautions, once admitted to the cell the sample
decayed in the course of an hour.

So the cell was refilled about every 30 minutes.
The spectra were recorded with a microwave spec-
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trometer of the Hughes-Wilson type3 described
previously 4 5. Phase stabilized BWO’s as radiation
sources and 33 kHz square wave Starkeffect modu-
lation were used throughout. An 8 metre double
width X-band absorption cell® was used to reduce
the effect of wall-broadening and to provide a suffi-
ciently uniform Starkfield over the absorption
volume. The sample pressure was about 0.5 mTorr
and the cell temperature about — 70°C. The ob-
served halfintensity halflinewidths were on the
order of 30 kHz as can be seen from a recording of
the J »J'=0—-1, K=0, F->F = 3/2 — 3/2
transition shown in Figure 1. This can be compared
with a Gaussian- and Lorentzian lineshape function.
Linebroadening is produced by the effects of:
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Fig. 1. High resolution recording of the J —J" = 0 — 1,
F—~F =3/2-3/2, K =0 rotational transition of
SiH381Br. From a comparison between the experimental
recording (upper trace), the Gaussian lineshape function
calculated with a halfintensity halflinewidth (hhw) of 30 kHz
(lower unbroken line) and the Lorentzian lineshape function
calculated with a hhw of 25 kHz (lower broken line) it is
seen, that the first type reproduces the observed lineform
much better, than the second.

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fiir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal

Creative Commons Lizenzbedingung ,Keine Bearbeitung“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



K.-F. Déssel und D. H. Sutter - The High Resolution Rotational Spectrum of SiH;®'Br

Dopplerbroadening, which can be calculated to be
2 (4v)p = 8 kHz, wall broadening, which is approx-
imately 2(Av)w = 30 kHz, pressure broadening
2(Av)p = 10 kHz and modulation broadening. Of
these four effects, the first one is reproduced by a
Gaussian- and the following two by a Lorentzian
lineshape function. The effect of modulation broad-
ening can not be described by any simple function.
From Fig. 1 is seen, that the observed lineshape is
reproduced by a Gaussian type of lineshape function
very well. We therefore used this type of lineshape
function to analyse the lineform of two unresolved
transitions shown in Figure 2. Figure 2 shows the
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Fig. 2. High resolution recording of the J —J =1 — 2,
F—F =3/2—5/2 and 5/2—>7/2, K =0 rotational
transition of SiH381Br (upper trace) and Gaussian lineshape
function calculated with a halfintensity halflinewidth of
30 kHz (lower trace). The comparison between both is
shown in an enlarged scale in the lower part of this picture.
It is seen, that the splitting of the two transitions although
not resolved, can be determined to better than 5 kHz.

observed and calculated lineform of the J—J' =1
-2, K=0, F-F'=3/2—5/2 and 5/2—7/2 tran-
sitions, which are 36 kHz apart. With the experi-
mental halfintensity halflinewidth of 30 kHz these
lines would begin to appear separated, if they were
of equal intensity. Nevertheless it can be seen from
the plot of obs-calc in the lower part of Fig. 2, that
the splitting is determined to better than 5 kHz.

Theory

For the vibrational groundstate the energy levels
of the effective rotational Hamiltonian may be
approximated as:
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The Eqs. (1a) and (1b) represent the rotational
energy including centrifugal distortion up to the
fourth order?. Equation (1¢) gives the quadrupole
interaction energy up to the third order8.9.10,
Y ,7,F) is Casimir’s function. The contribution
from the second order term is quite important,
giving rise to line-shifts up to 500 kHz, whereas the
third order term only gives rise to lineshifts below
2 kHz and has been neglected. Equation (1d) gives
the spin-rotation interaction term, resulting from
the magnetic coupling of the quadrupole nucleus to
the rotating molecule8.9:11. Cg is the principal
value of the coupling along the symmetry axis and
Cy is the principal value normal to this axis. The
contribution from this spin-rotation interaction
term to the observed line frequencies is up to 90 kHz
for SiH381Br. Wgg is the 1H-81Br spin-spin inter-
action term8.9, which would lead to a further
splitting of the observed lines, if it were important.
Since thisis not observed, this term can be neglected.
Houghen12 showed, that if centrifugal distortion
is important, the quadrupole coupling ’constant”
used in Eq. (1c) is no longer constant for all rota-
tional states, but has to be expanded in the form

eqQ = yo+ ysJ (J +1) + yx K? (2)

K24K2—1)
and the extra term yq4 WT
to be added. These new centrifugal distortion con-
stants are very small and if included in the fit, their

uncertainties become bigger than their values.

(1,7,F has
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Table 1. Microwave spectrum of SiH381Br. The observed
frequencies (MHz) are compared to the values calculated
from the molecular constants listed in Table 2 according to
Equation (1).

J K F—F Yobs obs-cale
0 0 3/2 5/2 8 571.379 0.001
0 0 3/2 3/2 8 641.397 0.000
0 0 3/2 1/2 8 515.515 0.002
1. 0 5/2 17/2 17 164.566 — 0.002
1 0 3/2 5/2 17 164.531 — 0.002
1 0 1/2 3/2 17 240.678 0.006
1 0 5/2 5/2 17 234.546 — 0.006
1 0 3/2 3/2 17 114.791 0.003
1 0 1/2 1/2 17 170.524 0.002
1 1 5/2 17/2 17 153.484 — 0.002
1 1 32 5/2 17 223.640 0.006
1 d 1/2 3/2 17 135.758 — 0.005
1 1 5/2 5/2 17 188.588 0.003
1 1 312 3/2 17 198.683 0.002
1 1 1/2 12 17 100.898 0.006
2 0 72 9/2 25 752.3672 — 0.005
2 0 5/2 7/2 25752.3672 0.011
2 0 3/2 5/2 25 769.594 0.004
2 0 1/2 3/2 25 769.721 0.011
2 0 72 7)2 25 822.335 — 0.004
2 0 5/2 5/2 25 719.841 — 0.005
2 0 3/2 3/2 25 699.560 0.000
2 1 7/2 9/2 25 748.045 0.002
2 1 52 17/2 25 765.466 0.004
2 1 3/2 5/2 25 765.974 0.002
2 1 1/2 3/2 25 748.393 — 0.011
2 1 72 72 25 800.564 0.002
2 1 5/2 52 25741.016 — 0.003
2 1 3/2 3/2 25 713.530 — 0.003
2 2 7/2 9/2 25 735.018 0.003
2 2 52 17/2 25 805.089 — 0.006
2 2 3/2 5/2 25755.143 — 0.006
2 2 1/2 3/2 25 685.240 — 0.003
2 2 7/2 7/2 25 735.107 — 0.011
2 2 5/2 5/2 25 804.941 0.002
2 2 32 32 25 1755.347 — 0.007
3 0 9/2 11/2 34 338.5952 — 0.005
3 0 72 9/2 34 338.5952 0.004
3 0 5/2 17/2 34 346.666 0.000
3 0 3/2 5/2 34 346.706 0.009
3 0 9/2 9/2 34 408.558 0.000
3 0 7/2 72 34 314.158 0.002
3 0 5/2 52 34 276.671 0.004
3 1 9/2 11/2 34 336.367 0.010
3 1 72 9/2 34 343.315 — 0.006
3 1 5/2 17/2 34 346.959 0.001
3 1 3/2 5/2 34 339.925 — 0.010
3 1 9/2 9/2 34 395.841 0.001
3 1 72 17/2 34 322.515 0.000
3 1 5/2 5/2 34 287.500 0.005
3 2 9/2 11/2 34 329.610 — 0.007
3 2 72 9/2 34 357.544 — 0.009
3 2 5/2 172 34 347.818 0.002
3 2 3/2 5/2 34 319.727 0.002
3 2 9/2 9/2 34 357.651 — 0.006
3 2 7/2 7/2 34 347.665 0.005
3 2 5/2 5/2 34 319.924 — 0.006
3 3 9/2 11/2 34 318.352 — 0.000

3 not resolved.

The High Resolution Rotational Spectrum of SiH%Br

J K F — F’ Vobs obs-cale
3 3 72 9/2 34381414 0.007
3 3 52 17/2 34 349.184 0.003
3 3 3/2 5/2 34 286.308 0.006
3 3 9/2 9/2 34 293.926 0.006
3 3 72 7/2 34 389.792 0.007
3 3 52 5/2  34373.805 —0.010

(7, xx and yq are calculated to be yy = —0.9 +
0.8kHz, yx =2.8 4 3.8 kHz, y3= — 1.8 4- 1.6 kHz).
In the final fit they were set to zero.

The molecular constants, which were obtained
from a least squares fit to the observed spectrum,
are listed in Table 2.

Table 2. Molecular constants (all values in kHz) derived
from a least squares fit to the spectrum of SiH381Br listed
in Table 1. Uncertainties (in parenthesis) give one standard
deviation and refer to the last figure quoted.

B 4292646.2 )
Tw 29.19 4)

m 1.81 (1)
eqQ 279825. (5)
O — 2.32 (40)
Ck - (11)

Table 3. 81Br nuclear magnetic shielding tensor elements
in SiH3%'Br (in ppm) as calculated according to Egs. (6),
(7), and (8). The given uncertainties for ¢ paramagnetic
arise from the single standard deviations for Cx and Cy.
Uncertainties in the structure determination were neglected.

o total o paramagnetic o diamag.
netic
g 2789 — 430 (55) 3219
ol 2874 — 277 (8) 3151
gov=1/3 (o + 20,) 2817 — 379 (39) 3196
do=o0, — 0 —85 — 153 (63) 68

The Molecular Electric Dipolemoment

The molecular Starkeffect has been measured for
the transitions J—J =0—1, F—F' =3/2—>3/2
and 3/2 - 5/2 with K = 0, AK = 0 and AMp=0.
Because the zerofield hyperfine splittings (see
Table 1) are much bigger than the Starksplittings
(see Table 4) the formula given by Fano!3 for the
weak field case was used to determine the dipole-
moment from the observed Starkshifts. From the
last column of Table 4 it is seen, that this works
quite well except for the transition J —J =0—1,
F—>F =3/2-5/2, K=0, Mp= - 3/2 where the
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Table 4. Stark satellites of the J —J =01, K =0,
F — F’, AMp = 0 transitions of SiH381Br.

F —F’ V/ema + Mg Av/MHz obs-cale/MHz
3/2 — 3/2 423.4 1/2 2.34 0.01
635.1 1/2 5.33 0.08
846.8 1/2 9.36 0.03
1058.5 1/2 14.50 — 0.08
423.4 3/2 3.80 — 0.01
635.1 3/2 8.51 — 0.05
846.8 3/2 15.06 — 0.16
1058.5 3/2 23.67 —0.11
3/2 —5/2 529.3 1/2 5.99 0.04
635.1 1/2 8.55 — 0.01
741.0 1/2 11.70 0.05
846.8 1/2 15.19 — 0.03
1058.5 1/2 23.81 —0.03
529.3 3/2 5.01 —0.07
635.1 3/2 7.09 —0.23
741.0 3/2 9.54 —0.42
846.8 3/2 12.18 —0.83
1058.5 3/2 18.96 —1.37

a The uncertainty in the electric field calibration is --0.29(,.

observed shifts are systematically too small. They
therefore have not been included in the fit. The
dipolemoment was calculated by a least squares fit.
Because deviations from the weak field case might
become important at higher electric fields, the ob-
served shifts have been weighted by the inverse of
the applied field. The value of | x| = 1.319--0.008 D
obtained in this fit is in good agreement with earlier
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measurements (1.31+0.03 D14 and 1.32 + 0.03 D15,
The spectrometer was calibrated using OCS with
= 0.71521 D as standard 16,

Spin Rotation Coupling and Nuclear Magnetic
Shielding for $1Br

The observed spin rotation coupling constants Cx
and Cy (see Table 2) may be used to predict values
for the hitherto unknown elements of the nuclear
magnetic shielding tensor for the 8!Br nucleus in
H3Si81BI‘, i.e. for O||Br and 0| Br-

For the convenience of the reader we briefly recall
the underlying theory. Within the phaenomenologi-
cal rotational Hamiltonian the presence of a nuclear
magnetic moment at the k-th nucleus leads to the
following contribution *:

Hrg=—px (1 —ox) H— I -Mg-J (3)

i = g un Iy with uy = *2";%
= nuclear magneton,
gr = nuclear g-factor (g5 = 2.2709) for 81Br),
I, = spin vector measured in units of #,
6; = nuclear shielding tensor for the £-th nucleus,

H = vector of the exterior magnetic field (H = 0
for the present investigation),

My = spin-rotation coupling tensor for the k-th
nucleus.

For 81Br, situated on the symmetry axis of the H3Si81Br molecule, My is diagonal:

Myg O 0 M, 0 0
Mz = Mpr= 0 Myp 0 |=| O M, 0 ).
0 0 M, 0 0 M,
This leads to: —I-M-J=—{IgJa(My— M)+ I-JM,} (4)

with the following matrix elements in the coupled basis:

—(F,I,J,K,Mg| I-M-J|F,1,J,K, Mp)— —

FF+1)—IT+1)—JWJ+1)

2J(J £ 1) - K2(M,— M,)
FF4+1)—II+1)—J(J+1
LRV ES (LER TR AL PV 5

Comparison with Eq. (1.d) shows that Ck is equivalent to M;/h and that Cy is equivalent to M  /h.
For the prediction of the shielding tensor from the measured M| and M, values one needs the theo-
retical expressions for the M and o tensor elements. Within the rigid rotor model these are given by17.18:

* We note that our choice of sign for the spin rotation tensor is consistent with that in Ref.1l whereas the opposite

sign is used in Refs. 8,9 and 17.
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The symbols have the following meaning (all quan-
tities in cgs units) e = proton charge, m = electron
rest mass, Iz, = molecular moment of inertia about
the a-principal axis, Z, = atomic number of the
y-th nucleus, ¢ = velocity of light, ryx = (ay — ag)
- eq + (by — bx) ep + (¢y — ci) e = vector pointing
from the k-th nucleus to the »-th nucleus (eq, ey,
e, = unit vectors in direction of the principal
inertia axes), b,y = b, — by etc.

h 0 0
Laek = (bek Pee — Cek Pve) = r's belc‘ace’ — Cek aibe

operator corresponding to the a-component of the
angular momentum of the e-th electron relative to
the spin carrying k-th nucleus.

From the known structure! and the measured
M- and M -values it is thus possible to calculate
the perturbation sum in Eq. (7) which leads to the
value of o(?) in Equation (6). The diamagnetic con-
tribution ¢(@ which involves the average over the
spatial electron distribution in the electronic ground
state, may in principle be calculated from the
knowledge of the ground state molecular wave-
functions. Instead we will use the empirical ap-
proach by the atom dipole approximation proposed
by Gierke and Flygare19. Within this approach we
approximate ¢(@ by:

62 nuclei ZV

@ __ =(d) I . b2 2
G, 1. — O 5 + + C
aak aak 2 m 2 r;k r?k ( vk vk)

g2  nuclei (E ggzﬁ _(b?kicg]”)<92>v) 8)

Y)Y 5

3 -
2mc? 3 3 Tyk vk

(and cyclic permutations),

where the necessary parameters %, and (%) are

taken from Ref.11, Tables XIII and XIV. In Eq. (8)

the first and most important term is the free atom
contribution (6\%};, = 3121 ppm). The second term
is the contribution of the electrons assigned to the
different atoms in the molecule if they were re-
placed by point charges at the positions of the
nuclei. The third term, called “quadrupole term”,
arises because the electronic charge distribution on
the »-th nucleus is not a point charge but is spatially
extended. For ¢'?) its contribution is only 4 ppm.
The “dipole term” (part IIT in Eq. (14) of Ref.19)
was neglected because no (g)-values for Si are
available at present. Since in general the dipole
contributions are found to be quite small (less than
a few ppm), its neglect appears to be tolerable. In
Table 3 we have listed the thus predicted dia-
magnetic, paramagnetic and average nuclear
shielding tensor elements.

In a subsequent paper on the molecular rotational
Zeeman effect of H3Si81Br we shall compare the
values of the nuclear magnetic shielding tensor as
determined there with those predicted here.

Discussion

From the value of Oy = —13.2 kHz given for
CH381Br20it is possible to calculate the paramagne-
tic contribution to the nuclear shielding tensor of
CH381Br. Using Eq. (8) we calculate o® =
— 882 ppm. It is now realized that ¢(® is more than
twice as big for CH3Br than for SiH3Br. Since both
molecules have a similar structure:

r(C-Br) =1.939 A2l »(Si-Br) =2.210A1,
this might be explained by an increase in the aver-

age electronic excitation energy in going from
CH3Br to SiHgBr. In a recent study of the vacuum
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UV-spectrum of SiH3Br it has indeed been observed
that the first electronic absorptions of SiH3Br are
higher in energy than the corresponding transitions
in CH3Br22, The authors explain this by dn—pxn
(Si-Br) interactions. Since these interactions are
withdrawing electrons from the Br-nucleus towards
the Si-atom, the matrix elements in the numerator
of Eq. (6), which are weighted by the cubic inverse
of the electron’s distance from the Br-nucleus, are
likely to become smaller again reducing the value of
o®. Our results thus are in line with the idea of
dn — p= (Si-Br) bonding as it is proposed to ex-
plain the Si-Hal bond distances 23, UV-spectrum of
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SiH3Br22 and 81Br quadrupole coupling constant 26.
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