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The microwave spectra of 15N- and 13C-substituted SiH3NCS were recorded in the frequency 
region between 8 and 40 GHz. Combining the resulting rotational constants with values obtained 
previously for other isotopic species, the complete restructure of the heavy atom chain could be 
determined. This leads to the following rs-bond distances: rC-S = l-574s A, r\_c = 1.2208 Ä, 
and rsi-N = 1.6725A. From Stark effect splittings the electric dipole moment of the most abun­
dant species was determined for the ground vibrational state and for the first excited state of the 
lowest frequency bending vibration r10 . The values are (t>10=0 | [iz | i>io=0) = 2.38 + 0.02 D and 
(r10 = l, 1 = 1 \ [Xg\vi0 = \, 1 = 1} = 2.36 ±0.02 D. The direction of the dipole moment is discussed. From 
the quadrupole hyperfinestructure of the 7 = 2->/' = 3 rotational transition the 14N-quadrupole 
coupling constant could be determined as £zz=0.75 MHz. The experimental results are compared 
to CNDO/2 calculations.

T h e  M ic ro w av e  S p e c tru m  o f S ily liso th io cy an a te , S iH 3N C S

Introduction

Silylisothiocyanate provides an interesting ex­
ample for the study of the SiN-bond. As is known 
since the work of Kewley et al. 2 the molecule is a 
symmetric top with a linear arrangement of the 
heavy atom chain. This result may appear surprising 
at first sight, since the simple nonpolar valence for­
mula (I) with an sp2 hybridized nitrogen atom 
would imply a bent structure. (Such a bent structure 
has indeed been found for the related molecule 
HNCS with a bond-angle <£ H -  N -  C = 135° 3.)

(I) (II)
_  e  ©

/N  = C = S | H3Si = N = C = S| 
H3Si ~

(III)
© ©_

H3Si -  N =  C -  Sj

It is however possible to draw two more valence 
formulae (II) and (III), both highly polar, which 
would favour the observed linear arrangement of the 
Si — N — C — S-chain. Since the limiting mesomer 
forms (II) and (III) would lead to different bond 
distances and to opposite polarities of the molecular 
electric dipole moment, it was desirable to determine 
a complete restructure 4 of the Si — N — C — S-chain 
together with the electric dipole moment. We there­
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fore analyzed the microwave rotational spectra of two 
more isotopes, H328Si15N12C32S and H328Si14N13C32S, 
yielding accurate rotational constants B0 and centri­
fugal distortion constants Dj and Z)jk for both iso­
topes. Furthermore vibronic expectation values for 
the z-component of the molecular electric dipole 
moment were determined for the vibrational ground 
state and for the first excited state of the degenerate 
bending vibration v10 . (The z-axis points into the 
direction of the molecular symmetry axis.) In 
addition we have analyzed the 14N nuclear quadru­
pole hyperfine structure of the rotational transitions, 
which provides information on the immediate elec­
tronic environment of the 14N nucleus. A discussion 
of the experimental results, including a comparison 
with the results of CNDO-calculations 5 is given at 
the end of this paper.

Experimental

The samples were prepared by streaming H328SiBr- 
vapour through tubes packed with Ag32S12C15N and 
Ag32S13C14N resp. The latter compounds we pre­
pared by smelting K12C15N (K13C14N) with sulfur, 
taking up the melt in dilute H2S04 and precipitating 
Ag32Si2Ct5N (Ag32S13C15N) by addition of AgN03 .

Since H3SiNCS readily reacts with water, rests of 
water adsorbed to the walls of the waveguide ab­
sorption cell had to be removed by pumping the cell 
at -f 90 °C for several days. The spectra were re­
corded with a microwave spectrometer of the Hughes- 
Wilson type 6 described previously 7' 8. Phase stabi­
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lized BWO's as radiation sources and 33 kHz square 
wave Stark effect modulation were used throughout. 
Double width X-band absorption cells9 were used 
to provide a sufficiently uniform Stark-field over 
the absorption volume. Typical recording conditions 
were: sample pressures about 5 mTorr and cell tem­
peratures about — 65 °C. For the dipole moment 
determinations involving first order Stark-effects, 
the standard Square wave generator 10 was replaced 
by a function generator (Hp 8005A) in order to 
provide high quality zero based squares below 10 V, 
peak to peak.

For the vibrational ground state the energy levels 
of the effective rotational Hamiltonian may be ap­
proximated as 11:
WJK = h[B0( J ( J + l ) - K 2)+ A K * -D KK* (1) 

-  Dj r-{] + 1)2 -  Djk J(J + 1 ) £ 2] + jfhfs .

In Eq. (1) B0 is the effective rotational constant for 
the ground vibrational state. D ^ , Dj and Djk are 
small centrifugal distortion constants. J and K are 
the quantum numbers for the square of the overall 
angular momentum, (P2} = h  J (J + 1), and the com­
ponent of the angular momentum in direction of the 
molecular symmetry axis, (Pz) = h K . JFhfs stands

for the 14N nuclear quadrupole hyperfine contri­
bution. In Silylisothiocyanate it is rather small and 
may be neglected for higher J transitions (see 
below).

Since there is no electric dipole moment com­
ponent perpendicular to the molecular symmetry 
axis in the vibrational ground state, the electric field 
vector of the incident microwave radiation has no 
lever to produce a torque about the figure axis and 
K is left constant during transitions. For J quantum 
mechanics leads to the electric field dipole selection 
rule A] = i  1. Thus neglecting the 14N hyperfine 
contribution for a moment Eq. (1) leads to the fol­
lowing frequency expression which was used to fit 
B0, Dj and D JK to the observed spectra by a least 
squares procedure.
vj,K-+j + hK = 2B0( J + l ) - 4 D j ( J  + l)*

- 2 D j k (J + 1)K*. (2)

Since Dj is very small in both molecules, high /  
transitions listed in Tab. 1 were used to determine it 
accurately. In Tab. 2 the resulting rotational con­
stants and centrifugal constants are given for both 
molecules. From these the lower /  transitions are 
reproduced within a few kHz, i. e. within the experi-

Table 1. Microwave spectra of 13C and 15N substituted Silylisothiocyanate. The observed frequencies (MHz) are compared 
to the values calculated from the molecular constants listed in Table 2 according to Equation (2).

SiH3N13CS
/-+ / ' 8 -> 9 9->10 10-»11 11-+12

K obs o—c obs o —c obs o—c obs o —c
0 27254.83 0.00 30283.09 0.00 33311.35 0.03 36339.54 0.00
1 27254.10 0.02 30282.27 0.02 33310.48 0.07 36338.54 0.00
2 27251.82 0.00 30279.70 -0.04 33307.63 — 0.01 36335.47 -0.06
3 27248.08 0.02 30275.57 0.00 33303.03 -0.02 36330.51 -0.01
4 27242.79 0.00 30269.66 -0.06 33296.66 0.04 36323.48 -0.02
5 27236.03 0.00 30262.19 -0.01 33288.28 -0.08 36314.48 0.00
6 27227.73 -0.03 30252.94 -0.07 33278.23 -0.01 36303.45 -0.01
7 27217.97 -0.02 — 33266.33 0.02 36290.44 0.00
8 — 30229.59 -0.04 33252.52 0.00 36275.41 0.01
9 30215.47 0.04 33236.91 0.00 36258.36 0.00

SiH315NCS
/-+ / ' 8 —>-9 9-+ 10 10-► 11 11-+ 12

K obs o —c obs o—c obs o —c obs o —c
0 — 30290.72 0.01 — —
1 — 30289.89 0.03 33318.73 -0.04 —
2 27258.67 0.03 30287.31 -0.01 33315.95 —0.02 36344.53 -0.08
3 27254.84 0.01 30283.07 -0.01 33311.34 0.02 36339.51 -0.02
4 27249.48 -0.02 30277.16 0.00 33304.79 —0.01 36332.44 0.02
5 27242.66 0.02 30269.52 -0.02 33296.48 0.06 36323.32 0.04
6 27234.26 -0.01 30260.25 0.02 33286.12 —0.06 36312.10 -0.01
7 27224.35 -0.01 30249.23 -0.01 33274.06 -0.02 —
8 — — 33260.15 0.02 —
9 — — 33244.32 0.00 —
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Table 2. Rotational constants and centrifugal distortion con­
stants of silylisothicyanate. The values for the 13C- and 
15N-isotopic species result from a least squares fit to the 
spectra listed in Table 1. The values for the most abundant 
species are taken from the work of Dössel and Robiette 12.

Isotopic species Z?()/MHz Djk/kHz Dj/kHz

28SiH314N12C32S 1516.040(1) 41.958(6) 0.087(4) 
28SiH315N12C32S 1514.552(1) 42.30(1) 0.086(6) 
28SiH314N13C32S 1514.169(1) 41.76(1) 0.074(6)

(Numbers in brackets give one standard deviation in units 
of the last significant figure.)

mental uncertainty. Also listed in Tab. 2 are the cor­
responding values for the most abundant species 12 
which are needed for the restructure determination.

The Ts-Structure of the Si—N — C — S Chain

From the differences in the ß0-values for the 15N- 
and 13C-isotopes with respect to the B0 value of the 
most abundant species it is possible to determine 
the center of mass distances of the substituted atoms 
(referred to the center of mass of the most abundant 
species) via

rs = ] / " ( / l - Z J /m .  (3) 13

In Eq. (3) the symbols have the following meaning:
I^ = h /8 r2 B0 is the molecular moment of inertia 

about the principal inertia axis perpendicular to the 
symmetry axis. The prime indicates the substituted 
species.

m = [M AM/ (M + AM) ] with M = molecular mass 
of the unsubstituted species and AM = M' — M the 
change of the molecular mass upon substitution.

Equation (3) follows from the rigid rotor model 
with atomic masses located at the positions of the 
nuclei. Since only the difference of the effective 
moments of inertia enters into the expression, vibra­
tional effects cancel largely and the deviations of the 
revalues from the equilibrium values, re , are usually 
below 0.005 Ä 13.

With the B0 values given in Tab. 2 the Eq. (3) 
leads to the following center of mass distances for 
nitrogen and carbon respectively:

rs(N) = 0.5764 (2) Ä, rs(C) = 0.6444 (2) Ä.

The numbers in bracketts give one standard de­
viation calculated from the experimental uncertain­
ties in the B0 values i. e. they do not include esti­

Fig. 1. Absolute value of the electric dipole moment, 'fA'j 
and restructure of silyl-isothiocyanate. The experimental un­
certainties of the rs-bond-distances are below 5-10~4 A. Since 
vibrational effects tend to cancel in the equations used for 
the restructure determination, the rs-bond-distances are be­
lieved to come close to the equilibrium distances with typi­
cal deviations between rs- and re-values on the order of 

5 • 10~3 Ä 13.

mates on possible vibrational effects causing de­
viations of the rs values from the corresponding 
equilibrium values! Now using the ^-distances de­
termined by Dössel and Robiette for silicon and 
sulfur, all bond distances in the Si — N — C — S-chain 
can be calculated. The resulting complete restruc­
ture is given in Fig. 1 where the data for the Silyl- 
group are taken from the work of Kewley et al. 2.

The Molecular Electric Dipole Moment

The absolute value of the vibrational ground 
state expectation value of the molecular electric di­
pole moment was determined from the first order

Table 3. Vibrational ground state Stark satellites for the 
K=3, 7 = 3 —» = 4 and K=0, 7=2 — 7' = 3 rotational 

transitions of the most abundant isotopic species.

Rotational transition Rotational transition
K = 3, 7=3 — 7'= 4 K = 0, 7 = 2 —7' = 3
Electric Mj Stark- Electric Mj Stark-
field shift field shift
[V/cm] [MHz] [V/cm] [MHz]

31.67 3 11.34 438.2 0 -2.36
31.76 -2 -  7.56 487.3 0 -2.87
31.76 -3 -11.37 591.3 0 -4.20
42.34 2 10.15 684.4 0 -5.57
42.34 1 5.05 781.4 0 -7.39
42.34 -1 -  5.05 848.1 0 -8.79
42.34 -2 -10.15 340.4 2 2.62
52.93 2 12.67 388.9 2 3.43
52.93 -2 -12.63 440.8 2 4.43
63.87 2 15.27 487.3 2 5.35
63.87 -1 -  7.64
63.83 -2 -15.32
74.12 -1 -  8.88
74.12 -2 -17.78
84.70 -1 -10.09
84.70 -2 -20.15

HaSi NCS 
LMI = 2.38 2] D
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Fig. 2. Frequency versus Stark field plot of the Stark-effect 
satellites of the !X| = 1, /= 2 -+ /' = 3 Z-type doublet in 
the first excited state of the degenerate bending vibration 

. As is seen from the Fig. satellites with equal \M\- 
values cross at typical Stark-fields EC(M) at the center gap 
frequency of the zero field doublet. The crossing field for the 
| M ] — 1 satellites, EC(M=1) =84.2 (5) V/cm, was used to 
calculate the vibrational average for \ /uz\ in the first ex­
cited state, r10 = l. The zero field 1-doublet splitting is 

16.665(20) MHz.

Stark-effect of the K j = 3, 7 = 3 -+ 7 '=  4 transition 
and from the second order Stark-effect of the K = 0, 
/  = 2 —> J' = 3 transition of the most abundant iso­
topic species (see Table 3). The spectrometer was 
calibrated using OCS with (0 j // | 0) = 0.71521 D 
as standard 14. With (0 | fxz | 0) = 2.370(20) Debye 
from \K\ = 3, 7 = 3 -> 7 ' = 4 and with ( 0 |/ /2 |0) = 
2.389(20) D from K = 0, 7 = 2-+7' = 3 we give the 
vibrational ground state expectation value as 
(0 | juz \0) =2.38 ±0.02 Debye.

In order to get experimental information on the 
dependence of the electric dipole moment on the 
bending of the heavy atom chain during the de­
generate v10 bending motion, we also investigated 
the Stark effect of the | K | = 1, 7 = 2 ] ' = 3 1-type 
doublet in the first excited state v 10 = 1, | / 1 = 1 15.

The experimentally found dependence of the Stark 
satellites on the applied field is shown in Figure 2. 
As is seen from this figure the plots for the satellite 
frequencies belonging to the same M 1 values inter­
sect for a certain M-dependent Stark-field at the 
center frequency of the zero field doublet, vcenter = 
(v+ + v_)/2. From the corresponding field value 
EC(M) the vibrational expectation value for the di­
pole component in direction of the molecular sym­
metry axis may be calculated according to Equa­
tion (4) 15.

= 1 1 >"111 = 1 > = (4)
= h j j j  + 1) (7 + 2) _ | 

4 £ c(M) KM {v+
Equation (4) holds as long as off-diagonal Stark- 
effect matrix elements which connect nondegenerate 
levels (i. e. levels which differ in their 7 and K 
values) may be neglected.

Since we feel that the presentation in Ref.15 might 
lead to the wrong impression that further approxi­
mations need to be made which limit the applica­
bility of Equation (4), the derivation of Eq. (4) is 
sketched in the Appendix. From the experimental 
values given in Figure 2 the Eq. (4) leads to the 
excited state expectation value of

(®io = l  Uli I ® io-1>= 2-36± 0-02 D
i. e. there is essentially no change with respect to the 
ground state expectation value.

14N Hyperfinestructure

Due to the nonspherical Coulomb potential well 
at the position of the "prolate" 14N nucleus, the 
latter tends to aligne itself with respect to the well. 
This leads to a weak coupling of nuclear spin, I, 
and molecular rotation and causes a first order split­
ting of the rotational levels according to Equa­
tion (5) 16.
J^hfs = hXz2 (5)
. [K (C  + 1) - / ( /  +1)7(7 + 1 )][3 £ 2-7 (7  + 1)] 

2 7(7+1) (2 7 -  1) (2 7 + 3)7(2 7 -1 )

In Eq. (5) the symbols have the following meaning:
C = F(F +1) — 7(7+1) — 7(7 + 1) with F, the 

quantum number of the overall angular momentum 
(including the spin of the quadrupole nucleus) 
ranging from F = J — 7 to F = 7 + 7 in steps of one.

Xzz — I e I Q {^V '/dz2) /h the quadrupole coupling 
constant with e the electronic charge, Q = 
0.01 • 10-24 cm2 17 the nuclear quadrupole moment 
of the 14N-nucleus and d2V'/dz2 the second deriva­
tive of the Coulomb potential in direction of the 
molecular axis. The prime indicates that only the 
Coulomb potential due to the charge distribution 
outside a small sphere around the nucleus enters 
into the expression for the quadrupole coupling 
constant.

From Eq. (5) and the additional /"-selection rule, 
AF = 0, ±  1, it may be shown that the largest hfs- 
splittings of the rotational absorption lines should
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occur for the ] K | = 2, /  = 2 7' = 3 and | AT j = 3, 
J = 3 —> ] ' = 4 transitions. The splitting of the 7 = 2 
—> 7 = 3  transition is shown in Fig. 3 together with 
a computer simulation using the value %zz = 
+ 0.75 MHz and a Lorentzian lineshape function 
with a halfintensity halfwidth of 50 kHz. Modula­
tion- and wall-broadening are the dominant terms 
which determine this line width. Only the latter is 
reproduced by a Lorentzian lineshape function. Mo­
dulation broadening is responsible for the "triangle 
form" of the lines. The observed spectrum is ex­
tremely sensitive to minor offsets of the basis of the 
modulating Stark field. Due to the small quadrupole 
coupling constant, Stark fields on the order of 
0.2 V/cm are already sufficient for effectively mixing 
the hyperfine states, shifting the levels, and changing 
the selection rules. This effect is illustrated in the 
computer simulations shown in Fig. 4. In the case 
of the K J = 3, 7 = 3 —> 7 '=  4 transition a higher 
Stark field (E on the order of 80 V/cm) is needed 
to separate the zero field quadrupole hyperfine spec­
trum from the Stark-quadrupole spectra of the 
nearby | K j = 1 and \ K j = 2 lines. Since our high 
quality square wave generator was only capable of 
delivering square waves up to 10 V peak to peak, 
the | £  j = 3, 7 = 3 -+ 7 '=  4 transition could not be 
used for the fit. From the observed spectrum (Fig. 3) 
and the experience with computer simulations using 
different %zz values and zero-offsets we estimate the 
uncertainty of the quadrupole coupling constant to 
be on the order of ± 0.05 MHz.

J -J '=  2 -3  , K = 2

For the higher 7 transitions the hfs-splittings drop 
below the resolution power of our spectrometer. This 
is especially true for the transitions listed in Tab. 1, 
which were used for the fit of the rotational constants 
of the H3Si14N13CS species.

Discussion

The experimental results reported above may be 
used to get some insight into the bonding situation 
in silylisothiocyanate. We first discuss the bonding 
in terms of the two mesomer forms (II) and (III).

From the Pauling electronegativities of the ele­
ments 18 and the observed bond distances we expect 
dipole moments of = 4.2 D (Si negative) for 
form (II), and of ^ = —14.4 0  (S negative) for 
form (III) (compare Figure 5). Thus the observed 
absolute value of | ( | juz | ) j = 2.38 D might result 
from a 90% to 10% mixture of forms (II) and (III) 
leading to jug = +2.38D (Si negative), or from a 
65% to 35% mixture leading to ,uz= -2 .3 8 D  (S 
negative). For both choices form (II), which implies 
a Si = N-double bond, contributes considerably. Thus 
the observed dipole moment indicates that the Si-d- 
orbitals do considerably contribute to the occupied 
molecular orbitales.

The first excited state expectation value of ( | juz j ) 
gives information on the dependance of /uz on the 
bending motion. From the coincidence of the ground 
state and first excited state expectation values of juz

J-J*= 2 -3  . K = 2

Fig. 3. Vibrational ground state hyperfine structure of the 
| | = 2, 7 = 2 —J' = 3 rotational transition of the most 
abundant species. This hyperfine splitting was used for the 

determination of the quadrupole coupling constant %zz .

Fig. 4. Computer simulations showing the effect of a minor 
offset of the baseline of the modulating square wave Stark 
field. For the calculations the complete Mj, M/-submatrices 
for the 7=2 and 7'=3 rotational states were diagonalized 
numerically and the symmetric top transition cosine matrix 
elements were subjected to the corresponding unitary trans­

formation.
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we conclude that //2 remains essentially constant 
over the bending motion, that is up to an angle of 
about 20° between the SiN-bond and the CS-bond. 
This value follows from the observed frequency 
v10 = 54cm~1 and a "reduced mass" on the order 
of 50 amu A2 as the square root of the harmonic 
oscillator expectation value for the square of the 
bending angle. We now turn to the bond distances. 
Using Pauling's covalent bond radii listed in Tab. 4 
and applying a "bent bond correction" 19 of
— 0.02 Ä for the r^x and res distances and of
— 0.04 Ä for the central N — C bond, the following 
bond distances are obtained for the limiting struc­
tures :

rSiX rNC fCS

(II) H3Si = N = C=S 1.57 A 1.21 A 1.58 A
(III) H3Si —N = C—S 1.79 A 1.07 A 1.79 A
observed values 1.673 A 1.221 A 1.575 A

As is seen, the r^c and r^s distances are practically 
those predicted for a pure form (II), while the rgjx 
distance turns out to lie between a single bond and a 
double bond distance. This indicates that the simple 
concepts upon which the above bond distance calcu­
lations are based and which work rather well for 
molecules containing localized orbitals only, tend to 
fail when applied to highly delocalized systems such 
as Silylisothiocyanate. However the bond distances 
too indicate that there is a considerable amount of 
double bond character and thus d-orbital contribu­
tion in the region of the Si — N-bond.

For comparison we also have calculated the dipole 
moment by the semiempirical quantum mechanical 
CNDO/2 program using the original parametrizi-

tation of Pople et al. 20. As input structure the rs- 
structure shown in Fig. 1 was used. The resulting 
dipole moment was +  0.8 D (Si negative). This 
value includes a + 3.2D  contribution due to p-d- 
orbital overlap in the Si — N-region. Although the 
calculated CNDO value falls about 1.6 D short of 
the observed value, we would assume the CNDO 
calculation as indicative to a dipole moment with Si 
at the negative end of the molecule. We plan to settle 
the question of the direction of experimentally by 
a separate investigation of the molecular rotational 
Zeeman effect of different isotopic species 21.

Better agreement was obtained between the experi­
mentally determined quadrupole coupling constant 
and the value following from the CNDO-calculation. 
From a simplified MO treatment in which only the 
atomic orbitals centred at the nitrogen nucleus are 
assumed to contribute appreciably, the 14N quadru­
pole coupling constant follows as given in Eq. (6) 22:

*» = -  fc10("N) • (6)

In Eq. (6) the value — 10 MHz 23 was used for

PPx, Px, PPu,Pll and P PzPz are the px-, py- and pz-den 
sities at the 14N nucleus defined as:

ppx, px = 2 2  i Cpx, n f
n

etc. where CPx,n is the coefficient of the 14N-px 
atomic orbital in the n-th molecular orbital. With 
the CNDO-values Pc/™x = = L295 and
P™D° =1.225 Eq. (6) predicts a 14N quadrupole 
coupling constant of + 0.70 MHz which is in good 
agreement with the observed value of + 0.75 MHz.

0.0 039 ----- 049 =  021
/

-003
)JZ - -14.4 D

-10

Fig. 5. Pauling electronegativities (in brack- 
etts) and ionic character (in %) of each co­
valent bond are given in the first row. The 
second row shows the resulting Pauling atomic 
charges, Qn (in units of ] e I) for the two 
mesomer forms II and III. Also given are the 
corresponding electric dipole moments, calcu­
lated with the structure shown in Fig. 1 ac- 

atoms
cording to //2 = 2 Qn'! e! '*n •
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It is interesting to compare the 14N quadrupole 
coupling constant observed here with the one ob­
served for the quasi-symmetric top SiH3NCO (izz = 
+ 1.8 MHz24). This comparison indicates, that the 
population of the nitrogen px and py orbitals is 
smaller for SiH3NCS. The greater stability of the 
linear configuration in SiH3NCS as compared to 
SiH3NCO can thus be "explained" by a stronger 
derealization of the px and py orbitals.

Appendix: 
The Stark Effect of the I-type Doublets

For the discussion of the Stark-effect of the /- 
doublets we neglect all other vibrations except the 
degenerate v10 bending motion. Within this simpli­
fied model the Eigenfunctions of the vibrational 
Hamiltonian which correspond to the /-type doublets 
may be approximated by the symmetrized products 
of a symmetric top Eigenfunction with an Eigen- 
function of the two-dimensional harmonic oscil­
lator25 as given in Eq. (A.l) :

W± (a, ß, y, r, <p) = ~  [ SP/.ä-i.* (a, A 7) (A.l) 

•^ v .^ i( r t <p)±WJiKm. ltM(at ß, }')<Z>M =_i(r,<p)]

^;,Ä,Af(a)A 7) = symmetric top Eigenfunction 
with a, ß, y the Eulerian angles describing the orien­
tation of the molecular coordinate system with re­
spect to the space fixed Laboratory frame.

<PVii(r,<p) = harmonic oscillator Eigenfunction 
with r2 = Qlox + Qioy and tan cp = QiqJQiqx . Qiox 
and Qwy are the normal coordinates corresponding 
to the degenerate bending modes in x- and y-direc- 
tion perpendicular to the molecular z-axis.

Within this basis, the 2 by 2 Hamiltonian sub- 
matrices corresponding to the 1P+-, -functions of 
Eq. (A.l) are diagonal, with a splitting of the dia­
gonal elements given by ±  (q/4) {v + 1)7(7 + 1) h 26. 
In HgSiNCS the "/-type doubling constant" q has 
the value 2.783 MHz.

If the exterior Stark-field is switched on, the space 
degeneracy (M-degeneracy) is lifted due to the ope­
rator corresponding to the potential energy of the 
molecular electric dipole moment in the exterior 
field:
Vpot= - /u - E  _  ̂  ̂ (A.2)

= -  [C"0z + % {Qlox + QlOy) + . . •) COS Z Z 
+ {ßx QlOx + • • •) cos X Z + (juy Qm  + . .  .)cos y Z ]E .

On the right hand side H is expanded with respect 
to the normal coordinates taking account of the 
cylindrical symmetry about the molecular axis, 
cos x Z etc. are the direction cosines between the 
molecular axes and the space fixed Z-axis which is 
determined by the direction of the exterior field. E 
is the electric field strength. From Vpot only the first 
term involving cos z Z leads to matrix elements which 
connect the closely degenerate /-doublet levels 
(cosxZ and cosy Z only connect states which differ 
in £  by ± 1):
(V +IVpot\1>_) =

— ( ^Vl (Moz + fiz r2 + . . . )  cos zZ E  \ W_) 
E

= -  y i ^ A - U ^ U l + ^ . ^ - l ^ U - l l

• | ju0z cos z Z + jxz cos z Z r2 + . . . ]  1P j,k  = i,m = l 
-Y j.k ~ i.h & v .i .- i)  (A.3a)

_  _  |   ̂xpj K = lfM \ cos z Z ] WJt k = i,m)

— J,K = -1,m\ coszZ| 1FJ,K = -1,M)}

— (( ^ j ,k  = i,m\coszZ| =

* ( &V, Z = 1 | 7-2 | Z = 1) — ( K = -\,m \ cos z Z
' = = (A.3b)

EM
7(7 +1) [/M)z + Mz(&v,i=i\r2 \&v,i=i)] ;

for £ = ± 1 . (A.3c)

In the step from (A.3a) to (A.3b) it is used that 
the matrix elements of cos z Z are diagonal in K with 
( xP j,k ,m \^ z Z \W j>k>m)^ [K M /J (J  + 1)]. In the 
step from (A.3b) to (A.3c) it is used that the r- 
dependence of the harmonic oscillator wave func­
tions is the same for both /-values i. e.

We further note that the diagonal elements due to 
the Stark-perturbation vanish, i. e.

because we are using the symmetrized wavefunctions 
given in Eq. (A .l). Thus in the presence of the 
Stark field the 2 by 2 matrices corresponding to the 
/-doublets take the form:

wJAKUv+ h f J U + i )

{\mz\)ME
7(7 + 1)

\M*\)ME\ 
/ ( / + 1 )
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Here Wj\ k i v is the average energy of the /-doublet 
levels in the absence of the field. At low Stark-fields 
with E only few V/cm one may neglect all other off 
diagonal Stark-effect matrix elements, since they 
connect widely spaced energy levels (typically on 
the order of several GHz).

Within this approximation the presence of the 
Stark-field leads to the following expressions for the 
energy levels, which are given by the Eigenvalues of
the 2 by 2 matrices above:

+

W- = Wj,\K 1=1,Vl0=1 (A.4)
[\ju\)EM 
/ ( / - h i )

Figure A.l shows the corresponding field depen­
dence of the /-doublet levels involved in the /  = 2 —> 
/ '  = 3, | | = 1, ; Z10 | = 1, v10 = 1 rotational tran­
sition of HgSiNCS. Taking into account the micro­
wave transition selection rules (Emicrowave parallel 
^Stark) which follow from the dipole matrixelements 
within the basis given by Equations (A .l), the

crossing of the Stark satellite frequencies with equal 
! M occurs at the frequency

*o = {WJ + lAK\tV- W Jt\K\,v)lh

and the corresponding Stark field, Ec follows 
from the condition given in Eq. (A.5)

h f ( J + l ) ( J  + 2)

h f J ( J  + l)

+

+

(j/'zl) Ec(M) M
(/ + 1) (/ + 2) 
(1^1) EC(M)M

(A.5)

/ ( / + 1 )
Due to the favourable /-dependence of the q- and 
( j iuz | )-contributions, the square root may be drawn 
after rearranging. This leads to Eq. (A.6). With 
Ec(M) the Stark-field at the crossing point:

• (j /zz\)M E c(m
2 (/ + D A /  (/ + 1) (/ + 2) (A.6)

Since the zero field splitting between the /-doublet 
frequencies is given by Av0 = 2 q (/ + 1) (compare 
Fig. A.l) we may express q in Eq. (A.6) by Av0 = 
j v+ — v_ | which leads to the final expression. Eq. 
(A.7) used to determine the expectation value 
(u10 = 1, / = 1 | 11>10 = 1, / = 1) in the first excited 
state of the bending motion.

Zero Field Energies

W A qJIJ-l)JJKIjVJU ' 2

wf »III

Energies of Stark levels

Zero Field Wavefunctions

lOMKzJ

"Vw u 2 I [ju.DJ

Limiting Wavefunctions at 
high Starkfields

t im IUJ\ - ^  ~ ^  (fcr M Positive) L'™[y j  ~ * m) (for M negative)

L,rrl{f j -  vJ
(for M positive) 
(for M negative)

Fig. Al. To scale drawing of the field dependence of the My-sublevels for the \K \ = 1, /  = 2 -> = 3 /-doublet in 
H3SiNCS. Also given are the energy expressions and wavefunctions for the limiting cases. (The electric dipole moment is 
assumed to point in the direction of the molecular axis.) Wj,\k\,v,\1\ stands for the average energy of the corresponding

zero field doublet.
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(v10 = l , l = l \ f i 2 |u10 = l , / = l )  
_  Av0h J ( J  + 1) (7 + 2)

4 MEc{Id) • 1 • }

At higher Stark-fields such as used in the present 
work, the second order contributions, although still

minor corrections, are no more negligible in the ex­
pressions for the energy levels. However they are 
practically identical for sublevels corresponding to 
the same M ] values (equal matrix elements). Thus 
they drop out in the "crossing condition", leaving 
the original expression Eq. (A.7) unaltered.
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