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RAMAN SPECTRUM O F  n-PROPYLAMINE I N  CYCLOHEXANE 
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ABSTRACT 

P o l a r i z e d  ( I s o t r o p i c  ) Raman s p e c t r a  o f  t h e  N-H v a l e n c e  

r e g i o n  o f  n -p ropy lamine  have been r e c o r d e d  as a f u n c t i o n  o f  

c o n c e n t r a t i o n  i n  cyc lohexane .  S t a t i s t i c a l  a n a l y s i s  o f  t h e  d a t a  

u s i n g  n o n - l i n e a r  l e a s t  squares  t e c h n i q u e s  r e v e a l e d  t h e  p resence  

o f  a f o u r t h  s p e c t r a l  band i n  t h i s  r e g i o n ,  n o t  3bse rved  i n  an  

e a r l i e r  I R  s t u d y .  T h i s  l a t t e r  peak has been a s s i g n e d  t o  v i b r a t i o n s  

o f  monomers i n  t h e  l i q u i d ,  The r e s o l v e d  s p e c t r a l  pa ramete rs  a r e  

c o n s i s t e n t  w i t h  a p i c t u r e  o f  d i m i n i s h i n g  m o l e c u l a r  a s s o c i a t i o n  

upon d i l u t i o n  o f  t h e  amine i n  t h i s  n o n - p o l a r  s o l v e n t .  

INTRODUCTION 

The p r i m a r y  amines f o r m  an i n t e r e s t i n g  c l a s s  o f  compounds i n  

t h a t  t h e y  possess  t h e  p o t e n t i a l  t o  f o r m  e i t h e r  1 : l  o r  1:2 complexes  

w i t h  themse lves  o r  o t h e r  bases i n  s o l u t i o n .  

Wol f f  and c o ~ o r k e r s l - ~  have p e r f o r m e d  e x t e n s i v e  i n v e s t i g a t i o n s  

on t h e  hydrogen b o n d i n g  p r o p e r t i e s  o f  t h e s e  m o l e c u l e s  u t i l i z i n g  

i n f r a r e d  s p e c t r o s c o p y .  They have been a b l e  t o  show t h a t ,  a t  l e a s t  

i n  t h e  a l i p h a t i c  amines, i n t e r m o l e c u l a r  hyd rogen  bonds a r e  o f  t h e  

1 : l  t y p e .  T h a t  i s ,  an  a s s o c i a t e d  m o l e c u l e  c o n t a i n s  one bonded N-H 
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94 6 FRIEDMAN AND SCHWARTZ 

group,  w i t h  t h e  second one r e m a i n i n g  ' f r e e '  i n  s o l u t i o n .  I n  

p a r t i c u l a r ,  one I R  s t u d y  o f  v a r i o u s  amines as a f u n c t i o n  o f  

c o n c e n t r a t i o n  i n  c a r b o n  t e t r a c h l o r i d e  shows c l e a r l y  t h e  p resence  o f  

two d i s t i n c t  N-H symmet r i c  s t r e t c h i n g  v i b r a t i o n s  ( F i g .  3 o f  r e f .  1 ) ,  

ass igned  t o  monomeric and hydrogen bonded m o l e c u l e s ,  r e s p e c t i v e l y .  

As expected ,  t h e  f o r m e r  peak p redomina tes  a t  t h e  h i g h e s t  d i l u t i o n s  

( T a b l e  2 o f  r e f .  1 ) .  The s p e c t r a  o f  t h e  n e a t  l i q u i d s ,  however,  

r e v e a l  o n l y  a s i n g l e  symmet r ic  s t r e t c h i n g  mode a t  t h e  f r e q u e n c y  o f  

t h e  complexed amine ( F i g .  4 and T a b l e  2 o f  r e f .  1 ) .  
t h a t  a l l  m o l e c u l e s  a r e  hydrogen bonded i n  t h e  p u r e  l i q u i d  s t a t e .  The 

r e s u l t  i s  i n  c o n t r a s t  w i t h  t h a t  o f  a l a t e r  I R  s t u d y  on  a n i l i n e , 3  w h i c h  

r e v e a l e d  t h e  p resence  o f  monomers i n  t h e  n e a t  l i q u i d .  

Raman s p e c t r a  o f  n -p ropy lamine  i n  t h e  n e a t  l i q u i d  and a t  v a r i o u s  

c o n c e n t r a t i o n s  i n  t h e  n o n - p o l a r  s o l v e n t ,  cyc lohexane .  The d a t a  

were t h e n  a n a l y z e d  u s i n g  n o n - l i n e a r  c u r v e  f i t t i n g  t e c h n i q u e s  t o  

r e s o l v e  t h e  band s t r u c t u r e  i n  t h e  N-H v a l e n c e  r e g i o n  o f  t h e  

Raman spec t rum.  

1 

T h i s  i m p l i e s  

I n  o r d e r  t o  pu rsue  t h i s  q u e s t i o n  f u r t h e r ,  we have r e c o r d e d  t h e  

EXPERIMENTAL 

n-Propy lamine and cyc lohexane  were o b t a i n e d  c o m m e r c i a l l y  and 

S o l u t i o n s  were  p r e p a r e d  g r a v i m e t r i c a l l y .  d i s t i l l e d  p r i o r  t o  use. 

We n o t e  t h a t  a t t e m p t s  t o  use  t h e  same s o l v e n t  employed i n  t h e  e a r l i e r  

s tudy , '  c a r b o n  t e t r a c h l o r i d e ,  were u n s u c c e s s f u l ,  a p p a r e n t l y  due t o  

t h e  known tendency  o f  amines t o  r e a c t  w i t h  i t .  5 

The d e t a i l s  o f  l a s e r  e x c i t a t i o n ,  s p e c t r o m e t e r  o p e r a t i o n  and 
s i g n a l  d e t e c t i o n  have been p r e s e n t e d  e l sewhere .  6 , J  

I n i t i a l l y ,  b o t h  p o l a r i z e d  and d e p o l a r i z e d  s p e c t r a  were 

r e c o r d e d  i n  o r d e r  t o  o b t a i n  t h e  i s o t r o p i c  s p e c t r a  

( I iso(w)=I 
l i n e b r o a d e n i n g .  However, t h e  d e p o l a r i z a t i o n  r a t i o s  o f  a l l  modes 

( w ) - ( 4 / 3 ) I d e P ( u )  ) , wh ich  a v o i d s  r e o r i e n t a t i o n a l  
POI 8 

w i t h  t h e  e x c e p t i o n  o f  t h e  a n t i s y m m e t r i c  s t r e t c h ,  ua, were  q u i t e  

l o w  ( p<O.1 ). 
s p e c t r a  were  used. 

T h e r e f o r e ,  Iiso=Ipol, and o n l y  t h e  p o l a r i z e d  
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RAMAN SPECTRUM 947 

A f t e r  d i g i t i z a t i o n  o f  t h e  exper imen ta l  s p e c t r a ,  a t  5 cm-l 

increments,  n o n - l i n e a r  l e a s t  squares c u r v e  f i t t i n g  techn iques  

were used t o  t e s t  models i n c o r p o r a t i n g  v a r y i n g  numbers o f  

Gauss ian /Lo ren tz ian  summation bands. The c a l c u l a t e d  s p e c t r a  were 

convo lu ted  w i t h  a t r i a n g u l a r  s l i t  f u n c t i o n  (SW=lO cm-l(FWHM) ) i n  

o r d e r  t o  a v o i d  i n s t r u m e n t a l  c o n t r i b u t i o n s  t o  t h e  c a l c u l a t e d  

l i n e w i d t h s .  We n o t e  t h a t ,  i n  p r i n c i p l e ,  t h e  f r a c t i o n  L o r e n t z i a n ,  

fLor, may d i f f e r  f o r  t h e  v a r i o u s  peaks i n  t h e  spectrum. However, 

a common f r a c t i o n  was employed f o r  a l l  bands i n  each model i n  

o r d e r  t o  m a i n t a i n  a t r a c t a b l e  number o f  v a r i a b l e  parameters.  

RESULTS AND D I S C U S S I O N  

Shown i n  t h e  F i g u r e  a r e  t h e  p o l a r i z e d  s p e c t r a  o f  n-propy lamine 

i n  t h e  n e a t  l i q u i d  ( F ig .  A ) and a t  20 mole p e r c e n t  i n  cyc lohexane 

( F ig .  B ) .  
spectrum, i n c l u d i n g  a weak, v e r y  broad band c e n t e r e d  around 3250 cm-', 

1 and two s t r o n g e r  peaks a t  a p p r o x i m a t e l y  3320 cm-l and 3380 cm- . 
The f i r s t  o f  these,  which i s  seen t o  d i sappear  upon d i l u t i o n  i n  

cyclohexane, a r i s e s  f rom t h e  Fermi resonance enhanced f i r s t  

o v e r t o n e  o f  t h e  symmetr ic  d e f o r m a t i o n  mode, v2&.' The l a t t e r  two 

a r e  ass igned  t o  t h e  NH2 symmetr ic  ( vs ) and a n t i s y m m e t r i c  ( va ) 

s t r e t c h i n g  modes r e s p e c t i v e l y .  

C a r e f u l  i n s p e c t i o n  o f  F ig .  A r e v e a l s  a d e f i n i t e  asymmetry i n  

t h e  c e n t r a l  peak, w i t h  an apparen t  s h o u l d e r  on i t s  l o w  f requency  

s i d e .  

Three peaks a r e  immed ia te l y  apparen t  i n  t h e  l i q u i d ' s  

9 

T h i s  suggests  t h e  p o s s i b i l i t y  o f  a f o u r t h  band i n  t h i s  r e g i o n .  

I n  o r d e r  t o  t e s t  f u r t h e r  t h e  h y p o t h e s i s  o f  an a d d i t i o n a l  

v i b r a t i o n a l  mode, t h e  spect rum was f i t  w i t h  b o t h  t h r e e  and f o u r  

band Gauss ian /Lo ren tz ian  summation f u n c t i o n s  ( v i d e  sup ra  ). 

O f  course,  one expec ts  t o  observe a decrease i n  t h e  r e s i d u a l  

squared e r r o r  u s i n g  t h e  l a t t e r  model due t o  t h e  presence o f  t h e  

t h r e e  a d d i t i o n a l  parameters.  However, t h e  improvement was q u i t e  
s u b s t a n t i a l ,  l e a d i n g  t o  a r e d u c t i o n  o f  more than  a f a c t o r  o f  

10 3. Furthermore, employing Hami l t on ' s  R - f a c t o r  r a t i o  t e s t ,  

t h e  f o u r t h  band was found t o  be s t a t i s t i c a l l y  s i g n i f i c a n t  t o  a 
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948 FRIEDMAN AND SCHWARTZ 
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Fig. - P o l a r i z e d  Raman spectrum o f  n-propylamine: ( A )  nea t  l i q u i d ;  
( 6 )  20 mole p e r c e n t  i n  cyclohexane. 
The s o l i d  curves a r e  t h e  exper imenta l  spect ra.  
The d o t t e d  l i n e s  r e p r e s e n t  t h e  i n d i v i d u a l  component bands 
determined f rom n o n - l i n e a r  l e a s t  squares reg ress ion .  
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RAMAN SPECTRUM 94 9 

c o n f i d e n c e  l e v e l ,  a=0.005 . Tha t  i s ,  t h e r e  i s  a 99.5% p r o b a b i l i t y  

t h a t  t h e  band i s  r e a l  and n o t  s i m p l y  an  a r t i f a c t  o f  t h e  d a t a .  

The t e s t  was a l s o  passed a t  t h e  same c o n f i d e n c e  l e v e l  i n  each o f  

t h e  s o l u t i o n s  s t u d i e d .  

We a l s o  t e s t e d  mode ls  i n c l u d i n g  a f i f t h  peak  i n  t h e  r e g i o n s  

o f  vZ6 and va, b u t  c o u l d  n o t  o b t a i n  d e f i n i t i v e  e v i d e n c e  f o r  

s p l i t t i n g  o f  e i t h e r  o f  t h e s e  two bands. T h i s  r e s u l t  i s  n o t  

s u r p r i s i n g ,  s i n c e  one e x p e c t s  t h e  Fermi resonance  t o  b e  much 

weaker f o r  non-hydrogen bonded m o l e c u l e s  ( F i g .  B and r e f .  1 ) ,  
wh ich  e x p l a i n s  t h e  absence o f  a c o r r e s p o n d i n g  band i n  t h e  vZ6  

r e g i o n .  I n  a d d i t i o n ,  i t  has been shown t h a t  i n  1 : l  complexes ,  

v a i s  n o t  expec ted  t o  be  s p l i t  ~ i g n i f i c a n t l y . ~ ’ ~  

o n l y  a s i n g l e  symmet r i c  s t r e t c h i n g  v i b r a t i o n .  However, i t  i s  

b e l i e v e d  t h a t  t h e  s p l i t t i n g  o f  t h i s  mode i s  l i k e l y  t o  have been 

obscu red  by t h e  r e o r i e n t a t i o n a l  b r o a d e n i n g  o f  i n f r a r e d  bands , 
n o t  p r e s e n t  i n  t h e  p o l a r i z e d  ( i s o t r o p i c  ) Raman spec t rum.  

P resen ted  i n  T a b l e  1 a r e  t h e  r e s u l t a n t  pa ramete rs  o f  t h e  

f o u r  band f i t s  as a f u n c t i o n  o f  c o n c e n t r a t i o n .  I t  i s  seen t h a t  

t h e  i n t e n s i t y  o f  t h e  Fermi resonance  band, v2&, d i m i n i s h e s  t o  

z e r o  a t  t h e  two l o w e s t  c o n c e n t r a t i o n s .  

As n o t e d  above, t h e  I R  spec t rum o f  n e a t  n - p r o p y l a m i n e  r e v e a l e d  

8 

o f  t h e  two symmet r i c  s t r e t c h i n g  modes, v and vS , t h e  f o r m e r  
S 1  2 

can  be  a s s i g n e d  unamb iguous ly  t o  a s s o c i a t e d  s p e c i e s ,  due b o t h  

t o  i t s  l o w e r  f r e q u e n c y  and a l s o  i t s  g r e a t e r  l i n e w i d t h ,  each 

f a c t o r  i n d i c a t i v e  o f  hyd rogen  bonded spec ies . ”  

i s  seen t h a t  t h e  peak f requency ,  v rema ins  a p p r o x i m a t e l y  

i ndependen t  o f  c o n c e n t r a t i o n ,  w h i c h  i s  t o  be expec ted  f o r  f r e e  

NH2 groups .  

F u r t h e r  a n a l y s i s  o f  v r e q u i r e s  d e t e r m i n a t i o n  o f  t h e  

‘Is1, w h i c h  can  u n p e r t u r b e d  peak f r e q u e n c y ,  v , and i n t e n s i t y ,  
s 1  

be accomp l i shed  u s i n g  t h e  s t a n d a r d  Fermi resonance  p e r t u r b a t i o n  

t r e a t m e n t  12’13 The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  p r e s e n t e d  i n  

T a b l e  2. 

A d d i t i o n a l l y ,  i t  

s2 

s1 0 

0 One sees t h a t ,  i n  c o n t r a s t  t o  v t h e  peak f requency ,  w 
s 2  , s1 , 

r i s e s  s t e a d i l y  upon d i l u t i o n ,  i n d i c a t i v e  o f  a dec reased  s t a t e  o f  
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RAMAN SPECTRUM 951 

TABLE 2 

Fermi Resonance A n a l y s i s  

0 ** 
M.F. 126/IS1 v26 OV S1 * ‘ni Is2’ Is1 

o *  

1 .oo 0.203 3259 3300 23.6 0.82 

0.80 0.151 3264 3306 19.6 1.05 

0.60 0.1 1 4  3257 331 0 20.3 1.51 

0.40 0.00 -- 3321 0.00 2.75 

0.20 0.00 -- 3328 0.00 3.96 

* U n p e r t u r b e d  peak f r e q u e n c i e s ,  i n  cm-’ 

** Fermi resonance  i n a t r i x  e lemen t ,  i n  cm-l  

a g g r e g a t i o n .  A d d i t i o n a l l y ,  t h e  r a t i o ,  p r o p o r t i o n a l  t o  

t h e  r e l a t i v e  number o f  f r e e  t o  hyd rogen  bonded NH2 groups ,  i s  f o u n d  

t o  i n c r e a s e  s u b s t a n t i a l l y ,  f r o m  somewhat l e s s  t h a n  u n i t y  i n  t h e  n e a t  

l i q u i d  t o  n e a r l y  4 : l  a t  t h e  l o w e s t  c o n c e n t r a t i o n  s t u d i e d ,  T h i s  i s  

e v i d e n t  f r o m  i n s p e c t i o n  o f  b o t h  T a b l e  2 and t h e  F igu re .  

I n  summary, i t  has been f o u n d  t h a t ,  i n  c o n t r a s t  t o  e a r l i e r  

i n f r a r e d  spec t ra , ’  t h e  Raman spec t rum o f  1 i q u i d  n - p r o p y l a m i n e  shows 

c l e a r l y  t h e  p resence  o f  two  N-H symmet r i c  s t r e t c h i n g  v i b r a t i o n s .  
1 The r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  model f i r s t  p roposed  by W o l f f ,  

i n  w h i c h  p r i m a r y  a l i p h a t i c  amines a r e  assumed t o  a s s o c i a t e  v i a  

1 : l  complexes. The v a r i o u s  pa ramete rs  o f  t h e  r e s o l v e d  bands i n  t h e  

s p e c t r a  a r e  i n  agreement  w i t h  t h e  c o n c e p t  o f  d e c r e a s i n g  

m o l e c u l a r  a s s o c i a t i o n  upon d i l u t i o n  i n  cyc lohexane .  T h i s  i s  

i n t u i t i v e l y  q u i t e  r e a s o n a b l e  i n  t h i s  n o n - p o l a r  h y d r o c a r b o n  

s o l  v e n t .  
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