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The electric field gradients (EFG) in SC12 have been computed with both self-consistent-field 
(SCF) and configuration-interaction (CI) methods. The predicted EFG, along with the nuclear 
quadrupole moment QN of 35C1 and 37C1 from other sources, allows us to compare theoretical 
quadrupole coupling constants with new experimental results. The best values obtained agree with 
the experiment within 3%. It has been found that the principal axis of the coupling tensor does not 
coincide with the S - C l internuclear axis, and the tilt angle has been predicted close to that from 
experiment. 
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1. Introduction 

T h e nuclear q u a d r u p o l e coup l ing cons tan t s ( N Q C C ) 
a r e usefu l p a r a m e t e r s t o ca l i b ra t e the e lec t ronic s t ruc-
t u r e of a t o m s a n d molecu les . W i t h the a d v e n t of 
F o u r i e r t r a n s f o r m m i c r o w a v e spec t ro scopy [1], these 
q u a n t i t i e s can be d e t e r m i n e d m o r e accura te ly , a n d in 
s o m e cases i n f o r m a t i o n re l a t ing t o the o f f -d iagona l 
c o u p l i n g c o n s t a n t s c a n be o b t a i n e d . Recent ly , M e r k e 
a n d Dre iz le r [2] used w a v e g u i d e 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 s p e c t r o s c o p y t o re inves t iga te the q u a d r u -
p o l e hyper f ine s t r u c t u r e of su l fu r d ichlor ide . Because 
of t h e h igh r e so lu t i on of the spec t roscopy , t he c o u -
p l ing c o n s t a n t s o b t a i n e d a r e m o r e rel iable c o m p a r e d 
w i th p r e v i o u s s tud ies [ 3 - 5 ] . D u e t o s o m e m e a s u r e d 
t r a n s i t i o n s wi th n e a r degene racy , M e r k e a n d Dre iz le r 
a l so o b t a i n e d a m u c h m o r e a c c u r a t e o f f -d iagona l 
c o u p l i n g c o n s t a n t . T h e c o n s t a n t t hey f o u n d grea t ly 
i m p r o v e d the o n e r e p o r t e d ear l ie r by M u r r a y et al. [4] 
w h o d e t e r m i n e d t he o f f -d i agona l coup l ing e l emen t 
t h r o u g h ana lys i s w i th s e c o n d - o r d e r p e r t u r b a t i o n 
t h e o r y a n d the a s s u m p t i o n of t he S - C l i n t e rnuc l ea r 
axis a s a p r inc ipa l axis. T h e k n o w l e d g e of m e a s u r e d 
d i a g o n a l a n d o f f -d i agona l c o u p l i n g c o n s t a n t s m a k e s it 
poss ib l e t o d e t e r m i n e t he p r inc ipa l axis sys tem wi th in 
t he m o l e c u l a r g e o m e t r y f r ame . T h e y h a v e f o u n d t h a t 
t he N Q C C pr in icpa l axis d o e s n o t co inc ide wi th the 
S - C l i n t e rnuc l ea r axis as widely bel ieved before . A tilt 
ang le of a b o u t 1.3° is f o r m e d b e t w e e n the two . Based 
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o n this, M e r k e a n d Dre iz le r c o n c l u d e d t h a t th i s m a y 
p r o v i d e e x p e r i m e n t a l i n f o r m a t i o n o n t he poss ib i l i ty of 
ben t b o n d s in SC1 2 . 

T h e nuc lear q u a d r u p o l e coupl ing c o n s t a n t is directly 
re la ted t o the E F G a t a nuc leus in t he sys tem. G i v e n 
the k n o w l e d g e of N Q C C a n d the n u c l e a r q u a d r u p o l e 
m o m e n t s f r o m o t h e r e x p e r i m e n t a l o r t heo re t i ca l 
sources , t he E F G at the nucle i c an be d e d u c e d . T h e r e -
fore, the m e a s u r e m e n t of N Q C C p r o v i d e s d i rec t in-
f o r m a t i o n o n the e lec t ron ic d i s t r i b u t i o n in t he vicini ty 
of the nuclei a n d c a n be used in c h e m i c a l ana lys i s 
in a s imi lar f a sh ion as nuc l ea r m a g n e t i c r e s o n a n c e 
( N M R ) o r e lec t ron spin r e s o n a n c e (ESR). I t m a y a l so 
be useful fo r ver i fying theo re t r i ca l m o d e l s of e l e t ron ic 
desc r ip t ion [6, 7]. O n t he o t h e r h a n d , t he m e a s u r e d 
N Q C C a n d the E F G ca lcu la t ed w i th soph i s t i c a t ed 
theore t i ca l m o d e l s m a y p r o v i d e us w i t h t he n u c l e a r 
q u a d r u p o l e m o m e n t s [ 8 - 1 2 ] wh ich in s o m e cases a r e 
qu i t e diff icult t o d e t e r m i n e expe r imen ta l ly . I n t h e 
p resen t r epo r t , we e m p l o y a b ini t io m e t h o d s t o inves-
t iga te t he E F G a n d N Q C C in SC1 2 . T h i s w o r k h a s 
t w o p u r p o s e s : We w o u l d l ike t o c o n f i r m the a b o v e 
e x p e r i m e n t a l f ind ings f r o m a theore t i ca l p o i n t of view 
a n d t o f ind the a p p r o p r i a t e theo re t i ca l t r e a t m e n t of 
the E F G . 

2. Theoretical Model 

T h e E F G o n a nuc l eus N is def ined as a 3 x 3 sym-
met r i c t race less t e n s o r [13], 
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where a, ß = a, b, c a n d <P is the electronic wavefunc-
t ion of the system. V is the electrostat ic potent ia l oper-
a to r at the nucleus. E q u a t i o n (1) m a y be wri t ten in two 
parts , the nuclear a n d the electronic te rms [14]: 

9Naß = Z Z K ( 3 R N K a R N K ß — R H K ö a ß ) R N l — qHX ß , (2) 
K*N 

9Naß = <<*> I E (3 rNka rNkx - r2
Nk öaß) r^k

5 | <P> 
k 

= £ <0MI (3 rNka rNkß - r2
Nk öaß) r^k

5 |<l>v>, (3) 
m. v 

where K r uns t h r o u g h all the nuclei except the nucleus 
N, RNKa is the a c o m p o n e n t of the d is tance vector RNK 

between nuclei K a n d N, ZK is the nuclear charge of 
K a n d öaß is the K r o n e c k e r del ta funct ion, k runs 
t h r o u g h all the e lectrons in the system a n d rNkx is the 
a c o m p o n e n t of the dis tance vector rNk between elec-
t ron k a n d the nucleus N. P^ v is the one-part ic le den-
sity ma t r ix e lement expressed in the basis set {</>}. 

The quadrupo le coupl ing constant tensor x is simply 
given by 

%Naß = QN <2Naß » ( 4 ) 

where QN is the nuclear q u a d r u p o l e m o m e n t of 
nucleus N. In (4) a n d t h r o u g h o u t this pape r q is given 
in a tomic units a n d 1 a.u. = 2.3496 x 102 M H z / B a r n 
(note tha t qNxß somet imes is given as eqNaß/h). QN is 
given in uni ts of Barn a n d x in M H z . 

F r o m microwave spec t rum experiments , the XNaß 
tensors are given in the principal inert ia axis system 
(a ,b ,c ) . W h e n diagonal ized, the XNH> with i = x,y,z 
defining the pr incipal E F G axis system, m a y be ob-

tained. The asymmetry p a r a m e t e r rj is defined by 

\Xyy\-\XXX\^ | * z 2 | > | ; e J > | ^ | . (5) 
\lzz\ 

The electronic term given in (3) has been calculated 
at bo th S C F and CI levels by employing the S C F a n d 
CI one-density matrices. The geomet ry used here is 
the experimental o n e , r = 2.01525 Ä . 2 0 = 102.730° [5] 
and is displayed in Fig. 1 with 09 defining the angle 
between one of the N Q C C principal axes (z) and the 
S - C l internuclear axis. The cc -PTV basis set by W o o n 
and D u n n i n g [15] was employed. The calculat ions 
have been carried out t h r o u g h the Meld p r o g r a m [16] 
in the M O T E C C - 9 0 package. 

3. Results and Discussion 

In order to assess the basis set effects, the E F G has 
been calculated with successive increases in the size of 
the basis sets. Initially, the s a n d p funct ions given by 
Woon and D u n n i n g [15] include 15 s a n d 9 p primi-
tives cont rac ted to 5 s and 4 p. Then, one or two sets 
of d type polar iza t ion func t ions have been added to 
the above sp basis sets. Finally, the basis set on each 
a t o m is augmented by a set of f funct ions . The result-
ing 5 s 4 p 2 d If basis set consists of 117 basis funct ions . 

The total energy, predicted E F G in b o t h the princi-
pal inertia axis system (a, b, c) a n d the pr incipal E F G 
axis system (x, y, z), asymmetry parameter , and dipole 
m o m e n t at the S C F theoret ical level are listed in 
Table 1. The energy is given in Har t r ee a n d the dipole 
momen t in a tomic units, with 1 a.u. = 2.54177 Debye. 
Inclusion of polar iza t ion func t ions is found to be im-
por t an t for the energy as well as for o ther propert ies . 
With one set of d polar iza t ion funct ions , the energy 
decreases by an a m o u n t of 0.082964 f rom tha t with the 
5s4p basis s e t . .Wi th regard to the E F G , CI goes 
th rough more changes then does the S a tom. The 
addi t ion of the second set of d func t ions seems to affect 
propert ies to a much lesser degree for CI. However , 
the S a t o m shows a steady change. Even by including 
f polar izat ion, changes in the energy as well as p rop-
erties are still observed. 

Pa lmer has reported the nuclear q u a d r u p o l e cou-
plings of 1 4 N and n B in molecules [10, 11]. Recently, 
he studied the N Q C C of 3 3 S, a n o t h e r e lement appear -
ing in m a n y biological molecules. Wi th a T Z P basis 
set, the E F G was predicted as qaa = —3.30286, qbb = 
- 1 . 5 0 0 1 1 and qcc = 4.80289, at the S C F level for 
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Table 1. The total energy, E F G in both the (a, b, c) and (x, y, z) 
systems, asymmetry parameter, and dipole moment from the 
SCF calculations. 

Basis sets 
Energy 

5s4p 5s4pld 
-1316.431584 -1316.514548 

5s4p2d 
-1316.546387 

5s4p2d If 
-1316.559286 

s < ? a a , ? „ 3.4263 
Ibb ' lxx 1-6510 
qcc,qzz - 5 . 0773 
r\ 0.3497 

CI qaa 

Ibb 
C.lab 

Icdlys 
<lxx 
Izz 

Dipole 
moment 

50 

2.2935 
0.4176 

- 3 . 3 2 5 5 
-2 .7111 
-2 .0997 

4.8108 
0.1271 
0.3109 

1.510 

3.4438 
1.5365 

-4.9803 
0.3830 
2.1241 
0.3756 

-3.0122 
-2.4997 
-1.8867 
4.3864 
0.1398 
0.1909 

1.727 

3.4025 
1.5086 

-4.9111 
0.3856 
2.0972 
0.3822 

-2.9620 
-2.4793 
-1.8439 
4.3233 
0.1470 
0.1940 

1.708 

3.3329 
1.4880 

-4.8209 
0.3827 
2.0476 
0.3834 

-2.9107 
-2.4310 
-1.8118 
4.2428 
0.1459 
0.1951 

1.612 

Table 2. The total energy, E F G in both the (a, b, c) and (x, y, z) 
systems, asymmetry parameter, and dipole moment from the 
SDCI calculations. 

Basis sets 
Energy 

5s4p* 5s4p 5s4pld 
-1316.663574 -1316.599137 -1316.857452 

5s4p2d 
-1316.978272 

s q a a , q y 

Ibb'lx 
4cc><lz: 

CI qaa 

Ibb 
<lab 

Qcc' Qy} 
Ixx 
Qzz 
1 

Dipole 
moment 

80 

57542 9062 25372 49930 
3.2517 3.2265 3.1573 3.2450 
1.6601 1.6613 1.4817 1.4770 

-4 .9118 - 4 . 8 8 7 8 -4 .6390 - 4 . 7 2 2 0 
0.3204 0.3202 0.3612 0.3744 
2.2215 2.2085 2.0971 2.0221 
0.4519 0.4563 0.4047 0.3907 

- 3 . 2 1 1 2 - 3 . 1 9 1 3 -2 .9704 -2 .8448 
-2 .6734 - 2 . 6 6 4 8 -2 .5018 -2 .4128 
- 1 . 9 9 4 2 - 1 . 9 7 7 0 -1 .8377 - 1 . 7 5 3 0 

4.6676 4.6418 4.3395 4.1658 
0.1455 0.1482 0.1530 0.1584 
0.2507 0.2440 0.1161 0.1755 

1.337 1.311 1.586 1.635 

* all electron calculation. 

SC12 - T h e S C F energy is c o m p a r a b l e to the p resen t 
5 s 4 p l d ca lcu la t ion a t t h e s a m e theore t ica l level. But 
the E F G values a re c lose r to the o n e f r o m the 
5 s 4 p 2 d If ca lcu la t ion . N o C I ca lcu la t ion fo r SC12 h a s 
been r e p o r t e d before . 

T h e energy , the n u m b e r of c o n f i g u r a t i o n s t a te func-
t ions ( N o . C S F ) a n d c o m p u t e d p rope r t i e s a re s u m m a -
rized in T a b l e 2. T h e p r e s e n t C I ca lcu la t ions involve 
all the s ingle a n d d o u b l e exc i t a t ions ( S D C I ) wi th 20 
va lence e lec t rons except f o r the o n e wi th the 5s 4 p 
bas is set. I n t h a t case, b o t h full e lec t ron S D C I a n d 
va lence e l ec t ron S D C I h a v e been c o n d u c t e d in o r d e r 

to inves t iga te the effect of the c o r e e l ec t ron c o n -
t r i b u t i o n . U p o n c o m p a r i n g the first t w o c o l u m n s in 
Tab le 2, o n e m a y c o n c l u d e t h a t t he c o r e e l ec t rons 
h a v e a l imited effect o n these e lec t ron ic p rope r t i e s . 
H o w e v e r , the t r e n d is t h a t wi th inc lus ion of t he c o r e 
e l ec t rons c o n t r i b u t i o n , t he m a g n i t u d e s of t he E F G is 
increased in c o n t r a s t t o the basis set effect. W h e n t he 
qua l i t y of the bas is set is i m p r o v e d , t he E F G is m o r e 
likely t o decrease in a b s o l u t e value. T h e coex is tence of 
c o u n t e r effects o n cer ta in electronic p roper t i e s has been 
observed before, such as geomet ry [17] a n d spin hyper -
fine c o u p l i n g c o n s t a n t s [18]. If c a u t i o n is e m p l o y e d to 
b a l a n c e these fac to rs , t h o s e e lec t ron ic p r o p e r t i e s m a y 
be p red ic t ed r e a s o n a b l y well w i t h o u t e m p l o y i n g 
heavy C I ca l cu la t ions wi th very l a rge bas i s sets. 

W i t h the 5 s 4 p 2 d bas i s set, t he E F G in SC12 h a s 
been ca lcu la t ed t o be, q% = 2.0221, 4 f t = - 2 . 8 4 4 8 , 
a n d qftI = - 2 . 4 1 2 8 . T h e s e E F G ' s , t o g e t h e r w i th t he 
nuc l ea r q u a d r u p o l e m o m e n t s of 3 5 C 1 QN = —0.08249 
a n d 3 7 C1 Qn = - 0 .06493 [6], p r o d u c e d the N Q C C 
wi th * a f l ( 3 5 C l ) = - 3 9 . 1 9 2 ( - 3 8 . 6 7 1 ) , Z - f c (Cl ) = 55.07 
(53.76) a n d * c c ( 3 5 C l ) = 46.7645 (47.7945) in S 3 5 C 1 2 , 
a n d * a a ( 3 7 C l ) = — 30.849 ( - 31.217), * a i ) ( 3 7 C l ) = 
- 4 3 . 3 5 0 ( - 4 2 . 2 8 5 ) , a n d x c c ( 3 7 C l ) = 37.5967 (37.6759) 
in S 3 5 C1 3 7 C1, wi th t he n e w e x p e r i m e n t a l va lues given 
in p a r e n t h e s i s [2]. T h j e d i f ferences a r e f o u n d t o be 
smal le r t h a n 3 % . 

T h e E F G o n the S a t o m s h o w s s imi la r t r e n d s u n d e r 
e lec t ron c o r r e l a t i o n as r e p o r t e d by P a l m e r [12] o n a 
series of S - c o n t a i n i n g c o m p o u n d s . H o w e v e r , the p res -
ent ca l cu la t ion p red ic t s m u c h la rger c h a n g e s in t he 
va lue of the E F G . W i t h c o m p a r a b l e qua l i t y bas is sets, 
c h a n g e s of a b o u t 7 % a r e obse rved fo r qzz o n S c o m -
p a r e d wi th 3 % r e p o r t e d in C l 2 S O a n d C 1 2 S 0 2 [12]. 
Based o n the a b o v e ana lys i s of poss ib le cance l l a t i on of 
e r rors be tween e lec t ron cor re la t ion a n d basis set effects 
a n d t he n u m e r i c a l ev idence of the N Q C C of 3 5 C1 a n d 
3 7C1, we m a y a s s u m e t h a t t he p re sen t ca l cu la t ed E F G 
on S, qaa = 3.2450, qbb= 1.4110 a n d qcc= - 4 . 7 2 2 0 , 
inher i t s s imi lar e r r o r s of a b o u t 3 % . U s i n g t he n u c l e a r 
q u a d r u p o l e m o m e n t s of 3 3 S r e p o r t e d by S u n d h o l m 
a n d O l s e n [6, 8] —0.0678 (which is c lose t o P a l m e r ' s 
der ived va lue of - 0 . 0 6 4 0 [12]), we p red ic t t he N Q C C 
of 3 3 S in SC12 t o be % a a = - 5 1 . 6 9 , xbb= - 2 3 . 5 3 a n d 
Zee = 75.22. 

T h e d ipo le m o m e n t is seen t o be qu i t e sensi t ive t o 
b o t h bas is set qua l i t y a n d e lec t ron co r r e l a t i on . I t 
c h a n g e d qu i t e d r a m a t i c a l l y w h e n t he first set of d 
p o l a r i z a t i o n f u n c t i o n s w a s a d d e d . Never the les s , it a p -
p e a r s t o be c o n v e r g i n g a t b o t h the S C F a n d S D C I 
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levels w h e n be t t e r bas is sets were used . W i t h the 
5s 4p 2d bas is set, the S D C I d ipo le m o m e n t is o b t a i n e d 
as 0.1755, wh ich is l a rger t h a n the va lue 0.14 r e p o r t e d 
by M u r r a y et al. [4] t h r o u g h f i t t ing of t he S t a r k effect 
of the 0 o 1 o t r ans i t i on . 

T h e ang le b e t w e e n t he N Q C C p r inc ipa l axis a n d 
the S - C l i n t e r n u c l e a r d i r ec t ion is smal l . Never the less , 
it ha s been p red ic t ed qu i t e cons i s ten t ly t o be a r o u n d 
1.5° (see Tab les 1 a n d 2). T h i s clearly ind ica tes t h a t the 
S - C l b o n d is n o t s t r a igh t in the vicini ty of the CI 
nuclei . 

Even t h o u g h m o s t chemica l b o n d s a r e s t ra igh t , the 
ben t b o n d m o d e l is n o t a n e w c o n c e p t in chemis t ry 
[19]. B o t h x - ray c r y s t a l l o g r a p h i c e x p e r i m e n t s [20] a n d 
the b o n d p a t h a c c o r d i n g to Bade r ' s [21] t opo log ica l 
analys is reveal b e n t b o n d i n g in smal l r ing c o m p o u n d s . 
Actual ly , in n o n l i n e a r molecu les , the i r l ow s y m m e t r y 
m a y a l low mix ing of a t o m i c o rb i t a l s of d i f ferent p r in -
cipal axes. T h e resu l t ing p r inc ipa l axes of c h a r g e den -
sity m a y be t u r n e d a w a y f r o m the i n t e r n u c l e a r direc-
t ion. F o r t he q u a d r u p o l e c o u p l i n g t ensor , t he re a re 
c o n t r i b u t i o n s f r o m b o t h nucle i a n d e lec t rons . T h e nu -
clear t e r m is a lways a l igned wi th the b o n d axis. H o w -
ever, the e lec t ron ic t e r m will fo l low the g r a d i e n t t enso r 
of the c h a r g e dens i ty . The re fo re , except in the l inear 
mo lecu l a r case in wh ich all th ree m e t h o d s p red ic t the 
s a m e d i rec t ion , t he b o n d d i rec t ion f r o m q u a d r u p o l e 
analysis will lie in be tween the one f r o m the analysis of 
the c h a r g e dens i ty itself a n d the o n e f r o m its t opo logy . 

4. Conclusion 

W i t h the e x t e n d e d bas i s set i nc lud ing t w o sets of d 
type func t ions , t he E F G in SC12 h a s b e e n ca lcu la t ed 

at the C I level to be q?a = 2.0221, q™ = 0.3907, q?b = 
- 2 . 8 4 4 8 , q?e = - 2 . 4 1 2 8 , qs

aa = 1.4770, qs
bb = 3.2450, 

qs
cc = —4.7220. T h e s e E F G ' s , t oge the r wi th the nuc lear 

q u a d r u p o l e m o m e n t s of 3 5 C1 a n d 3 7 C 1 [6], p r o d u c e d 
t he N Q C C wi th in 3 % er ro r s c o m p a r e d wi th the n e w 
expe r imen ta l resul ts [2]. T h e p r e d i c t e d N Q C C (with 
the QN given in [8]) of 3 3 S in SC12 a re given as 

X a a = - 5 1 . 6 9 , xb„ = - 2 3 . 5 3 , a n d * c c = 75.22 wi th a 
3 % uncer ta in ty . 

T h e ca lcu la ted ang le be tween t he N Q C C pr inc ipa l 
axis a n d the S - C l axis is 1.6°, wh ich is n o t far off f r o m 
the expe r imen ta l one , 1.3°. Th i s l eads us to c o n c l u d e 
t h a t the S - C l b o n d in SC12 is a c t u a l l y bent . 

Bo th the bas is set a n d e lec t ron c o r r e l a t i o n p l ay 
s ignif icant roles in the E F G p r e d i c t i o n . T h e a u g m e n -
t a t i o n of d a n d f f u n c t i o n s to the bas i s set changes t he 
E F G value s ignif icant ly. T h e e l e c t r o n cor re la t ion , 
mos t ly t h a t of the valence e l ec t rons , c o n t r i b u t e s 
largely to the E F G . Never the less , a s s h o w n here, t he 
E F G can be p red ic t ed well because t h e co r rec t ions fo r 
bas is set qua l i ty a n d e lec t ron c o r r e l a t i o n m a y cance l 
fo r the E F G t o a la rge extent a t c e r t a i n stages. 
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