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HARMONIC FREQUENCIES AND POTENTIAL ENERGY DISTRIBUTIONS 

OF PARTIALLY DEUTERATED METHYL C Y A N I D E  

John C .  Whitmer and Roger A.  Pat terson 

Department o f  Chemistry 

Western Washington S ta te  Col lege 

Be1 1 ingham, Washington 98225 

INTRODUCTION 

Al though the  v i b r a t i o n a l  spect ra and f o r c e  constants  o f  CH CN and 3 
CD CN have been thoroughly  s tud ied ,  p a r t i a l l y  deuterated methyl cyanide 

has received much l e s s  a t t e n t i o n .  

o n l y  r e c e n t l y  been repor ted1 and t h a t  o f  CH2DCN has no t  y e t  appeared. 

Normal coo rd ina te  a n a l y s i s  f o r  n e i t h e r  p a r t i a l l y  deu te ra ted  species has 

appeared. We r e p o r t  here harmonic f requencies and p o t e n t i a l  energy 

d i s t r i b u t i o n s  f o r  both p a r t i a l l y  deu te ra ted  methyl cyanide species,  

CH DCN and CD2HCN, based on f o r c e  f i e l d s  and s t r u c t u r a l  parameters f rom 

CH CN and CD CN. The c a l c u l a t e d  f requenc ies  f o r  C D  HCN a r e  compared 

w i t h  t h e  observed i n f r a r e d  f requencies.  The v i b r a t i o n a l  i n t e r a c t i o n  o f  

t he  r e l a t i v e l y  h igh  CN s t r e t c h i n g  frequency and t h e  CD s t r e t c h i n g  

f requencies i s  a l s o  discussed. 

3 
The i n f r a r e d  spectrum o f  CDZHCN has 

2 

3 3 2 

Force constants  o f  methyl cyanide have been repo r ted  by a number 

o f  i n v e s t i g a t o r s .  P l l l a i  and Cleveland2 determined a va lence f o r c e  
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944 

f i e l d  based on observed f r e q u e n c i e s  o f  CH CN. 

r e p o r t e d  a Urey -Brad ley  f o r c e  f i e l d  f o r  methy 

r a t i o n a l  f requency  and C o r i o l i s  z e t a  d a t a .  D 

3 

WHITMER AND PATTERSON 

Nakagawa and Shimanouchi 

cyan ide  based on  v i b -  

ncan4 c a l c u l a t e d  a con-  

s t r a i n e d  H y b r i d - O r b i t a l  Fo rce  F i e l d  and normal c o o r d i n a t e s  f o r  C H  C N  and 3 
C D  CN based on more comple te  i s o t o p i c  f requency ,  C o r i o l i s  z e t a  and 

c e n t r i f u g a l  s t r e t c h i n g  d a t a .  More r e c e n t l y ,  Yamadera and Krirnni' i n  a 

3 

s tudy  o f  a number o f  n i t r i l e s ,  o b t a i n e d  a va lence  f o r c e  f i e  

cyan ide  wh ich  gave q u i t e  good agreement w i t h  t h e  observed f 

C H  CN and C D  CN a l t h o u g h  no normal c o o r d i n a t e s  or p o t e n t i a l  3 3 
t r i b u t i o n s  based on  t h i s  

CALCULATIONS 

CH CN and C D  CN have 3 3 
Upon p a r t i a l  d e u t e r a t i o n  

o r c e  f i e l d  were r e p o r t e d .  

C symmetry ( 4  A and 4 E v i b r a t  

he symmetry i s  reduced t o  C (8 a 

3v 1 

d f o r  me thy l  

equenc ies  o f  

energy  d i s -  

o n a l  modes). 

and 4 a" 

modes). The i n v e r s e  k i n e t i c  energy  ( G )  m a t r i c e s  were c a l c u l a t e d  f rom 

s tandard  f ~ r m u l a e ~ ~ ~  i n  terms o f  t h i r t e e n  bond and bond a n g l e  i n t e r n a l  

c o o r d i n a t e s  i n  F i g u r e  1 .  M o l e c u l a r  parameters  used a r e  as f o l l o w s :  

r CH = 1 . 1 1 0  8 MH = 1 . 0 0 8  amu 

r c c  = 1.458 8 MD = 2.014 amu 

r = 1 . 1 5 7  R M C  = 12.00 amu 

a = 6 = 109.47' MN = 1 4 . 0 0  amu 

C N  

Symmetry c o o r d i n a t e s  f o r  C H  CN and C D  CN (C a r e  l i s t e d  below: '  
3 3 3v 

A spec ies  
1 

- 1 / 2  
S ,  = 3 

s 2  = (Anl + Act + Acu 

S = P r  

(Arl + A r 2  + A r  ) 
3 

2 3  
- A R 1  - A R 2  - A6 

3 
S = O r  4 5  3 4  

- 6 - 1 / 2  ( n u l  + Au2 + Act3 + ASl + A B 2  + As3) 
redu nda n t - 
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PARTIALLY DEUTERATED METHYL CYANIDE 945 

FIGURE 1 - I n t e r n a l  

Cyan i de . 
+ Y  is in 
t h e  NCCX 

Coord ina tes  o f  Me thy l  

$x i s  i n  t h e  N C C X  P lane  1 
a P lane Perpend icu la r  t o  

P lane.  

E species 

5 
S = 6- l 2 ( 2 A r I  - A r 2  - A r 3 )  

S 6 = 6-  '2(2Aal - Aa2 - A c t 3 )  

S = 6 ( 2 A B 1  - A R 2  - A B 3 )  

S8 = A$x 

S '  5 = 2 - 1 / 2 ( A r 2  - Ar3) 

S '  6 = 2-1 '2(Acc2 - Acc,) 

S '  = 2 - ' l 2 ( A R 2  - A B 3 )  

S '  = A +  

-1 /2 
7 

B Y  

7 

For p a r t i a l l y  d e u t e r a t e d  methy l  cyan ide  (Cs),  t h e  reduced symmetry 

leads t o  a r e c l a s s i f i c a t  

f rom C t o  C symmetry 
3v 

A 

E 

on o f  t h e  above c o o r d i n a t e s .  The c o r r e l a t i o n  

S 

For C 

a l  and B 

hydrogen atom. To b e t t e r  app rox ima te  t h e  expected normal c o o r d i n a t e s  o f  

p a r t i a l l y  d e u t e r a t e d  m e t h y l ' c y a n i d e ,  S and S ( b o t h  a ' )  were changed 

as f o l l o w s :  S = A r  1 ' s5 = 2 - ' / 2 ( A r 2  + A r  3 ) . 

symmetry S l  t h rough  S8 a r e  a '  and S '  t h rough  S i  a r e  a". The r l ,  5 
c o o r d i n a t e s  a r e  a s s o c i a t e d  w i t h  t h e  i s o t o p i c a l l y  un ique 1 

1 5 

1 
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946 WHITMER AND PATTERSON 

S r e p r e s e n t s  t h e  change i n  the  i s o t o p i c a l l y  un ique  CH(D) bond, r . 1 1 '  

S r e p r e s e n t s  t h e  co r respond ing  symmetr ic change i n  t h e  rema in ing  
5 

s y m m e t r i c a l l y  e q u i v a l e n t  p a i r ,  r2  and r The o t h e r  c o o r d i n a t e s  f o r  

t h e  p a r t i a l l y  d e u t e r a t e d  spec ies  a r e  as g i v e n  for C H  CN and CD C N  ( C  

The f o r c e  f i e l d  o f  Yamadera and K r i m m s  used i n  t h i s  work was 

3 '  

) .  3 3 3v 

r e p o r t e d  i n  terms o f  t h e  t h i r t e e n  bond and bond ang le  i n t e r n a l  (no t  

symmetry) c o o r d i n a t e s  o f  F i g u r e  1 .  T h i s  f o r c e  f i e l d  was t rans fo rmed  

i n t o  t h e  symmetry f o r c e  f i e l d  ( F  

c o o r d i n a t e s .  The G m a t r i c e s  were t rans fo rmed  i n  an analogous way. 

The v i b r a t i o n a l  s e c u l a r  e q u a t i o n  was formed f r o m  the  G and F ma, t r ices 

f o r  a l l  i s o t o p i c  spec ies  and so l ved  f o r  harmonic f r e q u e n c i e s  and poten-  

t i a l  energy d i s t r i b u t i o n s .  The r e s u l t s  a r e  i n  T a b l e  1 .  The normal 

c o o r d i n a t e s  (L  and L - '  m a t r i c e s  no rma l i zed  t o  LL = G)were a l s o  o b t a i n e d  

and a l t h o u g h  n o t  r e p o r t e d  here a r e  a v a i l a b l e  f rom t h e  a u t h o r s  on reques t .  

The harmonic f r e q u e n c i e s  o f  CH CN and C D  CN were a l s o  c a l c u l a t e d  u s i n g  3 3 
t h i s  same f o r c e  f i e l d .  The r e s u l t s  were i n  each case w i t h i n  one wave- 

number o f  those c a l c u l a t e d  by Yamadera and K r i m ~ n . ~  

Y 

= UFU) u s i n g  t h e  C s  se t  o f  symmetry 
sYm 

H 

D I S C U S S I O N  

A l though  no observed f r e q u e n c i e s  have as y e t  been r e p o r t e d  f o r  

CH2DCN, Duncan, McKean and M i c h i e l  have r e p o r t e d  observed i n f r a r e d  

f requenc ies  o f  CD2HCN. These observed f r e q u e n c i e s  a r e  i n c l u d e d  i n  

Tab le  1 w i t h  those c a l c u l a t e d  i n  t h i s  work.  For t h e  symmetr ic f a ' )  

f r e q u e n c i e s  t h e  average d e v i a t i o n  between observed and c a l c u l a t e d  

va lues  i s  l e s s  than  0.5%; q u i t e  s a t i s f a c t o r y  c o n s i d e r i n g  t h a t  t hese  

observed f r e q u e n c i e s  were n o t  p a r t  o f  t h e  da ta  o r i g i n a l l y  used t o  f i t  

t h e  f o r c e  f i e l d .  The l a r g e s t  d e v i a t i o n  i s  f o r  t h e  p redominan t l y  C D  
2 
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PARTIALLY DEUTERATED METHYL CYANIDE 947 

TABLE 1 

C a l c u l a t e d  Harmonic Frequencies and P o t e n t i a l  Energy D i s t r i b u t i o n s  f o r  

CD2HCN and CH2DCN. 

a '  spec ies  v(obs. )a v ( c a l c . )  P.E.D.  - 
CD2HCN 2985 

2273 

21 84 
1282 

1076 

936 

837 
3 4 5  

CH2DCN - 

a" spec i es 

CD2HCN 2263 

-1 282 

k goo 

*L. 345 

b 

CH2DCN - 

- 
2992 

2274 

2160 

I 283 

1068 

94 1 

83 1 

346 

2974 

2273 

2202 

1433  
1283 

94 4 
833 

344 

2246 

1277 

83 1 

338 

3009 

1279 

1006 

354 

a Reference 1 

Not observed; e s t i m a t e d  from Q branch p e r t u r b a t i o n s  i n  936 ( a ' )  mode. 
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WHITMER AND PATTERSON 948 

s t r e t c h  

i n  t h i s  

- 1  
ng mode; t h e  observed mode 24 cm h ighe r  than t h a t  c a l c u l a t e d  

work.  As has been d i scussed  i n  d e t a i l  by McKean9 CH(D) 

s t r e t c h i n g  modes a r e  o f t e n  comp l i ca ted  by Fermi resonance w i t h  t h e  f i r s t  

o v e r t o n e  o f  methy l  d e f o r m a t i o n  modes, and t h i s  may be r e s p o n s i b l e  f o r  t h e  

d e v i a t i o n  i n  t h i s  case. 

The observed a n t i s y m m e t r i c  (a")  f r e q u e n c i e s  were n o t  as p r e c i s e l y  

determined a s  t h e  symmetr ic ( a ' )  f requenc ies .  Three o f  t h e  (a") f r e -  

quencies were r e p o r t e d  as approx imate;  one o f  t hese  es t ima ted  f r o m  Q 

branch p e r t u r b a t i o n s  p resen t  i n  t h e  936 cm ( a ' )  mode. T h i s  u n c e r t a i n t y  

i n  t h e  observed (a") f r e q u e n c i e s  may be r e s p o n s i b l e  f o r  t h e  d e v i a t i o n s  

between observed and c a l c u l a t e d  va lues .  

- 1  

A s  has been p r e v i o u s l y  n o t e d l o  the  p redominan t l y  CN s t r e t c h i n g  

f requency i n  CH CN i s  s l i g h t l y  increased upon complete d e u t e r a t i o n ,  

c o n t r a r y  t o  what m i g h t  be expected upon s u b s t i t u t i o n  o f  more massive 

deu te r ium atoms. T h i s  i s  due t o  v i b r a t i o n a l  m i x i n g  and normal c o o r -  

d i n a t e  changes between t h e  p redominan t l y  CN and CD s t r e t c h i n g  modes. 

T h i s  smal l  f requency i nc rease  was a l s o  noted i n  t h i s  work upon p a r t i a l  

d e u t e r a t i o n ;  most o f  t h e  i nc rease  o c c u r i n g  a t  t h e  i n i t i a l  d e u t e r i u m  

s u b s t i t u t i o n .  

dominan t l y  CN s t r e t c h i n g  f requency i s  c a l c u l a t e d  a t  2269, 2273, 2274 and 

2274 cm r e s p e c t i v e l y .  To d i s c e r n  t h e  v i b r a t i o n a l  mode changes 

o c c u r i n g  upon s tepw ise  d e u t e r a t i o n ,  c a l c u l a t i o n s  were a l s o  made on t h e  

h y p o t h e t i c a l  molecules,  CH2XCN,  CHDXCN and C D 2 X C N  f o r  Mx = 1.0 t o  2.0 amu 

a t  i n t e r v a l s  o f  0.2 amu. The c a l c u l a t e d  f r e q u e n c i e s  o f  t h e  f o u r  h i g h e s t  

modes ( v , ,  v2,  v3 ,  u 4 ) ,  i r r e s p e c t i v e  o f  symmetry, a r e  i n  Tab le  2.  

These four  modes a r e  t h e  p redominan t l y  CH(D) and CN s t r e t c h i n g  f r e q u e n c i e s .  

I n  F i g u r e  2 these  f o u r  f r e q u e n c i e s  a r e  p l o t t e d  vs M . I n  F i g u r e  3 t h e  

3 

For t h e  s e r i e s  CH CN, CH DCN, CD2HCN and C D  C N  t h e  p r e -  3 2 3 

- 1  
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PARTIALLY DEUTERATED METHYL CYANIDE 

TABLE 2 

949 

C a l c u l a t e d  Harmonic Frequencies v 1 '  V 2 '  v 3 ,  v4 (Four H ighes t  I r r e s p e c t i v e  

of  Symmetry) f o r  CH2XCN, CHDXCN and C D  XCN. 
2 

1 "2 w3 v4 Mx(arnu) v 

CH2XCN 1.2 3009(a") 2976(a ' )  2759(a ' )  2268(a1 )  

1.4 3009 2974 2578 2268 

1.6 3009 2974 2433 2267 

1.8 3009 2974 2318 2263 

C H D X C N ~  1.2 2993 ( A )  2763 ( A )  2273 ( A )  2201 (A)  

1.4 2992 2583 2273 21 99 
1.6 2992 243 9 2273 21 95 
I .8 2992 2327 2272 2188 

CD2XCN 1.2 2766(a ' )  2274(a ' )  2246(a") 2 1 5 9 ( a ' )  

1.4 2584 2274 2245 21 56 
1.6 2442 2274 2245 21 52 

1.8 233 1 2273 2245 21 43 

CHDXCN (Mx # H,D) be longs t o  t h e  C 1  p o i n t  group (no symmetry).  Thus 

a l l  modes a r e  o f  t h e  same symmetry ( A ) .  

a 

c o n t r i b u t i o n  o f  t h e  CN symmetry c o o r d i n a t e  ( S  ) t o  t h e  p o t e n t i a l  energy 

d i s t r i b u t i o n  i s  p l o t t e d  vs M . Since s i g n i f i c a n t  P.E.D. s h i f t s  occu r  i n  

t h e  neighborhood o f  Mx = l . O ( H )  and 2.O(D), c a l c u l a t i o n s  were made a t  

0.04 amu i n t e r v a l s  f r o m  M = 1.0 t o  1.2 and 1.8 t o  2.0 amu and these  were 

i n c o r p o r a t e d  i n  F i g u r e s  2 and 3 a l t h o u g h  n o t  t a b u l a t e d  i n  Tab le  2. A s  

can be seen i n  F i g u r e  3 t h e  p redominan t l y  CN s t r e t c h i n g  f requency  under-  

goes a sys temat i c  s h i f t  f r om v4 t o  w 1  upon t h e  g radua l  d e u t e r a t i o n  rep -  

resen ted  by t h e  absc i ssa ,  

M 

s t r e t c h i n g  and g a i n i n g  C X  s t r e t c h i n g  c h a r a c t e r ;  w i s  s h i f t i n g  c h a r a c t e r  

4 

Mx.  
I n  F i g u r e  2 f o r  CH XCN, a s  an  example, a s  

= 1.9 amu, v4 i s  l o s i n g  CN 

2 

i nc reases  i n  t h e  neighborhood o f  M 

3 
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i n  a r e v e r s e  f a s h i o n .  An ana logous s h i f t  o c c u r s  around M = 1 .9  amu f o r  

CHDXCN and CD2XCN. 
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