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ABSTRACT 

The infrared and Raman spectra of & u ~ ~ - N ~ ( S ~ N ~ C H ~ ) ~  and 

Pd(S3N)z were measured from 4000-200 cm-l. 

were assigned by comparison to the sulfur n tride complexes o f  

nickel(II), palladium(I1) and platinum(I1). Normal coordinate 

analyses on these complexes were carried on these data using 

molecular parameters taken from X-ray data. 

ments, isotope shift data on R ~ ~ F I A - ~ ~ N ~ ( S ~ N ~ C H - ~ ) ~  have also been 

carried out. 

The absorption bands 

To aid in band assign- 
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4 5 2  HAWORTH AND LIN 

INTRODUCTION 

I n  a p rev ious  paper  we have r e p o r t e d  on t h e  i n f r a r e d  and 

Raman spec t ra  of s u l f u r  n i t r i d e  square p l a n a r  complexes o f  t h e  

t ype  M(S2N2H)z w i t h  M i s  n i c k e l ,  p a l l a d i u m  and p l a t i n u m  (1) .  I t  

was shown by t h e  normal c o o r d i n a t e  analyses t h a t  t h e  v i b r a t i o n a l  

modes assoc ia ted  w i t h  t h e  s u l f u r  n i t r o g e n  r i n g s  were s t r o n g l y  

coupled. Th is  d a t a  was a l s o  used t o  suppor t  an i n f r a r e d  s tudy  o f  

t h e  Pt(S2N2H)2, Pt(SzNzH)(S3N) and Pt(S3N)z complexes ( 2 ) .  T h i s  

paper r e p o r t s  on two o t h e r  s u l f u r  n i t r i d e  complexes, .thun6- 

Ni(S2N.$H3)2 and Pd(S3N)2, and makes use o f  t h e  normal c o o r d i n a t e  

a n a l y s i s  techn ique  combined w i t h  i s o t o p e  s h i f t  da ta  on 

62N i  ( S Z N ~ C H ~ ) ~  t o  suppor t  assignments. 

EXPERIMENTAL 

1. L u n s - N i  ( S Z N ~ C H ~ ) ~  

Tmnb-Ni  ( S ~ N Z C H ~ ) ~  was prepared by r e a c t i n g  N i  ( S Z N ~ H ) ~  w i t h  

KOH and methyl i o d i d e  i n  t e t r a h y d r o f u r a n  (THF) (3) .  The 

Ni(S2N2H)z was prepared as p r e v i o u s l y  desc r ibed  (4,5). 

was removed on a r o t a r y  evapora to r  and t h e  r e s i d u e  was e x t r a c t e d  

w i t h  h o t  benzene. The combined benzene e x t r a c t s  were p laced  on an 

a c i d  washed alumina column and t h e  f i r s t  e l u a t e  (green)  con ta ined  

s u l f u r  and S4N4. 

Ni(SzNzH)(S3N), and then  a f t e r  ca. 3 h r  a green f r a c t i o n ,  

NI(S2N2CH3)2. A b l u e  f r a c t i o n ,  N i  ( S Z N ~ C H ~ ) ( S ~ N ~ H )  and a v i o l e t  

f r a c t i o n ,  Ni(SzN2H)z were e l u t e d  w i t h  acetone. The b l u e  and g reen  

The THF 

T h i s  was f o l l o w e d  by a r e d  f r a c t i o n ,  
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SULFUR-NITRIDE COMPLEXES 4 5 3  

f r a c t i o n s  were f u r t h e r  p u r i f i e d  by chromatography fo l lowed by r e -  

c r y s t a l l i z a t i o n  from benzene. 

194”C(3)); Ni(S2N2CH3)(S2N2H), mp 144OC ( l i t .  mp 144OC(3)). 

N ~ ( S Z N ~ C H ~ ) ~ ~  mp 194°C ( l i t. mp 

The 62Ni  (S2N2CH3)2 was prepared from 6 2 N i  (S2N2H)2, whose 

synthesis was prev ious ly  described (1 ).  

2. Pd(S3N)Z 

This compound was prepared by reac t i ng  PdC12 and S4N4 i n  

methanol (6) .  A f t e r  removal o f  the so lvent  fo l lowed by washing 

w i t h  water t o  remove c h l o r i d e  i o n  the product was d r i e d  i n  vacuo. 

The dry  s o l i d  was taken up i n  cyclohexane and chromatographed on a 

biLica gee-G column. 

ca. 5 mL and a f t e r  ca. 12 h r  Pd(S3N)2 p rec ip i t a ted ,  mp 178OC 

(lit. mp 179OC ( 6 ) ) .  

3. Spectral  measurements 

The e lu ted  blue s o l u t i o n  was evaporated t o  

The i n f r a r e d  o f  the compounds were recorded on a Perkin-Elmer 

FIS-3 far i.r. spectrophotometer from 410-33 cm” as n u j o l  mu l ls  

on a polyethylene p la te ,  

IR-12 i.r. spectrophotometer from 4000-200 cm-’ us ing  the  KBr 

p e l l e t  technique. Raman spectra were recorded on a Spex Model 

1401 double monochrometer equipped w i t h  an ITT FW-130 phototube. 

The compounds were a l so  run  on a Beckman 

NORMAL COORDINATE ANALYSES 

1. &mns-Ni (S2N2CH3)2 

The normal coordinate ana lys is  on t h i s  complex was c a r r i e d  

o u t  on a model o f  Cph symmetry. The molecular parameters used 
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454 HAWORTH AND LIN 

for this NCA were taken from the results of X-ray analysis (3). 

The twenty-seven normal vibrations can be classified into 

9Agt3Bg+5AutlOBu; the Ag and Bg are Raman active whereas the Au 

and Bu modes are infrared active. In this treatment we have in- 

cluded all in-plane (Ag and Bu) vibrations. The programs written 

by Schachtschneider (7) were used in this work. The twenty-eight 

in-plane internal coordinates are shown in Table 1. The out-of- 

plane and torsion coordinates are not shown. These twenty-eight 

internal coordinates can be divided into twelve stretching and 

sixteen bending modes. The symmetry coordinates for i m n b -  

Ni(S2N2CH3)2 are shown in Table 2. 

ed in the twenty-six symmetry coordinates. They were not easily 

eliminated and were included i n  the NCA calculations. Final re- 

sul ts gave zero frequencies corresponding to these redundancies. 

The calculated force constants; stretching ( K ) ,  bending (H) and 

repulsive ( F )  are displayed i.n Table 3. 

constants (f) are not shown. 

culated spectra for i m n ~ - N i ( S 2 N 2 C H ~ ) ~  and its 62Ni analog. 

Shown also are the potential energy distribution (PED) and the 

predominant modes. 

Seven redundancies are includ- 

The interaction force 

Table 4 lists the observed and cal- 

2. Pd(S3N)z 

The normal coordinate analysis on this planar complex was 

carried out on a model o f  C2v symetry. 

used for the NCA were taken from X-ray analysis (8). 

The molecular parameters 

The twenty- 
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SULFUR-NITRIDE COMPLEXES 455 

TABLE I 

Internal Coordinates for N i ( S  N CH ) 2 2  3 2  

n l  2 

7 N  

2 m 

2-1-9 - n l  

6-1-5 = n 
2 

2-1-5 - e l  

6-1-9 - e2 

1-2-3 p b l  

1-6-7 = 

2-3-4 = 

6-7-8 y2 

6 2  

Y 1  

2 
S R ,-' 

1 ,  

N i  

3 
d l  N 

1 
n 

4 5 
m 

1 

3-4-5 0, 

7-8-9 0, 

1 4-5-1 - a 

2 8-9-1 = a 

4-5-10 6, 

8-9-11 - 6, 

1-9-11 = P 2  

1-5-10 P 1  
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456 HAWORTH AND LIN 

TABkE 2 

Symmetry C o o r d i n a t e s  f o r  NI(S  N C H  ) 
2 2  3 2  

Bu: S 1 4 =  A R 1  - A R  2 

S15= Ar3 - Ar4 

Szl=  Anl - An2 - A81+AOz 

S22= A61 - A62 

S165 Ad 1 - Ad2 S23= A Y ~  - A Y ~  

3 7 =  A m l  - 2 S243 A61 - A82 
S 1 8 =  An 1 - An 2 S z 5 5  Aal - Aa2 - A t $ 1 + A t $ 2 - A ~ 1 + A ~ 2  

S l 9 0  Ah 1 - Ah2 526' A41 + A P ~  - AP1-A62 

5 = AK - AK + A0 -A0 
20 1 2 1 2  
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SULFUR-NiTRIDE COMPLEXES 

TABLE 3 

0 

Force C o n s t a n t s  (mdy/A) for N i  (S2N2CH3)2  

K ( N i - S )  1.05 

K ( N i - N )  0 .60  

K(S I -N I )  5.40 

K(S2-N2)  3 . 3 2  

K ( N l - S 2 )  2 .65 

K(N-C) 6 . 2 0  

H ( S - N i - N )  0.15 

H ( S - N i - N )  0 . 1 3  

H ( N i - S - N )  0.30 

H(S-N-S)  0.80 

457 

H ( N - S - N )  0.50 

H ( N i - N - S )  0 . 2 0  

H(S-N-C)  0 . 3 5  

H ( N i - N - C )  0.09 

F ( S - S )  0.40 

F(N-N)  0.40 

F ( N i - 5 )  0.40 

F ( S - C )  0.55 

F ( N i - C )  0.40 

CH3 
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460 HAWORTH AND LIN 

one normal modes a r e  c l a s s i f i e d  as 8 A1 t 3 A2 t 3 B1 + 7 B2 and 

a l l  modes a r e  i n f r a r e d  and Raman a c t i v e  except  A2 which i s  o n l y  

Raman a c t i v e .  

modes were considered and these twenty-two i n t e r n a l  c o o r d i n a t e s  

a r e  shown i n  Table 5. 

shown i n  Table 6 i n c l u d e  f i v e  redundancies which were n o t  e a s i l y  

I n  t h i s  t rea tmen t  o n l y  t h e  i n - p l a n e  (A1 and B2) 

The twenty-one symmetry coo rd ina tes  as 

TABLE 5 

Internal Coordinates for Pd(S3N)2 

1 2-3-4 = y 2-1-6 = n l  

5-1-9 = ll 2 6-7-8 = yg 

9 2-1-5 - e l  3-4-5 = 

6-1-9 - e2 
1-2-3 p 6 l  

1-6-7 = 62 

7-8-9 = B2 

4-5-1 - a1 

8-9-1 = a2 
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SULFUR-NITRIDE COMPLEXES 461 

TABLE 6 

Symmetry Coordinates for Pd(S N) 
3 2  

A l :  Sl'AR +AR2 
1 

S -Ar +Arb 

S3=Aml+Am2 

S4=An1+An2 

2- 3 

Sg-Adl +Ad2 

S =Anl-Al12-A6 +A02 

S18=A61-A62 

S =by -Ay 
19 1 2 

2 S 20 =AB1 -A8 

S21 =Aal -Aa2 

17 1 

eliminated and were included in the calculations. 

zero frequencies in the final results.  The calculated force 

constants; stretching ( K ) ,  bending (H )  and repulsive ( F )  are  

shown i n  Table 7. 

shown. Table 8 shows the infrared and Raman spectra for Pd(S3N)2, 

the predominant modes as well as the percent potential energy dis- 

tribution ( P E D ) .  

These gave 

The interaction force constants ( f )  are n o t  
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4 6 2  HAWORTH AND LIN 

TABLE 7 

0 

Force Constants (mdy/A) for P c I ( S ~ N ) ~  

K(Pd-Sl) 1.08 

K(Pd-S3) 0.98 

K ( S 1  -N1 5.50 

K(Nl-S2) 2 .68  

K(S2-S3) 1.52 

H(S-Pd-S) 0.90 

H(Sl-Pd-S3) 0.90 

H(Pd-S-N) 0 . 2 0  

1 
N- 

I- 

1 1 1 

1 2- 
/ '"\ 

3 3 2 
S- S 

0.73 

0.90 

0.30 

0.76 

0.29 

0.10 

0.42 

0.20 

0 .40  

RESULTS AND DISCUSSION 

Replacement o f  t h e  N-H hydrogens o f  I A - N ~ ( S ~ N ~ H ) ~  w i t h  

methyl groups r e s u l t s  i n  a &~LIKA-N~(S~N$H~)~ (See f i g u r e  i n  

Table 3 ) .  Two o f  the three r i n g  S-N s t re tch ing  modes a r e  s i m i l i a r  

t o  those found i n  oib-Ni(S2N2H)2: v(S1-N1), 1032 cm-' and 
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v(N1-S2), 717 cm-l. The w(N2-S2) band i s  s h i f t e d  f rom 890 cm-l 

i n  G & - N ~ ( S ~ N ~ H ) ~  t o  834 cm” i n  k h a r ~ h - N i ( S ~ N ~ C H ~ ) ~ .  Most bands 

i n  . t k u r ~ h - N i ( S ~ N ~ C H ~ ) ~  as w e l l  as i n  c & - N ~ ( S ~ N ~ H ) ~  a r e  s t r o n g l y  

coupled. The meta l  i s o t o p e  s u b s t i t u t i o n  N A N i / 6 2 N i  i s  expected t o  

s h i f t  a l l  t h e  m e t a l - n i t r o g e n  and m e t a l - s u l f u r  s t r e t c h i n g  modes. 

It i s  p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  t h e  c a l c u l a t i o n s  due t o  

6 2 N i  i s o t o p e  s u b s t i t u t i o n  a r e  i n  good agreement w i t h  those ob- 

served f o r  t h e  N i - N  and N i - S  s t r e t c h i n g  and s k e l e t a l s  bending 

modes (Table 4 ) .  

and i s o t o p i c  s h i f t  a r e  i n  good agreement and show an average e r r o r  

o f  l e s s  than one percent .  

Band assignments f o r  t h e  observed f requenc ies  

For  p l a n a r  Pd(S3N)2 (See f i g u r e  i n  Table 7 )  t h e  r i n g  S-N 

assignments can be compared t o  ou r  p rev ious  s y n t h e s i s  and i n f r a r e d  

s tudy  o f  Pt(S3N)2 ( 2 ) .  

s h i f t e d  from 1025 cm-’ t o  1050 cm-l i n  the  p a l l a d i u m  complex. The 

w(N1-S2) v i b r a t i o n  shows a sma l l  change s h i f t ,  712 cm-l f o r  p l a t i -  

num t o  700 cm-’ f o r  t h e  p a l l a d i u m  complex. 

c a r r i e d  o u t  on P t ( S 3 N I 2 ,  t h e  Pd(S3N)2 complex shows s t r o n g  cou- 

p l i n g  f o r  most o f  t h e  s t r e t c h i n g  and bending modes. 

ments show an average e r r o r  o f  0.05 pe rcen t .  

I n  t h e  p l a t i n u m  complex v(S1-N1) i s  

While no NCA was 

Band ass ign-  
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