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A bridge type microwave Fourier transform spectrometer, equipped with flat oversized Stark cells 
and an operational range from 8 GHz to 40 GHz is described. As application we report the exper-
imental determination of the vibronic ground state dipole moment and of the anisotropy in the static 
polarizability of 1,1-dideuteroallene. Our experimental values are: /za = 0.0053(2) D for the dipole 
moment, and (ay — a ± ) = 4.26(6) • 10~ 2 4 cm , for the polarizability anisotropy. 

1. Introduction 

In view of its i nhe ren t h igh sensit ivity a n d reso lu-
t ion , wavegu ide m i c r o w a v e F o u r i e r t r a n s f o r m spec-
t r o s c o p y ( M W F T ) , first i n t r o d u c e d by F l y g a r e a n d 
c o w o r k e r s in the ear ly sevent ie th [1], is a n ideal tech-
n i q u e t o s tudy the S t a r k effect in the r o t a t i o n a l spec t r a 
of n e a r n o n p o l a r molecu les [2, 3]. T h e ana lys i s of the 
spl i t t ings of the r o t a t i o n a l t r ans i t i ons in a n ex te r io r 
electric field direct ly l eads t o the v ib ron ic g r o u n d s ta te 
expec t a t i on values fo r the electric d ipo le m o m e n t a n d 
for the an i so t rop ies in the electric po la r i zab i l i t y t en-
sor , i.e. t o mo lecu l a r p a r a m e t e r s wh ich a r e of h igh 
interes t in ca lcu la t ions of i n t e r m o l e c u l a r forces a t 
close range . In the fo l lowing we descr ibe a n e w b r idge 
type M W F T s p e c t r o m e t e r especially des igned fo r 
such S t a rk effect s tudies . As a first a p p l i c a t i o n we 
p resen t resul ts o b t a i n e d fo r 1 ,1 -d ideu te ro allene, 
D 2 C = C = C H 2 , w h o s e smal l v ib ron ic g r o u n d s ta te 
d ipo le m o m e n t ar ises f r o m the slight i m b a l a n c e in the 
v ib ron ic g r o u n d s ta te s t ruc tu re s at t he = C D 2 a n d 
= C H 2 end . O u r resul ts differ cons ide rab ly f r o m d a t a 
r e p o r t e d in a n ear ly p i o n e e r i n g m i c r o w a v e s t udy [4], 
in which only w e a k a n d unreso lved s p e c t r o s c o p i c fea-
tu res cou ld be ana lysed . 
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2. Experimental 

A b lock d i a g r a m of o u r s p e c t r o m e t e r is s h o w n in 
F ig . 1 (V-band vers ion , i.e. m i c r o w a v e c o m p o n e n t s 
specif ied for the 26.4 to 40 G H z range) . As m a i n differ-
ence wi th respect to a s t a n d a r d wavegu ide M W F T 
s p e c t r o m e t e r , the i n - b a n d wavegu ide " a b s o r p t i o n " 
cell is rep laced by a pa i r of ident ica l overs ized cells, 
a r r a n g e d in a b r idge se tup . O n e cell ( the lower o n e in 
Fig . 1) c o n t a i n s the s a m p l e u n d e r inves t iga t ion (pres-
s u r e typical ly in the 1 t o 10 m T o r r range) , the o t h e r 
cell is evacua t ed . I n a b r idge s e t u p o n e can c o p e wi th 
t he p r o b l e m s assoc ia ted wi th the use of overs ized cells, 
i.e. m o d e c o n v e r s i o n to h igher m o d e s , wh ich lead t o 
c o m p a r a t i v e l y l o n g las t ing r e sonances in t he cell 
s u p e r i m p o s e d t o the fa in t mo lecu l a r t r ans i en t emis-
s ions , a n d never the less o n e can still t a k e a d v a n t a g e of 
the i r lower inse r t ion loss, the i r r e d u c e d r a t e of wal l 
col l is ions , a n d of t he h igh h o m o g e n e i t y of the S t a r k -
field wh ich can be achieved in flat, overs ized cells (see 
below). O u r cells h a v e a n overal l l ength of 3 m a n d a n 
i n n e r c ross sec t ion of 10 m m by 47 m m . E a c h is 
e q u i p p e d wi th a cen t ra l S t a rk s ep tum, 3 m m thick, 
w h i c h is r u n n i n g para l le l t o the b r o a d face of t he 
wavegu ide . T h e s e " S t a r k - p l a t e s " a re s u p p o r t e d a n d 
i n su l a t ed f r o m the wavegu ide walls by g r o o v e d tef lon 
s t r ips . To min imize reflect ions, the sep ta a re s y m m e t r i -
cal ly t a p e r e d a t e a c h end. Typical d a t a cha rac t e r i z ing 
the i r m i c r o w a v e t r ansmi s s ion p rope r t i e s as tes ted 
w i t h a n h p 8757 C scalar n e t w o r k ana lyze r a re a 
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Fig. 1. Block diagram of the M W F T bridge spectrometer for Stark-effect investigations. Prior to each experiment the bridge is tuned such that the microwave 
pulses travelling through the system from left to right interfere destructively after recombination in the directional coupler at the end of the bridge set up (part 37). 
Problems, which in a single cell setup would be associated with unavoidable reflections at the end of the oversized sample cell, can thus be largely eliminated. 
Only the molecular emission signal which originates from the lower sample cell (the upper reference cell is evacuated) reaches the detector. If necessary, the sample 
cells can be cooled down to —70 °C by methanol flowing through a cooling jacket. Both cells are mounted inside evacuated tubes in order to avoid deformations 
which otherwise might be caused by the external atmospheric pressure. For technical details compare also [5], A list with the technical specifications of all 
components used in the present investigation may be ordered from the authors. 
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vol tage s t a n d i n g w a v e r a t i o of 1.5 a n d a n in se r t i on 
loss of 3.5 d B at a m i c r o w a v e f r e q u e n c y of 24 G H z . 
W h e n sh i f t ing f r o m the X - b a n d t h r o u g h t he K u - b a n d 
a n d K - b a n d t o the V - b a n d , on ly the m i c r o w a v e c o m -
p o n e n t s h a v e to be c h a n g e d whi le the d o u b l e cell a n d 
the i n t e r m e d i a t e f r e q u e n c y sec t ion of the s p e c t r o m e t e r 
r ema in in place. In the fo l lowing we briefly ske t ch h o w 
the V - b a n d se tup , explici tely s h o w n in Fig. 1, o p e r -
ates. F o r technica l de ta i l s c o m p a r e a l so [5]. 

In a n e x p e r i m e n t n e a r r e sonance , s h o r t ( 1 - 3 ps) 
a n d in tense ( 1 0 - 2 0 W ) m i c r o w a v e pulses a r e used t o 
dr ive the molecu les c o h e r e n t l y i n to mixed s ta tes ( n o n -
eigenstates) . Af te r the e n d of t he pu lse th is resu l t s in a 
m a c r o s c o p i c p o l a r i s a t i o n of the gas s a m p l e w h i c h 
oscil lates a t the r e s o n a n c e f r e q u e n c y c o r r e s p o n d i n g t o 
the energy difference b e t w e e n the u p p e r a n d l ower 
level involved in the t r ans i t i on , a n d wh ich l eads t o a 
t r ans ien t m o l e c u l a r emis s ion signal . W i t h i n 10 t o 
50 ps th is s ignal decays . T h e d e c a y t i m e is m a i n l y de-
t e rmined by the loss of c o h e r e n c e as c a u s e d by colli-
sions, D o p p l e r d e p h a s i n g , a n d , in a S tark-ef fec t expe r -
iment , the i n h o m o g e n e i t y of the app l i ed S t a r k field in 
the o u t e r r eg ions of t he wavegu ide . T h i s i n h o m o g e n e -
ity leads to sl ightly d i f fe ren t spac ings of t he ene rgy 
levels of molecu les expe r i enc ing d i f fe ren t S t a r k fields 
a n d causes the i r w a v e t r a in s to "get o u t of s t e p " al-
ready sho r t l y a f te r t he e n d of the exci t ing pulse . Be-
hind the sample cell the faint molecu la r emiss ion signal 
is ampl i f ied (in p a r t 42 of Fig . 1) a n d d o w n c o n v e r t e d 
in to t he 160 M H z r a n g e (in p a r t 43) by h e t e r o d y n i n g 
it aga ins t the s t r o n g local osc i l l a tor s ignal . Af te r a 
second d o w n c o n v e r s i o n i n t o t he 30 M H z r a n g e (in 
p a r t 66) the t r ans ien t emis s ion is s a m p l e d by a 1 bi t 
A / D - c o n v e r t e r a t 10 ns in tervals , a n d the d a t a a r e 
s tored in the m e m o r y of t he h o m e m a d e e x p e r i m e n t 
c o n t r o l a n d a v e r a g i n g un i t (par t 73, [6]). F o r n e a r 
n o n p o l a r molecules , such as D 2 C = C = C H 2 s t ud i ed 
here, the ex t remely fa in t t r ans i en t emiss ion f r o m typ i -
cally 5 • 107 t o 108 exc i t a t ions a r e r e c o r d e d fo r a pe-
r iod of a b o u t 10 ps e a c h a n d a v e r a g e d u p fo r no ise 
c o m p e n s a t i o n p r i o r to the s u b s e q u e n t analys is . 

As ind ica ted above , t he m o s t se r ious p r o b l e m as so -
ciated wi th the use of overs ized s a m p l e cells in a 
M W F T s p e c t r o m e t e r is t h a t m o d e c o n v e r s i o n f r o m 
the f u n d a m e n t a l i n t o h ighe r m o d e s ( and vice versa) 
c a n n o t be comple te ly e l imina ted . T h e s e h ighe r m o d e s 
a re u n a b l e t o p r o p a g a t e in the a d j a c e n t i n - b a n d 
wavegu ides a n d t h u s b o u n c e b a c k a n d f o r t h in t he 
oversized cell. By r e c o n v e r s i o n t o t he f u n d a m e n t a l 
m o d e , this leads to c o m p a r a t i v e l y l o n g las t ing "pu l se 

echoes" . ( N o t e t h a t the p o w e r in the pu lse falls i n to t he 
10 W range , while the m o l e c u l a r emiss ion s ignal is in 
the 1 0 " 1 3 W r a n g e o r even below.) As w o r k e d o u t in 
the A p p e n d i x of [7] such "pu l se e c h o e s " m a y d e g r a d e 
the sensi t ivi ty of the 1-bi t a v e r a g i n g sys tem t o a degree 
which p r even t s the de tec t ion of the m o l e c u l a r emis-
sion. In a b r idge- type se tup , however , it is poss ib le t o 
o v e r c o m e this p r o b l e m in a n e legant way . By p r o p e r 
a d j u s t m e n t of the p h a s e shi f ter (par t 22) a n d the a t t e n -
u a t o r s (par t 19 a n d 20) it is poss ib le t o fine-tune t he 
br idge such tha t the pu lse s ignals p r o p a g a t i n g 
t h r o u g h the t w o oversized cells in ter fere des t ruc t ive ly 
a f te r r e c o m b i n a t i o n in the d i r ec t iona l c o u p l e r b e h i n d 
the cells (pa r t 37). (In a t u n e d b r idge t he c o m p l e t e 
pulse p o w e r is d i ss ipa ted in the a b s o r b e r ins ide t he 
d i rec t iona l coupler . ) T h e s a m e des t ruc t ive in te r fe rence 
a lso occur s for the pulse echoes . Sure e n o u g h , perfec t 
t u n i n g c a n n o t be achieved, b u t in p rac t i ce it is a lways 
poss ib le t o r educe the a m p l i t u d e of the e c h o e well 
be low the noise level, which is sufficient t o p rese rve the 
full sensi t ivi ty of the sys tem [7]. In c o n t r a s t t o the 
pulse echoes , the mo lecu l a r t r ans i en t emiss ion or igi-
na te s on ly f r o m o n e cell a n d t h u s does n o t suffer f r o m 
des t ruc t ive interference. 

F o r 1 ,1-dideuteroal lene , k ind ly p r o v i d e d by Beat 
Vogelsanger , Z ü r i c h [8], we s tud ied the Stark-ef fec t of 
the ^KaK-c— I o i ^ O q o r o t a t i o n a l t r a n s i t i o n 
n e a r 15.7 G H z a n d all th ree J"-* J' = 2 -> 1 t r ans i t i ons 
nea r 31.6 G H z . Stark-f ie lds u p t o 1 4 k V / c m were 
appl ied . T h e s p e c t r o m e t e r w a s ca l i b r a t ed us ing O C S 
as s t a n d a r d [9]. W i t h the vec tors of the S ta rk- f ie ld a n d 
the electr ic field of the inc ident m i c r o w a v e r a d i a t i o n 
paral le l , t he A M = 0 electric d ipo le select ion rule 
appl ied . T h u s o n e Stark-sa te l l i te (Af = 0) w a s obse rved 
fo r the 1 0 t r ans i t i on a n d t w o Stark-sa te l l i t es ( M = 0 
a n d M = ± 1) were obse rved fo r the 2 -»• 1 t r ans i t i ons . 
In o r d e r to give a n idea of the qua l i ty of t he spec t r a 
o b t a i n e d wi th the spec t rome te r , we p re sen t t w o exper -
imen ta l resul t s in F i g u r e 2. T h e f igure s h o w s t he 
M W F T p o w e r spec t ra ca lcu la t ed f r o m the t r ans i en t 
emiss ion s ignals of the 2 0 2 - * l 0 i r o t a t i o n a l t r a n s i t i o n 
in ze ro field a n d in a Stark-f ie ld fo 12.697 k V / c m . We 
note , however , t ha t the final de r iva t i on of the l ine 
f requenc ies f r o m the t r ans i en t emiss ion s ignals was 
n o t ca r r i ed o u t by use of the F o u r i e r t r a n s f o r m tech-
nique , s ince th is p r o c e d u r e m a y lead t o d i s t o r t e d fre-
quenc ies if closely spaced lines a re inves t iga ted . (Wi th 
reference t o M W F T , this p r o b l e m h a s b e e n w o r k e d 
o u t in de ta i l in the A p p e n d i x of [10].) I n s t e a d , the 
f requencies , ampl i tudes , decay t imes, a n d p h a s e s of 
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vpulse = 31384 2 MHz 

31382.2 MHz 31386.2 MHz 
Fig. 2. Fourier transform power spectra deduced from the 
transient emissions from the 2 0 2 -* 1 0 1 rotational transition 
o f D 2 C = C = C H 2 in zero field (upper trace) and in a field of 
12.697 kV/cm (lower trace). The insert shows the cross sec-
tion of the sample cell. The Stark-voltage is applied to the 
central plate. The walls are grounded. With the electrical 
vectors of the incident microwave parallel to the Stark-field 
the electric dipole selection rule AM = 0 applies and the 
doublet represents the M = 0 and | M | = 1 Stark satellites. 
Sample pressure: 12mTorr ; temperature: 291 K; 103 data 
points sampled at 10 ns intervals; 65 • 106 averaging cycles. 
Prior to the Fourier analysis the 103 data points were com-
plemented by 3 • 103 zeroes. 

the satel l i te s ignals were direct ly f i t ted to the obse rved 
t r ans i en t emiss ions by a n i te ra t ive least squa res p roce -
d u r e deve loped by H a e c k e l a n d M ä d e r [11]. O u r re-
sul ts a re listed in Tab le 1. Also listed in Table 1 is a 
S ta rk - sh i f t of the M = 0 satell i te in the 1 - > 0 t r ans i t i on 
o b s e r v e d ear l ier a t Z ü r i c h by B. Vogelsanger . I t fits 
nicely i n to o u r d a t a . In the fo l lowing sect ion we c o m -
m e n t o n o u r ana lys i s of the obse rved Stark-spl i t t ings . 

3. Analysis of the Stark-Effect Splittings 

F o r the ana lys i s of the l o w - J Stark-effect spl i t t ings 
obse rved here we h a v e used the rigid r o t o r H a m i l -

ton i an , s u p p l e m e n t e d by t he p o t e n t i a l energy of the 
v ib ron ic g r o u n d s ta te electr ic d ipo le m o m e n t , <//>, 
a n d of the field i n d u c e d electr ic d ipo le m o m e n t , ä • E, 
in the s ta t i c ex te r io r electr ic field, E. D e u t e r i u m 
q u a d r u p o l e c o u p l i n g a n d the s p i n - r o t a t i o n in te rac -
t ion of t he h y d r o g e n a n d the d e u t e r i u m nuclei were 
neglected. T h u s the H a m i l t o n i a n used he re was of the 
f o r m 

H = HTOi +HStark (1) 
wi th 

HStaTk = - » E-±E a-E. (2) 

In (1) ä is t he (static) electr ic m o l e c u l a r po la r izab i l i ty 
tensor . 

If re fe r red to the m o l e c u l a r p r inc ipa l iner t ia axes 
system, t he t w o c o n t r i b u t i o n s t o o u r effective H a m i l -
t o n i a n m a y be wr i t t en m o r e explici t ly as 

Hrot = h(AJa
2 + BJ* + CJ?). (3) 

a n d 

#stark = -HaEz cos {aZ)-\ El (ocaa cos 2 (a Z ) 

+ a fcb c o s 2 (b Z) + a c c c o s 2 ( cZ) ) . (4) 

In (3) A, B, a n d C a re t he r o t a t i o n a l cons t an t s , h is 
P l a n c k ' s c o n s t a n t , a n d J 2 (g = a, b, c) a r e the s q u a r e s 
of the c o m p o n e n t s of the a n g u l a r m o m e n t u m o p e r a -
to r s in d i r ec t i on of t he p r inc ipa l iner t i a axes. In (4) 
c o s ( g Z ) (g = a, b, c) is used for the d i rec t ion cos ines 
be tween the g y r a t i n g p r inc ipa l iner t i a axes a n d the 
ex ter ior field axis. T h e la t t e r is a s s u m e d to po in t i n to 
the Z - d i r e c t i o n of the l a b o r a t o r y f r ame . 

In D 2 C = C = C H 2 t he a-axis , i.e. t he axis cor re -
s p o n d i n g t o the smal les t m o m e n t of iner t ia , p o i n t s 
in to the d i r ec t ion of the h e a v y a t o m cha in , a n d the 
fr-axis is para l le l t o t he c o n n e c t i o n be tween the t w o 
d e u t e r i u m nuclei . In (4) use h a s b e e n m a d e of the 
s y m m e t r y (D 2 d ) . T h e on ly n o n z e r o c o m p o n e n t of the 
electric d i p o l e m o m e n t vec to r m u s t p o i n t in d i rec t ion 
of the h e a v y a t o m cha in , a n d d u e to the m i r r o r p l anes 
there a re n o n o n z e r o o f f -d i agona l e lements in the 
po la r i zab i l i ty t ensor . F u r t h e r m o r e , it will be a g o o d 
a p p r o x i m a t i o n to set a b b = a c c = a x , i.e. t o neglect the 
slight d e v i a t i o n f r o m the or ig ina l cyl indr ical s y m m e -
try of the po la r i zab i l i ty t e n s o r wh ich was i n t r o d u c e d 
by a s y m m e t r i c d e u t e r a t i o n . 

Since t he r o t a t i o n a l energies a re by a b o u t f o u r 
o rde r s of m a g n i t u d e la rger t h a n the Stark-effect con -
t r ibu t ions , we h a v e t r e a t e d H S t a r k as a p e r t u r b a t i o n to 
the rigid r o t o r H a m i l t o n i a n , H r o t . W i t h i n the eigen-
f u n c t i o n bas is of the rigid r o t o r the p e r m a n e n t d ipo le 
m o m e n t c o n t r i b u t e s on ly wi th in second o r d e r pe r t u r -
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T a b l e t . Experimental and calculated Stark-effect splittings of the l - » 0 and the three 2 - » l rotational transitions of 
D 2 C = C = C H 2 as observed by MWFT-spectroscopy. To demonstrate that the polarizability anisotropy and the electric 
dipole moment can be determined independently, we present their individual contributions to the Stark-splittings as calcu-
lated by (6) and (9). 

£ / V c m _ 1 Avobs/ M / 4 a l c / Av(a)calc/ Avobs-Avca l c/ 
kHz kHz kHz kHz 

"^Kä K'c K'aK'c — t 0 1 - 0 o o , 

^ z e r o f i e l d 15 692.305 MHz, M = 0 

4618 - 1 7 5 - 2 0 - 2 
5 772 - 1 9 8 - 3 2 5 
6 927 - 2 3 12 - 4 6 11 
8 200 - 4 7 a 16 - 6 4 1 

^K'iK'i JK'aK'c ~ ^02 - l o o 

^ze ro f i e ld 31 384.155 MHz, Af = 0 

6 923 11 - 3 13 1 
12 697 30 - 1 1 44 - 3 
13 979 46 - 1 4 53 7 

JKZKt JK'aK'c — 2<)2 - l o i , 
^ z e r o f i e l d 31 384.155 MHz, \M\ = 1 

6 923 - 3 5 3 - 3 9 1 
12 697 - 1 1 9 9 - 1 3 2 4 
13 979 - 1 4 1 11 - 1 6 0 8 

^KiKZ K̂'aK'c — 1 * 110 ' 
^ze ro f i e ld 31 602.010 MHz, M = 0 

4 616 - 1 7 1 - 1 7 - 1 

5 770 - 2 5 2 - 2 7 0 
6 924 - 3 5 3 - 3 9 1 

8 113 - 4 7 4 - 5 4 3 
9 253 - 7 1 5 - 7 0 - 6 

10 423 - 8 1 6 - 8 9 2 
11 592 - 1 0 3 8 - 1 1 0 - 1 

12 724 - 1 2 2 9 - 1 3 2 1 

13 989 - 1 6 1 11 - 1 6 0 - 1 2 

£ / V c m ~ 1 
A v o b s / Av(/*)calc/ A v ( ° 0 c a l c / Avo b s-Av c a l c / 
kHz kHz kHz kHz 

"^K'a K'c J K'aK'c ~ ^11 l i o . 
^zerof ie ld 31 602.010 MHz, | M | = 1 

4 616 - 1 7 3 - 1 6 8 1 - 6 
5 770 - 2 6 3 - 2 6 2 2 - 3 
6 924 - 3 8 3 - 3 7 7 3 - 9 
8 141 - 5 1 8 - 5 2 1 5 - 2 
9 461 - 6 9 5 - 7 0 4 6 3 

10 429 - 8 5 6 - 8 5 6 7 - 7 
11 571 - 1 0 5 6 - 1 0 5 4 9 - 1 1 
12 734 - 1 2 5 5 - 1 2 7 6 11 10 
13 961 - 1 5 1 0 - 1 5 3 4 13 11 

^KiK't ^K'aK'c — I n . 
^zerof ie ld 31 166.058 MHz, M = 0 

4 616 - 1 5 1 - 1 7 1 
5 770 - 2 2 2 - 2 7 3 
6 924 - 2 8 3 - 3 9 9 
8 081 - 3 9 4 - 5 3 10 
9 243 - 5 8 5 - 7 0 7 

10413 - 7 9 6 - 8 9 4 
11 560 - 1 0 4 8 - 1 1 0 - 2 
12 741 - 1 3 4 9 - 1 3 3 - 1 0 
13 970 - 1 5 3 11 - 1 6 0 - 4 

^KiKl JK'aK'c — ̂ 12 I n , 

^ze rof ie ld 31 166.058 MHz, | M | = 1 

4 616 170 169 1 0 
5 770 272 265 2 5 
6 924 379 381 3 - 5 
8 095 520 521 4 - 5 
9 246 686 679 6 1 

10 339 879 859 7 13 
11 557 1082 1061 9 12 
12 717 1296 1285 11 0 
14 005 1565 1559 13 - 7 

b a t i o n t h e o r y [12], wh i l e the po la r izab i l i ty a l r eady 
l eads t o first o r d e r c o n t r i b u t i o n s . W e first t reat the 
la t te r . 

Since t he po la r i zab i l i t y c o n t r i b u t i o n h a s exactly the 
s a m e m a t h e m a t i c a l f o r m as the m a g n e t i c susceptibi l-
ity c o n t r i b u t i o n in r o t a t i o n a l Zeeman-ef fec t spect ros-
c o p y [13], we c a n use t he mat r ix e l emen t s der ived 
ear l ier f o r t he suscept ib i l i ty c o n t r i b u t i o n w i t h o u t hav -
ing t o go t h r o u g h the m a t h e m a t i c a l de r iva t ion again . 
We s imply h a v e t o r ep l ace the m a g n e t i c field s t rength , 
Hz, by t he electr ic field s t r eng th , Ez, a n d the magne t i c 
suscept ib i l i ty t e n s o r e l emen t s , xgg, by t he e lements of 
the electr ic po la r i zab i l i t y tensor , a.gg. T h e explicit ex-

press ion to use fo r the ca l cu l a t i on of t he po la r i zab i l i ty 
c o n t r i b u t i o n t o the ene rgy levels t h u s t a k e s t he f o r m 

K u , K a K c , M ) = - - 2 « E 2
z (5) 

2 3M2-J(J + \) ^2 

~ E z (2 J —1)(2 J + 3) 1) c " a ) < J g } 

( c o m p a r e (111,12) of [13]). I n (4) a = (a a f l + a b b + a c c ) / 3 
is the so-ca l led (static) m o l e c u l a r b u l k po la r i zab i l i ty 
a n d < J 2 } (g = a, b, c) a r e t he a s y m m e t r i c t o p expec ta -
t ion va lues fo r the s q u a r e s of the c o m p o n e n t s of the 
a n g u l a r m o m e n t u m c o r r e s p o n d i n g t o the overa l l 
r o t a t i o n . F o r t he l o w - J s t a tes of in te res t here, t he 
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E2/107V2cmT2 

A0=0 
Fig. 3. Stark-splittings of the 2 n 1 1 0 and 2 1 2 l n rota-
tional transitions plotted against the squared electric field 
strengths. For calibration of the field the Stark-effect of OCS 

was used, whose dipole moment and polarizability an-
isotropy are known with high precision. 
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l a t t e r a re easily c a l cu l a t ed f r o m the c losed ana ly t i ca l 
express ions fo r t he r igid r o t o r ene rgy levels as f unc -
t ions of the r o t a t i o n a l c o n s t a n t s [14] as de r iva t ives 
wi th respect to t he l a t t e r ([13], p. 125). Neg lec t ing the 
smal l d i f ference b e t w e e n ccbb a n d a c c (see above) , i.e. 
se t t ing abb — ocL= <xcc a n d wr i t ing ay fo r ctaa, (5) c a n be 
r e a r r a n g e d in to 

Ku,KaK c,M) = --2«E2Z (6) 

+ W(j,KaKc) + b { J , K a K c ) M 2 ] £!(<X|, - o c j 
wi th 

J ( J + l ) - 3 < £ > 
a 

a n d 

(J, KaKc) 

'(J, KaKc) 

3 ( 2 J — l ) ( 2 J + 3) 

J ( J + l ) - 3 < f f > 

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

(7) 

(8) 

We n o w t u r n t o t he Stark-ef fec t c o n t r i b u t i o n wh ich 
ar ises f r o m the n o n z e r o v ib ron ic e x p e c t a t i o n va lue fo r 
the a - c o m p o n e n t of t he electric d i p o l e m o m e n t . H e r e 
second o r d e r p e r t u r b a t i o n t h e o r y l eads to a n ene rgy 
express ion wi th a f o r m very s imi la r t o (6) [15]: 

KaKc M) = [A{J, KaKc) + B{Jt K a K c ) M2] El ii2
a , (9) 

whe re t he coeff icients A(JtKaKc) a n d B(J K a K ) a re cal-
cu l a t ed as p e r t u r b a t i o n sums . B o t s k o r ' s p r o g r a m 
K O N A B I was used for these ca lcu la t ions . 

F r o m (6) a n d (9) it fo l lows tha t t h e S ta rk-sh i f t s , if 
p lo t t ed aga ins t s h o u l d follow s t r a igh t lines. T h i s 
indeed is the case ( c o m p a r e F igure 3). We n o t e t h a t 
each obse rved S ta rk-sh i f t c o r r e s p o n d s t o a n e q u a t i o n 
which is l inear in p 2 a n d in the po la r i zab i l i t y an -
i so t ropy , (ay — a x ) , w i th coefficients w h i c h c a n be cal-
cu la t ed wi th high prec is ion f rom the r o t a t i o n a l c o n -
s tan ts . T h u s the n o r m a l e q u a t i o n s w h i c h c o r r e s p o n d 
to the obse rved S ta rk -sh i f t s listed in Tab le 1 were set 
u p a n d were solved fo r p 2 a n d (ay — a j . T h e fit l eads 
to \na\ = 0.0053(2) D a n d («„ - a j = 4.26(6) • 1 0 " 2 4 

c m 3 w i th a co r r e l a t ion coefficient b e t w e e n p 2 a n d 
(ay — a x ) equa l to —0.010. T h e s t a n d a r d d e v i a t i o n of 
the fit is 6 kHz . (The n u m b e r s in b r a c k e t s r ep re sen t 
single s t a n d a r d dev i a t i ons in uni ts of t he least signifi-
can t digit.) W i t h n 2 a n d (ay — a ± ) k n o w n , a l so the i r 
ind iv idua l c o n t r i b u t i o n s to the S ta rk - sh i f t s c a n be cal-
cu la ted . T h e y t o o are given in Table 1. 

4. Discussion 

T h e v ib ron ic g r o u n d s ta te e x p e c t a t i o n va lue for 
the electr ic dipole m o m e n t d e t e r m i n e d here , <//„> = 
0.0053 (2) D, must be c o m p a r e d to the va lue de t e rmined 
f r o m the b r o a d e n i n g of the un re so lved K a - d o u b l e t 
4 j 2 <- 3 3 1 ; 4 3 1 <- 3 3 0 u p o n app l i ca t ion of a S tark- f ie ld 
[4]. A conven t i ona l 100 k H z S t a r k - m o d u l a t i o n spec-
t r o m e t e r h a d been used by the a u t h o r s in the i r 
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p i o n e e r i n g s tudy . In h inds igh t it is n o w o b v i o u s t h a t 
t he e x p e r i m e n t a l unce r t a in ty in the l ineshape analys is 
( c o m p a r e Fig . 2 in [4]) h a d been cons ide rab ly u n d e r -
e s t i m a t e d a n d t h a t the va lue for the electr ic d ipo le 
m o m e n t of D 2 C = C = C H 2 h a s to be revised. As a 
c o n s e q u e n c e , all s tudies wh ich have used th is o lder 
va lue fo r < / 0 , f ° r i n s t ance for ca l ib ra t ion p u r p o s e s , 
h a v e t o be r eexamined t o o . As an example we q u o t e 
t he v i b r o n i c expec ta t ion va lues of H 2 C = C = C H 2 in 
its d e g e n e r a t e v ib ra t i ona l s t a tes v l 0 = \ a n d u n = l . 
T h e s e v a l u e s have been d e t e r m i n e d in a n e legant 
M W F T d o u b l e r e s o n a n c e expe r imen t by Vogelsanger 
a n d B a u d e r ( c o m p a r e T a b l e I I I in [8]). U n f o r t u n a t e l y 
n o e x p e r i m e n t a l values we re given by the a u t h o r s b u t 
r o u g h l y , i.e. neglect ing t h a t a lso a slightly c h a n g e d 
va lue fo r t he polar izab i l i ty a n i s o t r o p y shou ld be used, 
the i r r e p o r t e d values will h a v e to be upsca led by the 
q u o t i e n t of t h e t w o d ipo le expec ta t ion values, i.e. by 
53/31 ( c o m p a r e (2) in [8]). 

We n o w t u r n to o u r resul t fo r the s ta t ic po la r izab i l -
ity a n i s o t r o p y . We believe t h a t its fairly a c c u r a t e va lue 
s h o u l d be of interest fo r sca l ing the resul ts of semi-
empi r i ca l a n d a b ini t io q u a n t u m chemica l ca lcu la-
t ions . (Recen t ly q u a n t u m chemica l ca lcu la t ions of 
t he s ta t i c polar izabi l i t ies a n d hyperpo la r izab i l i t i e s of 
po lyenes h a v e been r e p o r t e d in increas ing n u m b e r s in 
a n a t t e m p t t o assist e x p e r i m e n t a l chemis t s in thei r 
sea rch fo r n e w p r o d u c t s wi th in teres t ing technica l 
p rope r t i e s , cf. [16 -19] . ) F o r such c o m p a r i s o n s we 
c o m p l e m e n t t he value fo r the a n i s o t r o p y as de te r -
m i n e d in th i s w o r k by a va lue for the s ta t ic bu lk 
po l a r i zab i l i t y as it m a y be e x t r a p o l a t e d f r o m the op t i -
cal gas p h a s e polar izabi l i t ies (a n — a x ) d e t e r m i n e d by 
B u c k i n g h a m a n d c o w o r k e r s [20]. We e x t r a p o l a t e d 
the i r op t i c a l (or electronic) c o n t r i b u t i o n s to t he p o l a r -
izabil i t ies t o ze ro f r equency u n d e r the a s s u m p t i o n t h a t 
they a r e l inea r func t i ons in v2 (v = opt ica l f r equency) 
(cf. [21], p. 3323 lower right) . T h e s ta t ic m o l e c u l a r bu lk 
po la r i zab i l i t y was then e s t i m a t e d us ing the c r u d e rela-
t i on [22] 

( a » " a J - . (10) 

Table 2. Comparison of the experimental values for the static 
polarizabilities of allene, H 2 C = C = C H 2 , with Hartree-Fock 
values calculated for the microwave res t ructure rc=c = 
1.3095(8) Ä, r c _ H = 1.0835(24) Ä, < H C H = 118.55(25)° 
(compare [15] for the different structure definitions). 

a = 
(a l l o ~ a i o ) 

In (10) a0= 5.99 • 1 0 ~ 2 4 c m 3 a n d (a,, 0 — a x 0 ) = 
4.55 • 1 0 ~ 2 4 c m 3 a re the e lec t ron ic c o n t r i b u t i o n s to 
the s ta t i c b u l k polar izab i l i ty a n d s ta t ic po la r izab i l i ty 
a n i s o t r o p y , respectively, as e x t r a p o l a t e d by t he p r o -
c e d u r e o u t l i n e d above . F r o m (10) we o b t a i n a = 

Method ( « l | - « ± ) / A 3 a / Ä 3 «,, /Ä3 
« x / Ä 3 

HF-SCF 
(6-311 G**) 

6.06 4.98 9.02 2.96 

Exp. this work 
and [20] 

4.26(6) 5.61 8.45 4.19 

(ay — 2 a x ) / 3 = 5.61 • 1 0 ~ 2 4 c m 3 . C o m b i n e d wi th o u r 
e x p e r i m e n t a l va lue fo r t he suscept ib i l i ty a n i s o t r o p y 
th is l eads t o the i nd iv idua l c o m p o n e n t s fo r the s ta t ic 
po la r i zab i l i t y t e n s o r of a l lene : ay = 8.45 • 1 0 _ 2 4 c m 3 

a n d a x = 4 . 1 9 - 1 0 _ 2 4 c m 3 . In view of the u n k n o w n 
e r r o r i n t r o d u c e d by the use of (10) we d o n o t q u o t e 
unce r t a in t i e s fo r these values . We believe, however , 
t h a t the i r unce r t a in t i e s s h o u l d c o r r e s p o n d to single 
s t a n d a r d d e v i a t i o n s of a p p r o x i m a t e l y + 0 . 1 • 1 0 " 2 4 

c m 3 . F ina l ly we c o m p a r e the e x p e r i m e n t a l resul ts t o 
t he c o r r e s p o n d i n g va lues c o m p u t e d by the H a r t r e e 
F o c k S C F - r o u t i n e f r o m the G a u s s i a n 88 p r o g r a m 
p a c k a g e [23] ins ta l led a t t he V A X - X - M C at the c o m -
p u t e r cen te r a t the Un ive r s i ty of Kie l (see Tab le 2). 
T h e 6-311 G * * bas i s w a s used a n d the ca lcu la t ion 
w a s ca r r i ed o u t a t t he e x p e r i m e n t a l r e s t r u c t u r e , a s 
f i t ted t o the r o t a t i o n a l c o n s t a n t s of H D C = C = C H 2 

a n d D 2 C = C = C H 2 ( r ( C = C ) = 1.3095(8) Ä, r ( C _ H ) = 
1.0835(24) Ä, a n d < H C H = 118.55(25)°). W i t h the 
c o m p u t e d value fo r (ay — a x ) a t a b o u t 1 5 0 % of the 
exper imenta l value, the necessity for ca l ibra t ion of 
q u a n t u m chemical resul ts is obvious . Th is will be espe-
cially t rue for lower level q u a n t u m chemical calcula-
t ions such as h a v e to be used present ly fo r a p p r o x i m a t e 
ca lcu la t ions of the p roper t i e s of larger polyenes. 
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