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SELF-ASSOCIATION AND HYDRATION OF 

N-METHYLACETAMIDE IN CARBON TETRACHLORIDE

CHAPTER I  

INTRODUCTION

The s ig n if ic a n c e  o f hydrogen bonding in  p ro te in  s t ru c tu re  has 

been w e ll e s ta b lis h e d  in  re c e n t y ears  a lthough  much i s  y e t to  be le a rn ed  

about th e  n a tu re  o f  th e  in d iv id u a l hydrogen bonds. Water undoubtedly 

p lay s  an in d isp en sab le  r o le ,  b u t few d a ta  a re  a v a ila b le  to  ex p la in  

th e  in te r a c t io n  between t h i s  m olecule and p o la r  groups o f p ro te in s . 

In fo rm ation  has been o b ta ined  by such methods as p ro te in  d é n a tu ra tio n ; 

however, th e  la rg e  number and h e te ro g en e ity  o f p ep tid e  lin k ag es  in  

p ro te in s  makes th e  in te r p r e ta t io n  o f r e s u l t s  very  d i f f i c u l t .  For t h i s  

reaso n  a  number o f workers have attem pted  to  study hydrogen bonding 

and h y d ra tio n  in  p ro te in s  by working w ith  sm a lle r , l e s s  com plicated  

m olecu les. N-methylacetamide (NMA) has been th e  o b je c t o f much in v e s t i ­

g a tio n  because i t  i s  th e  sm a lle s t m olecule co n ta in in g  a  s in g le  p ep tid e  

group.

At f i r s t  g lance  we might co n sid er th e  in v e s t ig a tio n  o f NMA in  

w ater to  be th e  lo g ic a l  s ta r t in g  p o in t fo r  h y d ra tio n  s tu d ie s .  I t  i s  

p o s s ib le  to  study th e  s e l f - a s s o c ia t io n  o f  th e  amide in  aqueous s o lu t io n s ,  

b u t very  l i t t l e  in fo rm ation  on th e  in te r a c t io n  o f th e  amide w ith  w ater 

can be gained  i f  w ater i s  to  be used as th e  so lv e n t. P a r t  o f th e  tro u b le
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a r i s e s  because o f th e  n e c e s s a r i ly  h igh  a c t i v i t i e s  o f  w ater o r  amide 

and because o f  consequent d i f f i c u l t i e s  encountered  in  m easuring such 

a c t i v i t i e s .  On th e  o th e r  hand, i f  th e  in v e s t ig a t io n s  could  be c a r r ie d  

out in  an i n e r t  s o lv e n t ,  e .g .  CCl^, H enry 's  law would be a p p lic a b le  

and a c t i v i t i e s  cou ld  be re p la ce d  by c o n c e n tra tio n s . Both s e l f ­

a s s o c ia t io n  and h y d ra tio n  c o n s ta n ts  could  be c a lc u la te d  f o r  such a 

system  and th e  s tre n g th s  o f  th e  in d iv id u a l hydrogen bonds could  be 

in fe r r e d .  I f  d a ta  o f  t h i s  k in d  were a v a ila b le  f o r  amides d isso lv e d  in  

so lv e n ts  o f  d i f f e r e n t  d i e l e c t r i c  c o n s ta n t, i t  should  be p o s s ib le  to  

make p re d ic t io n s  about th e  n a tu re  o f h yd ra ted  sp ec ie s  p re se n t in  aqueous 

media.

S ev e ra l methods a re  r e a d i ly  a v a ila b le  fo r  s tudy ing  th e  s e l f ­

a s s o c ia t io n  o f a compound. In f ra re d  a b so rp tio n  m easurem ents, fo r  example, 

a re  convenien t and p rov ide  good r e s u l t s  where on ly  monomer-dimer or 

m oncm er-trim er e q u i l ib r ia  a re  invo lved ; how ever,the  method i s  l e s s  s a t ­

is f a c to r y  f o r  m olecules t h a t  a s s o c ia te  to  form more com plicated sp e c ie s .

In  th e  p re se n t in v e s t ig a t io n  a t te n t io n  was focused  oh o th e r  tech n iq u es  

because N -m ethylacetam ide ap p a ren tly  undergoes s e l f - a s s o c ia t io n  to  form 

l in e a r  ch a in s  c o n ta in in g  any number o f  monomeric u n i t s , depending 

on th e  s to ic h io m e tr ic  c o n ce n tra tio n  o f th e  s o lu t io n .

S e v e ra l f a c to r s  were ta k en  in to  account in  choosing th e  method o f 

in v e s t ig a t io n .  F i r s t , a  method was d e s ira b le  which would a llow  m easure­

ments to  be made a t  s e v e ra l  d i f f e r e n t  tem p era tu res  to  perm it th e  c a l ­

c u la t io n  o f  thermodynamic p ro p e r t ie s .  In  a d d it io n , because most p ro te in s  

fu n c tio n  norm ally  in  a r a th e r  narrow tem peratu re  range n ear room tem pera­

t u r e ,  a  method was needed which was capab le  o f y ie ld in g  acc u ra te  r e s u l t s
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in  t h i s  range . Second, because i t  was expected th a t  th e  s e l f - a s s o c ia ­

t io n  r e s u l t s  would be needed to  C o rre la te  th e  h y d ra tio n  d a ta , measure­

ments were d e s ire d  under co n d itio n s  o f c o n tro lle d  hum id ity , p re fe ra b ly  

under anhydrous c o n d itio n s . T hus,the  experim ents needed to  be c a r r ie d  

out in  an enclosed  system . T h ird , because amides o rd in a r i ly  show 

ap p rec iab le  s e l f - a s s o c ia t io n  in  d i lu te  so lu tio n s  ( le s s  th an  0.02 

m olar) a  techn ique  in c o rp o ra tin g  h igh  s e n s i t i v i t y  was d e s ir a b le .

A method based on c o ll ig a t iv e -p ro p e r ty  measurements seaned to  be 

b e s t  s u ite d  to  f i l l  a l l  th re e  requ irem en ts. Most o f th e  measurements 

were c a r r ie d  out w ith  a  v ap o r-p ressu re  low ering a p p a ra tu s , and average 

m olecular w eights were c a lc u la te d  fo r  th e  sp ec ie s  in  s o lu tio n . Such 

c a lc u la tio n s  obviously  p rov ide  s e l f - a s s o c ia t io n  in fo rm ation  because, 

fo r  example, i f  on ly  d im e riz a tio n  i s  in v o lv ed , th e  c a lc u la te d  m olecu lar 

w eight must f a l l  in  a  range somewhere between th e  monomer and dimer 

w eight.

A second c o l l ig a t iv e -p ro p e r ty  method was a ls o  in v e s t ig a te d  to  some 

e x ten t although  th e  measurements had to  be c a r r ie d  out a t  tem peratu res 

above room tem p era tu re . A liq u id -v a p o r  eq u ilib riu m  s t i l l  was u t i l i z e d  

to  measure NMA, p a r t i a l  p re s su re s  above s o lu tio n s  o f  th e  amide. D evia- ' 

t io n s  o f  th e  p re ssu re s  from H enry 's law were th en  ex p la ined  by s e l f ­

a s s o c ia tio n  o f  th e  compound in  th e  l iq u id  phase .

Two d i f f e r e n t  methods were a lso  used to  study  th e  h y d ra tio n  o f  N- 

m ethylacetam ide. In  th e  f i r s t ,  s o lu tio n s  o f th e  amide in  CCl^ were 

suspended over c o n sta n t hum idity  so lu tio n s  ( d i l .  HgSO^) in  c lo sed  con­

ta in e r s  whereupon w ater was gained  o r l o s t  u n t i l  th e  a c t i v i t y  in  th e  

amide s o lu tio n  became id e n t ic a l  to  th a t  o f th e  a c id .^ ^  Samples were



th en  withdrawn and analyzed fo r  t o t a l  w ater co n ten t w ith  a  coulom etric

57K arl F isch e r t i t r a t o r  s im ila r  to  th a t  d escribed  by Meyer and Boyd. 

Consequently, in c re a se  in  w ater co n cen tra tio n  w ith  in c re a s in g  amide ' 

s tre n g th  was ob ta ined  a t  co n stan t w ater a c t i v i ty .  These d a ta  were 

th en  analyzed  in  term s o f hydra ted  spec ies  assumed to  be p re se n t in  

so lu tio n .

The second method involved  vap o r-p ressu re  measurements on CCl^ 

so lu tio n s  o f w ater and th e  amide. When w ater was added to  CCl^ c o n ta in ­

ing no KMA, a  l in e a r  r e la t io n s h ip  was found between amount o f w ater 

added and w ater a c t i v i ty  (determ ined by m easuring th e  in c re a se  in  vapor 

p re ssu re  o f  th e  s o lu t io n ) .  This phenomenon was exp lained  by assuming 

th a t  w ater does not undergo s e lf - a s s o c ia t io n  in  CCl^. On th e  o th e r 

hand, when w ater was added to  a  so lu tio n  o f HMA in  CClj^, th e  r e l a t io n ­

sh ip  was s t i l l  approxim ately  l i n e a r ,  but th e  slope  o f th e  l i n e  was 

in c reased . By m easuring w ater a c t i v i ty  v s . amount o f w ater added fo r  

a  g iven  co n cen tra tio n  o f  amide, d a ta  were ob ta ined  which could  be 

ev a lu a ted  in  accordance w ith  th e  v a rio u s  hydrated  sp ec ies  p re s e n t.

In  a d d itio n  to  th e  experim ental s tu d ie s ,  co n sid e rab le  emphasis 

was p laced  on a  l i t e r a t u r e  survey in  which an attem pt was made to  c o r re la te  

amide s e l f - a s s o c ia t io n  w ith  s t ru c tu re .  I t  was p o s s ib le  to  conclude 

th a t  most N -m ono-substitu ted  am ides, because o f th e  lo c a tio n  o f  th e  NHR 

group p ro ton  tr a n s  to  th e  carbonyl group, undergo s e lf - a s s o c ia t io n  to  

form l in e a r  ch a in s . The experim ental r e s u l t s  o f th e  p re sen t in v e s t ig a ­

t io n  a lso  support t h i s  conclusion .



CHAPTER. II

STRUCTURE AND SELF-ASSOCIATION OF AMIDES 

INTRODUCTION

This ch ap te r i s  devoted to  a co n s id e ra tio n  o f  th e  s t ru c tu re  o f NMA 

and r e la te d  compounds in  th e  s o l id ,  l iq u id ,  d is so lv e d , and gaseous s t a t e s .  

A lthough th e  evidence i s  p re sen te d  p r im a rily  to  e s ta b l i s h  th e  s t ru c tu re  

o f  NMA in  d i lu te ,  non -po lar so lu tio n s  much o f i t  a lso  a p p lie s  to  th e  

s t ru c tu re  o f th e  amide group in  n a tu ra l  po ly p ep tid es  and p ro te in s .  As 

vould  be expec ted , th e  s t ru c tu re  o f  amides has a marked e f f e c t  on t h e i r  

s e l f - a s s o c ia t io n ,  and though l i t t l e  evidence i s  y e t a v a i la b le ,  th e  

s t r u c tu r e  undoubtedly in flu en c es  th e  h y d ra tio n  o f th e se  compounds.

The s t r u c tu r a l  evidence has been tak en  from a v a r ie ty  o f  experim ental 

s tu d ie s ,  and where p o s s ib le ,  r e s u l t s  from two o r more independent sources 

have been compared and analyzed  to g e th e r . When a v a i la b le ,  s e lf - a s s o c ­

ia t io n  d a ta  fo r  compounds in  s o lu tio n  a re  inc luded .

The compounds have been c la s s i f i e d  in to  u n s u b s ti tu te d  and N-mono- 

s u b s t i tu te d  amides a lthough  th e  d i s t in c t io n  i s  o c c a s io n a lly  overlooked 

when i t  seems ap p ro p ria te  to  d iscu ss  th e  two c la s se s  to g e th e r .  A 

b r i e f  s e c tio n  i s  a lso  in c luded  on th e  s tru c tu re  o f  p o ly p ep tid e s  and 

p r o te in s .

5
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UNSUBSTITUTED AMIDES

Formamide. The s t ru c tu re  o f t h i s  compound in  th e  c r y s ta l l in e

s ta t e  a t  -50®C. has "been e s ta b lis h e d  by th e  X -ray d i f f r a c t io n  study

o f  L ad e ll and P o s t.^  Four m olecules a re  p ré se n t in  a  m onoclinic u n i t

c e l l  having  th e  dim ensions a  = 3.69 + 0 .0 1 , b + 9.18  + 0 .025 , c = 6.87 
o

+ 0 .02  A, and 6 = 98 ^  1 /4 ° . The space group i s  P2^/n. The m olecules

a re  a rran g ed  to  form puckered sh ee ts  w ith  a s e p a ra tio n  between sh ee ts  
o

o f  about 3 .1  A. W ithin  each sh ee t p a i r s  o f formamide m olecules asso ­

c ia t e  about c e n te rs  o f symmetry to  form alm ost cop lanar "b im olecu lar" 

u n i t s .  The sh e e ts  a re  puckered as a r e s u l t  o f t i l t  in  th e  b im olecu lar

u n i ts  r e l a t i v e  to  each o th e r  and a re  s i tu a te d  approxim ately  p a r a l l e l
o

to  th e  (101) p la n e , ^ d ro g e n  bonds 2.935 A long jo in  th e  monomers

to g e th e r  in  th e  b im o lecu lar u n i t s ,  which a re  in  tu rn  lin k e d  to  each
o

o th e r  by somewhat s h o r te r  bonds, 2.880 A, to  form th e  s h e e ts .

The 0*0 and C-N co v alen t bonds have le n g th s  o f 1.255 + 0.013 and 
o

1.300 +_ 0.013 A, r e s p e c tiv e ly . The l a t t e r  v a lu e  d ev ia te s  s ig n i f ic a n t ly
o 2

from th e  ty p ic a l  C-N bond len g th  o f 1 .47 A due to  a resonance s t r u c tu r e .

-d^N < - d ^ < .which can be re p re se n te d  by -C—N< -0=îî<. The alm ost cop lanar s t ru c tu re

o f th e  group a lso  sup p o rts  t h i s  co n clusion . M olecular param eters a re

summarized in  Table 1.

S ev e ra l in v e s t ig a to r s  have s tu d ie d  th e  s t ru c tu re  o f formamide

in  th e  gaseous phase by reco rd in g  and analyz ing  th e  microwave spectrum

o f th e  compound. In  a d d itio n  to  formamide, K urland and W ilson have

s tu d ie d  th e  is o to p ic  sp ec ie s  1 ,2  N d i-d e u te ro  formamide and 1 N mono-

3 4deu tero  formamide. * From th e  very  sm all p o s i t iv e  value  o f th e  i n e r t i a l  

d e fe c t ,  th e se  workers concluded th a t  th e  m olecule i s  p la n a r . Bond



TABLE 1
MOLECULAR PARAMETERS OF SELECTED AMIDES 

R,

M olecule «1 «2 Method S ta te *1 *2 "3 *5
a e Y 6 s t r u c ­

tu r e
R ef.

M icro­
wave 
a p e c t .

Gas­
eous

1 .0 )4 ,+
0.025Â

1.243  + 
0 .007  %

1.343 + 
0 .007  J

0.995  + 
0 .007  J

0 .995  + 
0.007 X

103 .9  + 
1.2°

123.58  
+ 0 . 35°

118.98  
+ 0 . 50°

. . . . P la n a r k

Formamide H H

M icro­
wave 
s p e d .

Gas­
eous

1.102 + 
0.010 I

1 .193  +
0.020 I

1 .376  +
0.010 I

1.002 + 
0 .005  Î

1 .014  + 
0 .005 X

1130141
+ 40 '

123°48 ' 
+ 4 0 '

118°5 3 ' 
+ 40 '

117091
+ 40 '

HCONis
p lan ar,
CNHg
forms 
a  sh a l­
low
pyranid

5

X -ray
d i f f .

C ryst. 1 .255  + 
0 .013  A

1 .300  + 
0 .013  J

121 . 5® Dimers
a re
formed 
w ith  
th e  6 
heavy 
atoms 
a lm ost 
co p lan ­
a r

1



TABLE 1 — co n tin u ed

M olecule «1 «2 Method S ta te ^1 <̂ 2 S S a 6 Y S S tru c ­
tu r e

R ef

Acetam ide CH3 H

E lec ­
t r o n
d i f f .

Gas­
eous

1 .5 3  +
0 .03  Î

1 .2 1  + 
0 .0 2  I

1 . 36 + 
0 .0 2  J

1 .0 2  Â
(a s ­
sumed)

1 .0 2  Â
(a s ­
sumed)

113 +30 125 +30
107®
( a s ­
sumed)

R ,0 .0 , 
and  N 
a re  a s ­
sumed 
t o  be 
co p lan ­
a r

6

X -ray
d i f f .

Crys 1 .5 1  + 
0 .0 5  7

1 .2 8  + 
0 .0 5  z

1 .3 8  + 
0 .0 5  Î

. . . . . . . . 109 +
5°

122 + 
5 ° "

. . . . . . . . P la n a r 7

E lec ­
t r o n
d i f f . *

Gas­
eous

1 .5 3  +
0 .0 3  A 
(a s ­
sumed)

1 .2 1  + 
0 .0 2  I
( a s ­
sumed)

1 .3 6  + 
0 .0 2  X
( a s ­
sumed)

1 .0 2  A 
(a s ­
sumed)

l.UU + 
o.oU X

113 +
30

( a s ­
sumed

125 +
3° 

( a s -  
1 sumed

117 +
5°

Ri C,0, 
and N 
a re  a s­
sumed 
to  be 
co p lan ­
a r  ; th e  
H i s  
p ro b ­
a b ly  
t r a n s

6

N -M ethyl- 
a c e t  amide

CH3 CH, t o  th e  
0=0 
group



TABLE 1 — co n tin u ed

M olecule Method S ta te a S tru c ­
tu r e

R ef.

X -ray
d i f f .

C rys. 1 .536  + 
0.016 J

1.236 + 
0 .0 1 2  J

1 .290  + 
0 .013  I

1 .465  + 
0 .013  J

116.5° 123*̂ 120.5" Rn,C,0^
N, and 
R a re  
a lm ost 
cop lan ­
a r ;  th e  
H i s  
t r a n s

8

t o  th e
C=0
group

G enera l 
amide 
s t r u c tu r e  
acco rd in g  
t o  P a u l­
in g  and 
w orkers

1 .5 3  I 1 . 2k A 1 .3 2  A 1.00 A 1.47 A 114" 125" 114® 123" P la n a r  
w ith  H 
t r a n s

9 ,10
t o  th e  
0=0 
group

ny a d d i t io n a l  exam ples have been c i t e d  by P im en te l and M cC lellan  , T ab le  lO - I ,  p . 300. A com parison 
betw een norm al s in g le  and double  bond le n g th s  i s  g iv en  on page 304 o f  th e  same r e f e r e n c e .  See a ls o  re fe re n c e s  
and .

*d^, dg , dg , dj^, a and g were assumed t o  be th e  same as  in  a ce tam id e .

12
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d is ta n c e s  and angles were c a lc u la te d  and a re  inc luded  in  Table 1. The

O n

moments o f i n e r t i a  a re ; 1° = 6 .952 , = 44.4WB, and 1° = $1.407 amu A ;

and th e  i n e r t i a l  d e fe c t ,  A = I® -  1° -  1 ° , i s  found to  be equal to  0.007 

°2amu A . For a  r ig id ly  p lan a r m olecule I® = I® + I®. The d ipo le  moment,

as determ ined from S ta rk -e f fe c t  measurem ents, i s  equal to  3 .7 1 + 0 .0 6

Debyes and makes em angle o f 39.6® w ith  th e  C-N bond. The quadrupole

coupling  c o n s ta n ts , c a lc u la te d  from th e  frequency s h i f t s  o f th e  hy p erfin e

s p l i t t i n g s  observed fo r  s e v e ra l r o ta t io n a l  t r a n s i t io n s  a re : Xĝ  = 1.9mc,

= 1.7mc, and x^ = -3.6mc.

5 13C osta in  and Dowling ’ s tu d ie d  th e  microwave s p e c tra  o f 10 is o ­

to p ic  sp ec ie s  o f  formamide and found, in  c o n tra s t  to  th e  work o f Kurland 

and W ilson, q u ite  anomalous r e s u l t s  fo r  th e  i n e r t i a l  d e fe c ts  exp la in ab le  

on ly  by p o s tu la t in g  a s l ig h t ly  nonplanar s t ru c tu re  in  which th e  CNĤ  

group ta k e s  th e  form o f  a  shallow  pyram id. The two hydrogen atoms of 

th e  NHg group ap p aren tly  move in  a d ire c t io n  p e rp en d icu la r to  th e  

p r in c ip a l  p la n e , g iv in g  r i s e  to  d i f f e r e n t  eq u ilib riu m  p o s it io n s  f o r  th e

H atoms on o p p o site  s id e s  o f th e  p lan e . This e f f e c t  i s  w ell known

lUfo r  many m olecules and i s  b e s t  understood  fo r  ammonia. The d ih e d ra l 

ang le  between th e  H'NC p lane  (H' t r a n s  to  th e  form yl hydrogen) and th e  

NCO p lan e  i s  7 ±  5° , and th e  angle  between th e  H”NC p lane  (H" c is  to  

th e  form yl hydrogen) and th e  NCH p lane  i s  12 ^  $®. Kurland and W ilson 's  

v a lu es  fo r  th e  moments o f i n e r t i a  and th e  quadrupole coupling co n stan ts  

were confirm ed, bu t se v e ra l s ig n if ic a n t  d if fe re n c e s  were found in  th e  

bond d is ta n c e s  and an g les . See Table 1.

The s t ru c tu re  o f gaseous formamide has a lso  been s tu d ie d  by a n a ly s is  

o f  i t s  IR spectrum  although th e  in te r p r e ta t io n  o f  r e s u l t s  i s  not as



11

s tra ig h tfo rw a rd  as in  th e  case o f  th e  microwave spectrum . Evans^^*^^

reco rd ed  th e  IR spectrum in  th e  range 2 .6  to  l$ .4 p  and concluded a t

f i r s t  th a t  th e  m olecule has a  m arkedly nonplanar s t ru c tu re  in  th e  vapor

p h ase , th e  main evidence fo r  t h i s  conclusion  being d eriv ed  from th e

15shapes o f th e  bands due to  th e  NH  ̂ s tre tc h in g  modes . L a te r , th e  

spectrum  was re in v e s tig a te d  in  th e  2 .7  to  3.7b range w ith  a  g ra tin g  

sp ec tro m ete r having co n sid e rab ly  b e t t e r  re s o lu tio n  th an  th e  prism  

in stru m en t used e a r l i e r . T h e  h igh re s o lu tio n  d a ta  were no t in  agree­

ment w ith  th e  o r ig in a l  in t e r p r e ta t io n , and th e  s l ig h t ly  nonplanar form 

proposed by C ostain  and Dowling was adopted as th e  most p robable  s t ru c tu re .

On th e  b a s is  o f h is  in f r a r e d  r e s u l t s  tak en  in  co n ju n ctio n  w ith  th e  

a v a ila b le  Raman d a ta  in  th e  l i t e r a t u r e ,  Evans^^ made an assignm ent o f  th e  

w avelengths observed fo r  gaseous formamide to  th e  normal v ib ra t io n s  o f 

th e  m olecule. Only th e  more e a s i ly  id e n t i f ia b le  N-H and 0=0 modes w i l l  

be d iscu ssed  here because th ey  a re  o f  g re a te s t  in t e r e s t  in  th e  comparison 

o f s p e c tra  observed fo r  d i f f e r e n t  amides. A lso , th e se  bands a re  s e n s i t iv e  

to  hydrogen bonding and a re  o ften tim es u t i l i z e d  in  q u a n t i ta t iv e  s tu d ie s  

o f a s s o c ia tio n .

Formamide would be expected to  have two in f r a re d  peaks in  th e  3b 

re g io n  a r is in g  from th e  symmetric and asymmetric s tre tc h in g  v ib ra tio n s  o f 

th e  NHg group. These were recorded  by Evans^^ a t  2.90 and 2.82b , r e s p e c tiv e ly , 

f o r  th e  compound in  th e  vapor s t a t e .  No s h i f t s  in  th e  w avelengths were 

observed  vhen th e  tem peratu re  was v a rie d  between 130 and l60°C. and th e  

p re s su re  between 20 and 95 mm, showing th a t  a s s o c ia tio n  i s  n o n ex is ten t 

in  th e  gaseous s ta t e  under th e se  co n d itio n s .

The symmetric s tr e tc h in g  v ib ra t io n  o f th e  OCN group was id e n t i f ie d  

w ith  th e  peak a t  7.97b and th e  asymmetric s tre tc h in g  mode w ith  th e  peak
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a t  5-T5VI. The l a t t e r  v ib ra t io n  i s  la rg e ly  confined to  th e  C=0 bond.

N e ith er o f th e se  wavelengths showed any s h i f t  over th e  tem peratu re  and

p re ssu re  ranges s tu d ie s^ ^ .

ITDavies and Evans reco rded  th e  N-H s tre tc h in g  v ib ra tio n s  o f 

formamide in  carbon te t r a c h lo r id e  so lu tio n  both  fo r  th e  monomer and 

th e  a sso c ia te d  sp e c ie s . A bsorption peaks due to  th e  monomer were 

observed a t  2.93 and 2.83v (symmetric and asymmetric s tre tc h in g  modes, 

r e s p e c tiv e ly )  and peaks fo r  th e  a s so c ia te d  sp ec ies  a t  2 .8 6 , 3 .0 3 , 3 .10 , 

and 3.15y.

In  chloroform  so lu tio n  th e  symmetric and asymmetric N-H s tre tc h in g

modes o f  th e  formamide monomer were recorded  a t  2 .9^ and 2.8Up by Evans^^

l8and a t 2 .91 and 2.83p by Puran ik  and Ramiah . The l a t t e r  w orkers a lso

recorded  a sso c ia te d  N-H peaks a t  2 .9 7 , 3 .0 5 , and 3*12y.

The carbonyl s tre tc h in g  mode of th e  formamide monomer (asymmetric

s tre tc h in g  v ib ra t io n  o f th e  OCN group^^) in  chloroform  i s  observed a t

about Upon a s s o c ia tio n  t h i s  peak i s  s h if te d  to  >-5.90p^^’^^.

In  th e  6y reg io n  o f  th e  IR spectrum  carbonyl s tre tc h in g  v ib ra t io n s  have

been reco rded  a t  5-78, 5 .83 , 5 .8 8 , 5-94, and 7 .63y^^’^®.
l8P uran ik  and Ramiah have a ttem pted  to  id e n tify  th e  o r ig in  o f 

s e v e ra l N-H s tre tc h in g  v ib ra tio n s  observed in  th e  a sso c ia te d  formamide 

sp e c ie s . On th e  b a s is  o f a sim ple monomer-trimer eq u ilib riu m  fo r  forma-
3

mide in  chloroform  s o lu tio n , th ey  have shown th a t  th e  r a t i o  Ce (S )/max

e (T) i s  co n stan t to  w ith in  20 p er c e n t ,  where e (S) i s  th e  max max

apparen t m olecular e x tin c tio n  c o e f f ic ie n t  fo r  th e  symmetric N-H • 

s t r e tc h  (2 .9 1 y ),e ^ ^ ^ (T) i s  th e  c o e f f ic ie n t  o f th e  a sso c ia te d  peak a t  3.05
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o r 3.12%, and C i s  th e  c o n ce n tra tio n . S im ila r ly , Ce^ '( a ) /p  (T) i s  •
m & x ihelx

co n stan t to  w ith in  20 per c e n t ,  where Ê ^ ^ (a )  i s  th e  e x t in c t io n  c o e f f ic ie n t  

fo r  th e  asymmetric N-H s t r e tc h  (2.83%) and i s  th a t  o f th e  2.97%

a sso c ia te d  peak. The au th o rs  have th e re fo re  concluded t h a t  th e  3.05 

and 3.12% peaks a re  due to  symmetric N-H s tr e tc h in g  modes in  th e  a sso c ia te d  

m olecule and t h a t  th e  peak a t  2.97% i s  due to  th e  asymmetric N-H s t r e tc h ­

ing  v ib ra t io n  o f  t h i s  sp e c ie s .

Acetamide. The c r y s ta l  s t r u c tu r e  o f  rhom bohedral acetam ide has
7

been determ ined by th e  X -ray d i f f r a c t io n  study  of S e n ti and H arker .

E igh teen  m olecules a re  p re se n t in  a  hexagonal u n i t  c e l l  having th e
o

dim ensions a = 11.44 +_ 0.03 and c = 13.49 ±_ 0 .03 A. The space group

i s  C^v — R3c. The m olecule i s  p la n a r ,  w ith  no atom d e v ia tin g  more 
o

th an  0 .01  A from th e  p lan e . A djacent m olecu les a re  h e ld  to g e th e r  by
o

N-H—0 hydrogen bonds 2.86 + 0.05 A long to  form r in g s  c o n ta in in g  s ix

m olecu les , which a re  them selves in te rc o n n ec te d  by o th e r  hydrogen bonds.

The m olecu lar param eters a re  g iven  in  Table 1. L a d e ll and P ost^  have
o

no ted  th a t  th e  1.38 A C-N bond le n g th  i s  anom alously long and should 

p robab ly  be re in v e s tig a te d .

The s t ru c tu re  o f  acetam ide in  th e  gaseous s t a t e  has been determ ined
g

by an e le c tro n  d i f f r a c t io n  study  o f  Kimura and Aoki . Bond le n g th s  and 

ang les  were c a lc u la te d  on th e  assum ption o f  a p la n a r  s t r u c tu r e  and a re  

in c lu d ed  in  Table 1 . A comparison o f  th e  m o lecu lar param eters ob ta ined  

by t h i s  method w ith  th o se  o f  X-ray study  o f  S e n ti and H arker shows them 

to  be in  agreement w ith in  experim en tal e r r o r .

The in f r a r e d  spectrum  o f acetam ide in  th e  rock s a l t  ra n g e , 2 .50 to  

l6 .0 % , has been s tu d ie d  by Davies and Hallam ^^. R esu lts  were o b ta in ed
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p r in c ip a l ly  in  chloroform  s o lu t io n ,  hu t where t h i s  so lv en t ahsorhed 

to o  s tro n g ly  s o lu tio n s  in  a c e to n i t r i l e ,  carhon te t r a c h lo r id e ,  and acetone 

were u t i l i z e d .  The ab so rp tio n  hands observed in  a l l  so lv e n ts  were 

th en  d iscu ssed  to g e th e r  as a  " sy n th e tic "  spectrum .

The symmetric and asymmetric N-H s tre tc h in g  modes o f th e  monomer 

a re  observed a t  2 .93 and 2 .83u , r e s p e c tiv e ly . A sso c ia tio n  le ad s  to  

th e  appearance o f th re e  new ab so rp tio n  peaks: 2 .8 6 , 2 .9 8 , and 3 .l4 p ;  

in  a d d itio n , a  s l ig h t  shou lder i s  re p e a te d ly  observed n ear 3 .03y.

From th e  p o s i t io n ,  in te n s i ty ,  and sharpness o f th e  2.86y w avelength 

Davies and Hallam assigned  i t  t o  th e  asymmetric N-H mode o f  th e  a s s o c i­

a ted  sp e c ie s . This assignm ent i s  ap p a ren tly  n o t in  agreement w ith  

Purgnik  and Ram iah's assignm ent o f  th e  2.97v peak o f  formamide to  th e  

asymmetric N-H s t r e tc h  o f  th e  corresponding  a s so c ia te d  s p e c ie s . A 

comparison o f th e  formamide a n d ' acetam ide s p e c tra  in  th e  3y reg io n  

shows them to  be q u ite  s im ila r ;  th u s ,  i t  seems u n lik e ly  t h a t  th e  

asymmetric N-H s tre tc h in g  mode can g ive r i s e  to  th e  2 .97w peak in  

foimamid?, w hile producing in  acetam ide th e  2.86y peak.

The o u ts tan d in g  fe a tu re  o f  th e  6y re g io n  i s  th e  well-known 

carbonyl a b so rp tio n  band. This can be re so lv ed  in to  two d i s t i n c t  

peaks: $.83 and $.90y in  CC1| ;̂ $.8$ and $.9^y in  CH^CN; $ .88 and $.96y 

in  CHClg. The e f f e c t s  o f  tem peratu re  and co n cen tra tio n  on th e  spectrum  

le ad s  to  th e  conclusion  th a t  th e  peak a t  $.83 to  $.88y a r i s e s  frcaa th e  

monomer and th e  one a t  $.90 to  $.96y from th e  a s so c ia te d  m olecule^^.

A comparison o f th e  IR sp e c tra  in  th e  3y re g io n  o f acetam ide and

o th e r u n s u b s ti tu te d  amides has been made by a number o f w orkers. Badger 

20and Rubalcava n o ted  th a t  acetam ide, propionam ide, and n-butyram ide
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e x h ib it  v i r t u a l ly  id e n t ic a l  sp e c tra  in  th e  range from 2 .8  to  3 .2y .

21According to  Buswell e t  ^  both  benzamide and propionamide in  carbon 

te tr a c h lo ro id e  so lu tio n  have H-H peaks a t  2 .8 3 , 2 .9 2 , 3 .0 3 , and 3.15%.

Thus, i t  i s  ev iden t th a t  th e  s t ru c tu re  o f  th e  amide group in  unsub­

s t i t u t e d  amides i s  l i t t l e  a ffe c te d  by th e  n a tu re  o f th e  s id e  chain .

22Tsuboi has suggested th a t  th e  3.15% peak o f  u n su b s titu te d  

amides eurises from a c y c lic  dimer because o f i t s  prox im ity  to  th e  3.11% 

w avelength o f  5 -v a le ro lac tam , which forms c y c lic  dimers as a consequence 

o f th e  C-0 and K-H groups being c is  to  each o th e r . On th e  o th e r hand, 

th e  3.03% peak probably  can be a t t r ib u te d  to  th e  N-H s tre tc h in g  mode 

o f  a l in e a r  polymer because i t  i s  lo c a te d  near th e  2.97 to  3.03% band 

o f  K -m et^ lacetam ide  (known to  form l in e a r  chain s as w i l l  be seen l a t e r ) .

The in f r a re d  sp e c tra  o f prim ary amides in  th e  NH and CO s tre tc h in g

reg io n s  a re  summarized in  Table 2.

19Davies and Hallam s tu d ied  th e  s e l f - a s s o c ia t io n  o f acetam ide in  

w a te r , chloroform , a c e to n i t r i l e ,  and acetone s o lu tio n s . Using a f r e e z ­

ing  p o in t-d ep re ss io n  method, th ey  found th a t  acetam ide i s  u n asso c ia ted  

in  w ater so lu tio n s  a t  0°C fo r  co n cen tra tio n s  up to  a t  le a s t  3 m olar.

At 6 , 25, and k^°C in  chloroform  ( p a r t i t io n  method w ith  w ater) th e  

m olecule a s s o c ia te s  alm ost e x c lu s iv e ly  to  form a tr im e r  although  dimer 

fo rm ation  i s  a lso  d e te c ta b le  a t  U5°C. The v a lu es  o f th e  t r im e r iz a t io n  

c o n s ta n ts , a t  th e  re sp e c tiv e  tem peratu res a re  51» 3^*, and 2k 1/mole , 

and th e  en thalpy  o f fo rm ation , 6H^^, i s  equal to  -3 .3  Kcal/mole o f tr im e r  

o r  -1 .1  Kcal/m ole fo r  each hydrogen bond on th e  assum ption o f a c y c lic  

sp e c ie s . Although th e  en thalpy  change appears to  be abnorm ally low , i t  

can be r a t io n a l iz e d  on th e  b a s is  o f a r e la t iv e ly  s tro n g  in te ra c t io n  between 

so lv en t and s o lu te  m olecules.
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TABLE 2

IMFEARED SPECTRA OF PRIMARY AMIDES IN THE NH AHD CO STRETCHING REGIONS

M olecule S ta te

Species

R eferenceMonomer Polymer

Vg(NH) Va(NH) v(CO) v(NH) v(CO)

Fomamide

Gaseous 2.90U 2 . 82% — — ——— 15

CCl^
Soln. 2.93% 2.83% ——

2.86% 
3.03% 
3.10% 
3.15%

17

CHClg

Soln.

2.94% 2 .8 4 ; /v5-84%f
7.70%°

—— 5.93% 15

2.91% 2.83% n<5 .84% 2.97%
3.05%
3.12%

5.88% 18

Liquid

———— ——— a/5.83% 2.95%
3.00%
3.12%

5 . 94%
7 . 63%

15

———— ———— — — ———— 5 . 78%
5 .88%

18

Acetamide

CClj^
Soln. 2.92% 2.83% ———— 3.15% —— 21

CHCl
Soln. 2.93% 2.83% ——— 2.86%

2.98%
3.14%

——— 17

v^(OCN); °\)g(OCN)
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TABLE 2 — continued

M olecule S ta te

Species

R eferenceMonomer Polymer

V (NH) s v^(NH) v(CO) v(NH) v(CO)

Acetamide

"S y n th e tic
s ta te " 2.93U 2.83li 5.8Ty 2.86y 

2.98y 
3.03y 
3. Iky

5.96y 19

Propion­
amide

CCI4
Soln.

2.92U 2 .83u ———— 3.03y
3.15y

21

2.92U 2.83 m —--- 3.03y
3 .l5 y

---— 20

n -V aie r-
amide

CCl^
Soln. 2.92y 2.83y —----- 3 .Iky ------ 21

Benzamide CClj^
Soln.

2.92y 2.83y ——— 3.03y
3 .l5y

——— 21
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B o ilin g  p o in t- e le v a tio n  d a ta  in  chloroform  (6l°C ) a re  in  agree­

ment w ith  th e  d a ta  o b ta in ed  from th e  p a r t i t i o n  method in  th a t  tr im e rs  

a re  formed w ith  an in c re a se d  amount o f dim er. In  a c e to n i t r i l e  no 

a s s o c ia tio n  occurs up to  0 .4 l  m olar a t  th e  b o il in g  p o in t (82°C), bu t 

in  acetone ; t  i t s  b o i l in g  p o in t (56°C) a monomer-dimer eq u ilib riu m  i s

p re sen t w ith  a d im e riz a tio n  c o n s ta n t o f  0.1+9 O.OU 1/m ole.

23Davies and Thomas used an i s o p ie s t i c  method to  study  th e  s e l f ­

a s s o c ia tio n  o f tr ic h lo ro a c e ta m id e  in  benzene s o lu tio n . At 25°C th e  

compound a s s o c ia te s  to  form a s e r ie s  o f  a s so c ia te d  sp ec ie s  w ith  successive  

e q u i l ib r ia  a l l  having th e  same c o n s ta n t, i . e . ,  = . . .  = K^. The

v alue  o f a t  25°C i s  93 in  mole f r a c t io n  u n i t s .  At 35 and 1+5°C, 

however, th e  e q u i l ib r ia  ap p a ren tly  conform to  th e  case  where Kgg

= = . . .  = K^. The v a lues o f  a t  35°C a re  64 and 77 w hile

th o se  a t  45°C a re  43.5 and 63. A lthough th e  d a ta  were t r e a te d  on th e  

assum ption o f  u n lim ited  e q u i l i b r i a ,  th e  r e s u l t s  could  be accounted fo r  

eq u a lly  w e ll by p o s tu la t in g  only dim er and tr im e r  fo rm ation .

The h e a t o f  d im e riz a tio n , -7 .2  ^  0 .3  K cal/m ole, i s  tw ice  th a t  o f  

th e  subsequent s ta g e , -3 .7  + 0 .1  K cal/m ole. These r e s u l t s  suggest th e  

form ation  o f  c y c lic  dim ers and t r im e r s ,  i . e . ,  th e  dim er i s  c y c lic  w ith  

two hydrogen bonds and th e  tr im e r  i s  a lso  c y c lic  w ith  one a d d it io n a l 

bond.

A c y c lic  dimer was a ls o  p o s tu la te d  fo r  an o th er prim ary  amide,

20propionam ide, by Badger and Rubalcava , who u t i l i z e d  th e  N-H ab so rp tio n  

peaks in  th e  3u reg io n  to  s tudy  th e  s e l f - a s s o c ia t io n  in  carbon t e t r a ­

c h lo rid e  s o lu tio n . R esu lts  could be exp lained  on th e  assum ption o f 

sim ple d im e riz a tio n  w ith  a  c o n s ta n t K^g o f 45 ^  6 1/m ole a t  25°C.
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Evidence o f th e  c y c lic  dimer came from th e  h e a t o f  d im e riz a tio n , 

which was c a lc u la te d  to  he -7 .8 5  + 0.22 K cal/m ole.

Table 3 summarizes th e  s e l f - a s s o c ia t io n  d a ta  o f  ace tam ide , t r i ­

chloroacetam ide and propionam ide.

N-MONOSUBSTITUTED AMIDES

K-Methylformamide. In f ra re d  and Raman s p e c tra  o f N-methylformamide

have been recorded  by a number o f w orkers and assignm ents have been

made to  th e  m a jo rity  o f observed w aveleng ths. The IR peak in  th e  vapor

spectrum  occu rrin g  a t  2.8Tu has been ass ig n ed  to  th e  E-H s tr e tc h in g
2kmode and th a t  a t  5.80% to  th e  carbonyl s t r e tc h  . In  d i lu te  non-po lar

20 24so lu tio n s  th e  corresponding peaks occur a t  2 .89  and 5.93% , w hile

in  th e  l iq u id  th ey  a re  observed a t  3.03^^ and =6.00%^^*^^*^^. See 

Table 4 fo r  a  summary o f th e  in f r a re d  s p e c tra  in  th e  HH and CO s t r e tc h ­

ing reg ions o f se v e ra l N -m onosubstituted am ides.

From an a n a ly s is  o f th e  band contours in  th e  IR spectrum  o f NMF 

recorded  between 2.86 and 22.2% Jones concluded th a t  th e  isom er having

th e  oxygen and th e  hydrogen of th e  amide group c is  to  each o th e r  i s

24 27p re sen t in  th e  vapor phase . However, c r i t ic is m  o f  t h i s  conclusion

le d  to  a  reexam ination  o f th e  spectrum  between 2 .78  and 3.84%, whereupon

i t  was concluded th a t  n e i th e r  o f th e  r i g i d  models adopted (c is  or t r a n s )

28provides a s a t i s f a c to r y  b a s is  fo r  th e  in te r p r e ta t io n  o f  r e s u l t s .

29In  a  t h i r d  in v e s t ig a tio n  Jones recorded  th e  IR spectrum  of gaseous 

HMF and se v e ra l o th e r N -su b s ti tu te d  amides in  th e  range between 2.50 and 

24.1%. This tim e i t  was concluded t h a t  th e  m olecule probab ly  e x is ts  in  

th e  c is  form in  th e  vapor phase a lth o u g h , as n o te d , th e  c i s  c o n fig u ra tio n



TABLE 3
SELF-ASSOCIATION OF PRIMARY AMIDES

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP. ASSOCIATION CONSTANTS ENTHALPY OF 

ASSOCIATION REF.

F ree z in g  p o in t
d e p re s s io n ;
w a te r

U n asso c ia ted  in  
w a te r s o ln .  up to  
a t  l e a s t  3 m olar

0°C

6°C

P a r t i t i o n  method 
betw een c h lo ro ­
form and w a te r ; 
ch lo ro fo rm

A cetam id e

B o ilin g  p o in t
e le v a t io n ;
ch lo ro fo rm

B o ilin g  p o in t
e le v a t io n ;
a c e t o n i t r i l e

B o ilin g  p o in t
e le v a t io n ;
ace to n e

Trim er fo rm atio n  
in  CHC1_

= 5 1 + 2  C l/m ole)'

25°C f C i 3  =  31. ±  1 - 3 .3  K cal/m ole

T rim er fo rm a tio n  
w ith  some dim ers

U5°C K^3 = 2U + 2

T rim er and dim er 
fo rm at ion

6l°C K = 3 .2  + 0 .4
= 1 .0  + 0 .1  (1 /m ole)

No a s s o c ia t io n  
up to  0 . 4 l  m olar

82°C

Dimer fo rm atio n 56°C Ki 2 = 0 .49  + 0 .04

19

roo



TABLE 3 continued

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP. ASSOCIATION CONSTANTS ENTHALPY OF 

ASSOCIATION REF.

T r ic h lo ro ­
acetam ide

I s o p ie s t i c  
m ethod, benzene

P ro p ion ­
amide

N-H a b s o rp tio n ;  
CCI,.

S e r ie s  o f  a s s o c ia ­
te d  s p e c ie s  formed 
w ith  s u c c e ss iv e  
e q u i l i b r i a  a l l  
hav ing  th e  same 
c o n s ta n t , K.. _ =
Kg. = K„. Re­
s u l t s  can a ls o  be 
acco u n ted  f o r  by 
dim er and tr im e r  
fo rm atio n

25°C K̂ 2 = 93 (mole f r a c t io n )

Kn = 93

S e r ie s  o f  a s s o c ia ­
te d  s p e c ie s  formed 
w ith  su c c e ss iv e  
e q u i l i b r i a  hav ing  
th e  c o n s ta n ts

a îs o  be acco u n ted  
f o r  by dim er and 
tr im e r  fo rm a tio n

35°C Ki 2 = 6U

Kn = TT

- 7 .2  + 0 .3  K ca l/ 
mole (dim erize^- 
t i o n )

- 3 .7  + 0 .1  
(h ig h e r  a s so c ia  
t i o n )

k5°C ^12 '  ‘‘3-5
Kn -  63

Dimers form ed 25°C* = 1*5 i  6 1/m ole -7 . 8 5  +  0 , 2 2

23 (V)

20

* D ata w ere ta k e n  a t  two o th e r  u n s p e c if ie d  te m p e ra tu re s .
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27alone has been c r i t i c i z e d  by Miyazava vhc suggested  th a t  both  isomers 

e x is t  in  th e  vapor p h ase , w ith  th e  tr a n s  form being  predom inant.

26Miyazawa’ s conclusion  i s  supported by th e  IR d a ta  o f Suzuki 

recorded  in  th e  reg io n  between 2.78 and 3 8 .Uy f o r  N-methylformamide 

and i t s  d e u te ra te d  d e r iv a t iv e s  in  th e  l iq u id  and s o l id  s t a t e s .  On th e  

assum ption th a t  th e  m olecule i s  p lan a r except f o r  two hydrogen atoms 

o f th e  m ethyl group, normal v ib ra tio n s  were c a lc u la te d  fo r  both  con­

f ig u ra t io n s  and compared w ith  experim ental d a ta . I t  was concluded 

th a t  th e  m olecule i s  t r a n s  in  th e  l iq u id  s t a t e ;  a ls o ,  because th e  

s k e le ta l  deform ation  band observed a t  13 .Oy fo r  th e  l iq u id  (amide IV 

band) i s  only  s l ig h t ly  d i f f e r e n t  from th e  va lue  o f 1 2 .7y observed fo r  

th e  compound in  th e  vapor s t a t e ,  i t  was concluded th a t  th e  m olecule

i s  p redom inantly  t r a n s  in  th e  vapor phase.

25DeGraaf and S u therland  a lso  recorded  in f r a r e d  as w e ll as Raman 

s p e c tra  fo r  NMF and N -deutero NMF in  th e  l iq u id  phase. The IR sp e c tra  

were o b ta in ed  in  th e  range from 2.78 to  3 1 .3y and th e  Raman sp e c tra  

between 2 .78  and 4 4 .4y . The d a ta  ob ta ined  made p o ss ib le  th e  a ss ig n ­

ment o f  observed bands to  a l l  21 normal v ib ra t io n s  o f th e  compound.

A t r a n s  model having a p lane  o f symmetry was adopted as th e  most prob­

ab le  c o n fig u ra tio n .

The n u c le a r  m agnetic resonance sp e c tra  o f l iq u id  N-methylfoimamide

and N-m ethylacetam ide a t  room tem perature were reco rded  along w ith  th o se

30o f s e v e ra l  o th e r  compounds by Gutowsky and Holm . Both NMF and NMA 

show s p l i t t i n g  o f th e  N-methyl pro ton  resonance which i s  no t f i e ld  

dependent, in d ic a tin g  s p in -s p in  coupling w ith  an o ther p ro to n . In  

comparing th e  s p e c tra  o f  th e  two compounds no d is c e rn ib le  change i s
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TABLE h

INFRARED SPECTRA OF N-MONOSUBSTITUTED AMIDES IN 
THE NH AND CO STRETCHING REGIONS

Species

Molecule S ta te Monomer Polymer Referen

v(NH) v(CO) v(NH) v(C0)

Gaseous 2.8Ty 5 .8 0 ; ———— —— 2k

cci^
Soln.

2 .8 9 ; ——— —— — — 20

N-Methyl-
——— ——— 3 .0 3 ; 6 .0 0 ; 25

formamide
Liquid ——— ———— —— 6 .0 3 ; 2k

——— ———— 3 .0 3 ; 5 .97 ; 26

——— —---— 3 .0 3 ;
3 .2 2 ;

———— 32

S olid
—— —— —— 6.02 ; 26

Gaseous
2 .86 ; 5 .7 8 -5 .Sky ———— ———— 33

2.86 ; ———— — — 32

N-Methyl-
acetam ide

CCI,
Soln.

2 .88u 5.92y 2 .9 7 -3 .0 3 ;
3 .1 0 ;
3 .2 2 ;

---—— 33

2.88y c/5.88y 2 .9 7 -3 .0 3 ;
3 .2 2 ;

---- — 32
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TABLE k —  continued

M olecule S ta te

Species

R efersMonomer Polymer

v(NH) y (CO) v(NH) v(CO)

N-Methyl-
acetam ide

CClj^
Soln.

2.88y ——— 2.9T-3.03y
3.22y

—— 22

2.88y — —— 2.97-3 .03y
2.92y
3.23y

-  ■
3k

CHCl
Soln.

2.89y — —— 2.99  V 
2.92y

——— 34

Liquid

——— —— 3.03y
3.23y

6 .03 v 33

——— -------- 3.03V
3.23V

6.1y 32

N -E thyl-
acetam ide

CCI4
Soln.

2.89y ---—— 2.98-3.03V ——— 21

N-Cyclo-
h e x y lac e t-
amide

CCI4
Soln.

2.90y — ——— 2.98-3 .04y —— 21

A c e ta n ilid e cc i^
Soln.

2.90y —— 2.97 V —— 21

B enzan ilide CCl^
Soln.

2.86y —--- ---- — ---—“ 21
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noted  in  th e  doub le t when th e  ECO group i s  re p la ce d  hy CH^CO; consequently  

th e  se p a ra tio n  can only  he due to  in te r a c t io n  w ith  th e  p ro to n  on th e  

n itro g e n . The o b serv a tio n  o f on ly  one doublet in s te a d  o f  two in d ic a te s  

th e  p resence o f  only one r o ta t io n a l  isom er^^*^^. A lso , th e  co in c id en t 

p o s i t io n  o f  th e  doub le t fo r  b o th  Nl'IF and HMA in d ic a te s  t h a t  th e  compounds 

have id e n t ic a l  c o n f ig u ra tio n s , i . e . ,  bo th  a re  c is  o r bo th  a re  t r a n s ; one 

cannot be c is  and th e  o th e r  t r a n s .

However, an o th er in te r p r e ta t io n  o f  th e  p re sen t d a ta  i s  p la u s ib le ^ ^ .

I f  th e  energy b a r r i e r  between c is  and t r a n s  forms i s  low enough to  

a llow  f r e e  ro ta t io n  about th e  CO-N bond, th e  chem ical s h i f t  between 

c is  and t r a n s  N-methyl p ro tons would be averaged o u t ,  leav in g  only  th e  

observed sp in -s p in  coupling w ith  th e  p ro ton  on th e  n itro g e n  atom.

Although HMR evidence cannot d e f in i te ly  ru le  out f r e e  r o ta t io n

about th e  CC-N bond o f N-methylam ides, th e  p resence o f  a  do u b le t in

th e  s p e c tra  o f  N,N-dimethylamides leav es  no o th e r  ex p lan a tio n . The

s p l i t t i n g  in  th e  N-methyl p ro to n  resonance o f  l iq u id  N ,N -dim ethyl-

formamide and N, N-dimethylac etam ide in  c o n tra s t  to  th a t  o f  th e  N-

methylamides i s  f i e l d  dependent, in d ic a tin g  a  chem ical s h i f t  in s te a d

o f sp in -sp in  in te rac tio n ^ ^ * ^ ^ * ^ ^ ’^^. A lso , because th e  do u b le t occurs

in  th e  same p o s i t io n  in  th e  s p e c tra  o f both compounds, any coupling

w ith  a form yl o r a c e ty l  p ro ton  i s  ru le d  o u t. The d if fe re n c e  in  th e

hydrogens o f th e  two CH  ̂ groups can only be due to  h indered  r o ta t io n

about th e  CO-N bond, i . e . ,  one CH_ i s  c is  and th e  o th e r t r a n s  to  th ej  ---------- — —

carbony l. Thus, th e  two groups re s id e  in  d i f f e r e n t  m agnetic env iron ­

ments and e x h ib it  resonances a t  s l ig h t ly  d i f f e r e n t  fre q u e n c ie s .
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Hovever, a t  h ig h er tem peratu res (above 50°C fo r  DMA) th e  doublet

co llap se s  in to  a  s in g le t ,  in d ic a tin g  th e  onset o f f r e e  ro ta t io n  about

th e  CO-N bond^^. The f r e e  energy o f a c t iv a t io n  AF4 fo r  th e  m olecular

30re o r ie n ta t io n  i s  c a lc u la te d  to  be 19 Kcal/mole fo r  DMA . This va lue  

compares favo rab ly  w ith  th e  resonance energy o f amides estim ated  by
9

P auling  to  be 21 K cal/m ole.

37Davies and Thomas have s tu d ie d  th e  s e lf - a s s o c ia t io n  of a number 

o f N -su b s ti tu te d  am ides, in c lu d in g  BMP and HMA, in  benzene s o lu tio n .

The d a ta  were ob ta ined  w ith  a  th e rm o e le c tr ic  osmometer o r ig in a l ly  

developed by Hill^® and l a t e r  improved by Brady, H uff, and McBain^^.

The N-methyl d e r iv a tiv e s  o f formamide, acetam ide, tr ic h lo ro a c e ta m id e , 

and benzamide as w e ll as N -propylacetam ide were a l l  found to  conform 

to  th e  s e lf - a s s o c ia t io n  scheme K^g < Kg^ = K̂ ĵ  = . . .  = K^. At 25°C 

th e  values of K^g and fo r  N-methylformamide a re  213 + 5 and 2 l8  + 4 , 

re s p e c tiv e ly , in  mole f r a c t io n  u n i t s ,  and th e  corresponding en thalpy  

changes a re  -3 .^ 9  and -3 .8 7  K cal/m ole, re s p e c tiv e ly .

I t  i s  in te r e s t in g  to  no te  th a t  N -m ethy ltrich lo roace tam ide, which 

e x is ts  m ainly as monomers and dimers in  benzene s o lu t io n , has an en thalpy  

o f d im eriza tio n  o f -7 .1  + 0 .2  K cal/m ole. On th e  o th e r hand ,the  en thalpy  

change fo r  th e  a d d itio n  o f ano ther monomer to  th e  sp ec ies  to  form th e  

tr im e r  i s  -3 .6  + 0 .4  K cal/m ole. Thus, i t  appears th a t  N -m eth y ltrich lo ro ­

acetam ide, l i k e  tr ich lo ro ace tam id e  i t s e l f ,  forms bo th  c y c lic  dimers and 

37tr im e rs  . The form ation o f c y c lic  sp ec ie s  fo r  th e  m olecule appears 

to  be an unusual, phenomenon fo r  an N -su b s ti tu te d  amide. As evidenced by 

an average h e a t o f d im eriza tio n  o f 3 o r U K cal/m ole, most N -su b s titu te d  

amides d isso lv ed  in  non-po lar so lv en ts  form l in e a r  a sso c ia te d  sp e c ie s .
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The s e lf - a s s o c ia t io n  of a  number o f N -m onosubstituted amides

i s  summarized in  Table $.

N-M etbylacetamide. Using th e  method o f X -ray c ry s ta llo g ra p h y ,

Katz and P o s t^ ’^^ e s ta b lis h e d  th e  s t r u c tu r e  o f  HMA, in  th e  c r y s ta l l in e

s t a t e .  Two orthorhom bic c r y s ta l l in e  forms were observed , one above and

th e  o th e r  below a  s o l id  phase t r a n s i t io n  tem pera tu re  o f  10°C. In  bo th

forms th e  m olecule was found to  e x is t  in  th e  t r a n s , alm ost co p lan a r,

c o n fig u ra tio n . See Table I  fo r  bond d is ta n c e s  and an g les .

The u n i t  c e l l  o f th e  lower tem pera tu re  form co n ta in s  fo u r m olecules

suad has th e  dimensions a  = 9.61  0 .0 2 , b  = 6.52 + 0 .0 1 , and c = '1.2k +
o

0.015 A. The space group i s  M olecules .a re  a rranged  in  la y e rs
o

p e rp e n d icu la r  to  th e  b a x is ,  w ith  a  s e p a ra tio n  between la y e r s  o f  3 .26  A.

Each la y e r  i s  made up o f  chains o f  m olecules o r ie n te d  approxim ately

p a r a l l e l  to  th e  a  a x is ,  and in d iv id u a l m olecules a re  lin k e d  to g e th e r
o

th rough  N-H—0 hydrogen bonds 2.825 A long . The f iv e  heavy atoms o f  th e
o

anrideresidue have been determ ined to  be cop lanar w ith in  0.015 A.

The c r y s ta l l in e  m o d if ica tio n  s ta b le  above 10°C. co n ta in s  only two

m olecules in  a  u n i t  c e l l  having th e  dim ensions a  = 4.85 + 0 .0 1 , b =
o

6.59 + 0 .0 1 , and c = T.30 + 0.01 A. The space group i s  P . R eduction—  —  Tinrm

in  u n i t - c e l l  s iz e  i s  brought about by m olecu lar r e o r ie n ta t io n  to  a  more 

d iso rd e re d  s t a t e .

Kimura and Aoki^ used th e  method o f e le c tro n  d i f f r a c t io n  to  study 

th e  s t r u c tu r e  o f  NMA in  th e  gaseous s t a t e  and in te rp re te d  th e  d a ta  

w ith  th e  a id  o f m olecu lar param eters o b ta in ed  fo r  acetam ide. The 

au th o rs  concluded th a t  th e  m olecule p robab ly  has th e  tr a n s  co n fig u ra tio n  

b u t th a t  th e  N-methyl group o s c i l l a t e s  about th e  CO-N bond; however.



TABLE 5
SELF-ASSOCIATION OF N-MONOSUBSTITUTED AMIDES

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP, ASSOCIATION CONSTANTS ENTHALPY OP 

ASSOCIATION REF.

2U.92®C K o 218 + 4 Cmole Tract, n

N-Methyl-
formamide

Thermoelectric 
osmometer;benzene

Chain formation 
with K < K, 
K^.. = K 23 35.07°C

n
Ki 2 = ^'^5 ±  3 

= 1 7 5 + 3

= -3.49
Kcal/mole

-3.87
37

N-H absorption; 
CCI.

Chain formation 
with no restric­
tions placed on 
values of K

25°C. K̂ 2 ~ ^'7 (l/mole)

N-Methyl-
acetamide N-H absorption; 

dioxane
Chain formation 
with no restric­
tions placed on 
values of K

25®C

N-H absorption; 
water

Chain formation 
with no restric­
tions placed on 
values of K

25°C K^2 = 0.005

AH12 = - 4 . 2" 41

AH12 = - 0 .8 ' 4 l

^ 2 =  0 . 0 41

ro
CO

^Enthalpy of association was calculated from association constants obtained at 25 and 60®C. Only 25®C 
data were given.



TABLE 5 —  continued

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP. ASSOCIATION CONSTANTS ENTHALPY OF 

ASSOCIATION REF.

N-H a b s o rp tio n ;  
CCI.

Chain fo rm atio n  
with K < K, 
K^i = K 23 25°C K̂ 2 “ 5 .8  C l/m o le)‘

'34 n

N-H a b s o rp tio n ;  
dioxane

Chain formation 
w ith  K^_ < K.

= K 23 25°C K^2 = 0 - 5 8 ' AH^2 = -O '8"
34 n

N-H a b s o rp tio n ;  
w a te r

Chain formation 
with K < K =
"^34 = K 25°C = 0.005 AH^g = 0.0-"

N-M ethyl-
acetamide 24.57 K^g = 69 + 3 (mole f r a c t )

K = 1 4 8 + 2  n —
Thermoelectric
osmometer;
benzene

Chain formation 
with K K.
'=34 =

23 35.07 Ki2 = 56 . 5 + 2
K = 118.5  + 2 n —

48.90 Ki2 = 4 3 . 5 + 2
K = 9 1 . 7 + 2  n —'  .

4 l

AHig = - 3.5  + 0 .2
AH = - 3 .8  + 0 .2  n —

37

IV)40

'No v a lu e s  o f  were g iv e n .



TABLE 5 —  continued

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP. ASSOCIATION CONSTANTS ENTHALPY OF 

ASSOCIATION REF.

N -P ropy l-
acetam lde

T h e rm o e le c tr ic
osmometer;
benzene

Chain fo rm a tio n  
w ith  K < =

5 4  = ^
23 21.80®C

K̂ 2 = 50 Cmole f r a c t . )

n 52 + 2 37

24.57 Ki 2 = 8 .4 8  + 0 .2
K = 2 8 .2  + 1 .0  n —

N -M ethyl-
t r i c h l o r o -
acetam ide

T h e rm o e le c tr ic
osmometer;
benzene

Chain fo rm a tio n  
w ith  K p < K o •= 35.07 Ki2 = 5 .56  ±  0 .1

K = 23.4  + 1 .0  n —

48.90 Ki2 = 3 .4 0  + 0.05  
= 17 . 8  + 0.5

ÛH12 = - 7 .1  ±
0 .2  (K cal,
m ole)

AH = - 3 .6  + 0.1 n —

37

24.92

N -M ethyl-
benzam ide

T h e rm o e le c tr ic
osmometer;
benzene

Chain fo rm a tio n  
w ith  K < K =
" = 3 4 - ^

Ki 2 = 5 .24  + 0 .1

= 7 5 . 0 + 1

35.07 K^g = 4 . 2 9 + 0 .1

= 6 1 . 3 + 1

48 .90 = 3 .3 0  + 0.05

Kn = 47 .0  + 0 .5

&HL = - 3 . 6  + 
0 . 1

AH_ = - 3 . 71  +
37

n 0 .0 4



TABLE 5 —  continued

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP. ASSOCIATION CONSTANTS ENTHALPY OF 

ASSOCIATION REF.

N-M ethyl-
acetam ide

N u clea r Meignetic 
reso n an ce  ; 
ch lo ro fo rm -d

Chain fo rm atio n  
w ith  K p < =
S U  = • • •  = ^n

room
K g  = 1 3 . 0 (mole f r a c t .
K = lU.O n

N u clea r M agnetic
re so n an ce ;
cyclohexane

Chain fo rm a tio n  
wlth_K^2 <_K =

" 3I1 ■ • • ■ ■ %

room
= 10.5  ±  2 .0

K = U50 + 50 n —

N u clea r M agnetic 
reso n an ce  ; 
ccii^

Chain fo rm atio n  
w ith  K p < K =
K3U = = K

room
K,_ = 1 6 . 0  + 2 . 0  12 —
K = 150 + 10 n —

N -Iso p rc -
p y l-

acetam ide

N uclear M agnetic
re so n an ce ;
ch lo ro fo rm -d

Chain fo rm a tio n  
w ith  K p < =

h U  -  • • •  =

room
K i2 = ' . .5
K = 8 .0  n ————

k2

N uclear M agnetic
re so n an ce ;
d ioxane

Chain fo rm a tio n
with ^ '= 23  '
K3I, -  • • • -  Kg

room
Ki2 = 3 .5  + 0 .5

= 9 . 0  + 0 .5 —— —

N uclear M agnetic 
resonem ce ; 
d ie th y l  k e to n e

Chain fo rm a tio n  
w ith  K̂ 2  ̂ '^23 room

^12 "  ^ * 5 + 1 . 5  
K = 6 . 5. + 0 .5n —

w



TABLE 5 continued

MOLECULE METHOD 
AND SOLVENT

TYPE OF 
ASSOCIATION TEMP. ASSOCIATION CONSTANTS ENTHALPY OF 

ASSOCIATION REF.

N -Iso p ro -
p y l-

ace tam ide

N uclear M agnetic 
resoneuice; 
d im ethy l 
s u lfo x id e

Chain fo rm atio n  
w ith  K p < K _ =
K3,  -  =■ P

room
K p = 0 .65  ±  0 .10

Cmole f r a c t io n )
K = 0 .90  + 0 .1 0  n —

--------

k2

N -t-
B u ty l-
ace tam ide

Nucleeur M agnetic
re so n an c e ;
c h lo ro fo rm -d

Chain fo rm atio n  
w ith  K < K = 
K3U = P

room ^12 "  3 '°
K = h .o  n -------
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f r e e  r o ta t io n  a to u t th e  bond cou ld  no t be ru le d  o u t. As seen from 

Table I  bond d is ta n c e s  and ang les  a re  in  good agreement v i th  th o se  

ob ta in ed  by Katz and P o s t.

A number o f w orkers have e x te n s iv e ly  s tu d ie d  th e  in f r a r e d  spectrum 

o f  HMA in  an a ttem pt to  c o r r e la te  th e  observed wavelengths w ith  th e  

s t r u c tu r a l  fe a tu re s  o f  th e  m olecule. In  s e v e ra l in v e s t ig a tio n s  freq u en cies  

have been c a lc u la te d  by tra n fe re n c e  o f  fo rce  co n s tan ts  from sim pler 

m olecules. T hus,.it has been p o s s ib le ,  th e o r e t ic a l ly  a t  l e a s t , to  d is ­

t in g u is h  between proposed m olecu lar c o n fig u ra tio n s  by comparison of 

observed a b so rp tio n  bands w ith  th o se  c a lc u la te d  fo r  a  p a r t i c u la r  con­

f ig u r a t io n .
1;3

Bradbury and E l l i o t t  recorded  th e  p o la r iz e d  in f r a re d  spectrum 

o f  c r y s ta l l in e  HMA and N -deu tera ted  HMA w ith  th e  E -vecto r o f  th e  

norm ally in c id e n t r a d ia t io n  d ire c te d  along each o f th e  th re e  c r y s ta l l in e  

axes. S p e c tra  were reco rded  a t  room tem peratu re  (where th e  c r y s ta l  i s  

no t f u l l y  o rd ered ) and down to  th e  tem pera tu re  o f  l iq u id  n itro g en . The 

g e n e ra l fe a tu re s  o f th e  s p e c tra  were found to  be in  e x c e lle n t agreement
Q

w ith  th e  c r y s ta l l in e  s t r u c tu r e  proposed by Katz and Post .

The most e a s i ly  id e n t i f i a b le  in f r a r e d  w avelengths o f HMA a re  those  

a r is in g  from N-H and carbonyl s t r e tc h in g ,  as w e ll as a number o f o th e r 

w avelengths c h a r a c te r i s t i c  o f N -m onosubstituted amides. The f re e  N-H 

s t r e tc h  o f gaseous NMA occurs a t  2 .86y^^, d i f f e r in g  only s l ig h t ly  from

33 32 22 34th e  va lue  o f 2.88y ’ ’ ’ observed fo r  th e  compound d isso lv ed in

d i lu te  n o n -p o la r s o lv e n ts ,  e . g . ,  CClj^ o r CS^. At h ig h e r co n cen tra tio n s

34in  th e  same so lv e n ts  a sso c ia te d  N-H peaks occur a t  2.92y , 2 .97 to

3 .10u^^, and a t  about 3 .22y^^’ ^^’^ ^ ’^^ . In  l iq u id
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33 32HMA a sso c ia te d  w avelengths a re  p re se n t a t  3.03 and 3.23% ’ . The f r e e

carhonyl s t r e tc h  o f  HMA occnrs a t  about $.90% in  d i lu te  n o n -po lar so lu ­

tio n s^ ^  and g iv es  r i s e  to  a  w e ll-d e fin e d  doub le t a t  5.T8-5.8U%^^ in

th e  vapor. In  l iq u id  HMA th e  a sso c ia te d  carbonyl s tr e tc h in g  mode i s

33 32observed at about 6.1% * . See Table U.
hit Us 27

Miyazawa e t  ^  ’ * have reco rded  th e  IR sp e c tra  o f a  number o f

compounds in c lu d in g  H-methylacetamide and d ik e to p ip e ra z in e . To e s ta b l is h  

th e  co n fig u ra tio n  o f  HMA, th e  in -p lan e  normal v ib ra t io n s  were c a lc u la te d  

fo r  both  c is  and t r a n s  forms and compared w ith  experim en tal d a ta . The 

c a lc u la te d  freq u en c ies  fo r  th e  tr a n s  form were found to  ag ree  w e ll w ith  

observed v a lu e s , w h ile  th o se  o f  th e  c is  form d id  n o t . On th e  o th e r 

hand, except fo r  th e  s k e le ta l  deform ation modes, th e  c is  c a lc u la t io n s  

agreed w ell w ith  freq u en c ies  observed fo r  d ik e to p ip e ra z in e , which must 

tak e  th e  c is  c o n fig u ra tio n  due to  i t s  r in g  s t r u c tu r e .  I t  was th u s  

concluded th a t  H-m ethylacetam ide e x is t s  in  th e

AH-H X=(?

0=0 N-H 

«2

d ik e to p ip e ra z in e

tra n s  c o n fig u ra tio n . A lthough th e  a u th o rs ' assignm ent o f freq u en c ies

is  g e n e ra lly  w ell s u b s ta n t ia te d ,  some o f th e  bands a re  no t in  ag ree­
ing

ment w ith  th e  in f r a r e d  in v e s t ig a t io n  o f Bradbury and E l l i o t t .
32 k6 1+7The same conclusion  was drawn by Mizushima e t  ^  ’ who

recorded bo th  th e  IR and UV s p e c tra  o f  HMA in  a d d itio n  to  th e  Raman 

e f f e c t .  From a comparison o f experim ental v a lu es  w ith  s k e le ta l
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freq u en c ies  c a lc u la te d  fo r  th e  two p o s s ib le  c o n f ig u ra tio n s , th e  t r a n s

form was chosen as the most probable stru ctu re.

32Mizushima e t  a l  have c i te d  th e  UV spectrum  o f DMA as evidence

t h a t  th e  m olecule has th e  resonance s t ru c tu re  CH -̂NHCÊ -*-»CHgC=NHCH ,̂ 

which probab ly  accounts fo r  th e  p la n a r i ty  o f th e  amide group. I f  th e  

m olecule can be re p re se n te d  simply by th e  s t r u c tu r e  C^NHCH^, i t  should  

have a  UV spectrum  fo r  th e  carbonyl group s im ila r  to  t h a t  o f ace tone .
o

However, th e  expected peak occurs a t  a  much s h o r te r  w avelength (<2100 A)
o

than in  acetone (2650 A ), suggesting the d e lo c a liz a tio n  o f carbonyl group

e le c tro n s . This conclusion  i s  supported  by th e  f a c t  t h a t  in  s tro n g ly  a c id

s o lu tio n  an ab so rp tio n  maximum i s  observed a t  n e a r ly  th e . same w avelength 
o

(2659 a )  as  th a t  fo r  th e  carbonyl a b so rp tio n  o f  a ce to n e . This band can be 

ass ig n ed  to  th e  N-methylacetamidonium io n  , which has no reson ­

ance form as a consequence of attachm ent o f an a d d i t io n a l  p ro to n  to  N.

The evidence fo r  th e  N-methylacetamidonium io n  h a s , however, been 
1+8challenged  by B ello  , who was unable to  confirm  th e  e x is te n c e  o f th e

o
reported peak at 2695 A for  NMA in  aqueous HCl. He was consequently  

forced to  conclude th at th e ion does not e x i s t ,  and thus has case doubt 

on th e  UV evidence for the resonance structure o f HMA.
22 32Tsuboi and Mizushima e t  ^  in  comparing th e  IR spectrum  o f NMA 

in  CClj  ̂ w ith  th a t  o f 6 -v a le ro lac tam , have p re sen te d  evidence to  in d ic a te  

t h a t  NMA forms more th a n  one a sso c ia te d  sp e c ie s  in  n o n -p o la r s o lv e n ts .

/  \
%  p z

6-valerolactam
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The s p e c tra  o f th e se  two compounds in  th e  N-H s tre tc h in g  reg io n  are  

s im ila r  except fo r  s e v e ra l  d is t in c t io n s  ap p a ren tly  a t t r ib u ta b le  to  

d i f f e r e n t  c o n fig u ra tio n s  o f  th e  amide group.

While th e  w avelength o f  th e  f r e e  N-H peak (2.88/*) o f  NMA i s  co n stan t 

over a  range o f  co n cen tra tio n s  and tem p e ra tu res , th a t  o f  th e  peak due to  

a s s o c ia tio n  f i r s t  appearing a t  2.97y (low co n cen tra tio n  o r h igh  tem pera tu re) 

i s  s h i f te d  to  B.OBy as th e  co n ce n tra tio n  i s  r a is e d  o r  th e  tem peratu re  

low ered. For 6 -va lero lac tam  n e i th e r  th e  f r e e  N-H s t r e tc h  (2 .92y) nor 

th e  a s so c ia te d  peak (B .l ly )  i s  c o n ce n tra tio n  o r tem peratu re  dependent.

The s h i f t  in  th e  a s so c ia te d  band o f  NMA in d ic a te s  th a t  more th a n  one 

a sso c ia te d  sp e c ie s  i s  p re s e n t. On th e  o th e r  hand, th e  absence o f t h i s  

s h i f t  in  th e  spectrum  o f 6 -v a le ro lac tam  p o in ts  to  th e  e x is te n c e  o f only 

one a s so c ia te d  sp ec ie s  f o r  t h i s  m olecule . T his i s  to  be expected 

because th e  c i s  co n fig u ra tio n  o f  th e  m olecule fav o rs  th e  form ation  o f 

c y c lic  d im ers. Both compounds have an a d d it io n a l  a sso c ia te d  peak a t  

about B.2By.
1̂ 1

K lotz and Franzen used th e  f i r s t  overtone o f th e  N-H s tre tc h in g  

v ib ra t io n  (1.^+7 y) to  study  th e  s e l f - a s s o c ia t io n  o f  NMA in  carbon t e t r a ­

c h lo r id e , d ioxane, and w ater. The m easurenents gave th e  co n cen tra tio n  

o f  th e  f re e  N-H groups as a  fu n c tio n  o f  t o t a l  c o n c e n tra tio n , and th e  

r e s u l t in g  d a ta  were analyzed on th e  assum ption o f a monomer-oligomer 

eq u ilib riu m . W ithout p lac in g  any r e s t r i c t io n s  on th e  su ccess iv e  e q u i l i ­

brium  c o n s ta n ts , K^g, Kg^» • ••» th e  d im e riz a tio n  co n stan t K^g was ob­

ta in e d  from
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where = co n cen tra tio n  o f f r e e  N-H groups (the measured q u a n t i ty ) , 

a  = C^/C^, = t o t a l  co n cen tra tio n  o f HMA, re s id u e s , and C,̂  = con­

c e n tr a t io n  o f hound N-H=(C^ -  C^). The va lue  o f was compared w ith  

t h a t  ob ta ined  from a second method based on th e  assum ption th a t  K^g <

Kg2 = . . .  = K^. To perm it c a lc u la tio n  o f thermodynamic q u a n t i t ie s ,

th e  measurements were conducted a t  bo th  25 and 60°C. R esu lts  a t  25°C 

a re  summarized below.

So lven t 1/mole AF°. Kcal/m ole AH°, Kcal/m ole AS°, g ibbs/m ole

CCl  ̂ U.7 (5.8) -0.92 - h . 2  -11

Dioxane 0.52 (0 .58) 0 .39  -0 .8  -  k

W ater 0.005 (0 .005) 3 .1  0 .0  -10

The v a lu es  in  p a ren theses were ob ta in ed  by th e  second method o f d a ta

a n a ly s is .  No values were g iven fo r  K^.

I t  can be seen frcm th e  va lues o f  K^g th a t  NMA a sso c ia te s

much more s tro n g ly  in  carbon te t r a c h lo r id e  th an  in  dioxane o r w ater.

The f a c t  th a t  so lv en ts  o f  in c re a s in g  d ie l e c t r i c  in h ib i t  th e  s e lf - a s s o c ia -
2̂ 0

t io n  o f NMA i s  a lso  supported  by an e a r l i e r  work o f K lotz and Franzen 

in  which th ey  s tu d ied  th e  r e l a t i v e  e x ten t o f a s s o c ia tio n  o f th e  amide in  

w a ter and CC1| .̂ Although ap p rec iab le  a s s o c ia tio n  was noted a t  1 .01 

m olar in  CCl^, th e  co n cen tra tio n  had to  be ra is e d  to  7 o r 8 m olar in  

w a te r b e fo re  hydrogen-bonded sp ec ie s  were observed.

k2La Planche e t  ^  used  a n u c lea r m agnetic resonance techn ique 

to  study  th e  s e lf - a s s o c ia t io n  o f  N -m ethyl-, N -iso p ro p y l-, and N -t-  

bu ty lacetam ide  in  so lv en ts  o f  vary ing  d ie le c t r ic  co n stan t (see  Table 5 ). 

The d a ta  fo r  a l l  th re e  amides were exp lained  on th e  assum ption o f  l in e a r
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chain  fo rm ation  w ith  = . . .  = K^. The va lues o f th e

equ ilib riu m  co n stan ts  determ ined f o r  HMA in  chloroform -d so lu tio n  

were = 1 3 .0  and = lU.O (mole f r a c t io n  u n i t s )  a t  room tem p era tu re .

A d d itio n a l evidence fo r  l in e a r -c h a in  form ation  in  th e  s e l f - a s s o c ia ­

t io n  o f NMA has been g iven  by th e  dipole-moment measurements o f 

32Mizushima e t  ^  . I t  i s  w e ll known th a t  compounds forming c y c lic

50 32dimers upon s e l f - a s s o c ia t io n ,  such as carb o x y lic  a c id s  and lactam s , 

show a decrease  in  m olecu lar p o la r iz a t io n  as th e  c o n ce n tra tio n  i s  

r a is e d  or th e  tem peratu re  low ered. This f a c t  i s  r e a d i ly  exp lained  by 

th e  tendency tow ards c a n c e lla t io n  o f  th e  d ip o le s  o f  two m olecules 

a sso c ia te d  in  a c y c lic  dim er, i . e . ,  th e  two d ip o le s  oppose each o th e r 

and th u s  te n d  to  leav e  th e  sp ec ie s  w ithout n e t charge se p a ra tio n .

However, th e  e f f e c t s  o f  co n ce n tra tio n  and tem pera tu re  on th e  

m olecular p o la r iz a t io n  o f HMA in  CClj  ̂ o r dioxane a re  in  th e  opp o site  

d ire c t io n ,  i . e . ,  th e  p o la r iz a t io n  in c re a se s  as th e  co n cen tra tio n  i s  

r a is e d  o r th e  tem perature  low ered. This behav io r can be exp lained  by 

th e  fo rm ation  of l in e a r  chains in  which th e  d ip o le s  l in e  up in  th e  

same d ir e c t io n ,  producing a la r g e r  moment th an  in  th e  monomer.

From a  s ta t is t ic o -m e c h a n ic a l s tan d p o in t Sarolea-M athot^^ has 

shown th a t  two a s s o c ia tio n  c o n s ta n ts , K^g and K^, would be expected 

fo r  s e l f - a s s o c ia t io n  r e s u l t in g  in  l in e a r -c h a in  fo rm ation . On th e  

b a s is  o f  th e  " id e a l a s so c ia te d  so lu tio n "  he de riv ed  th e  r e s u l t  th a t

1

^n ■ P

where p i s  th e  number o f p o s s ib le  o r ie n ta t io n s  fo r  th e  monomer. 

Because p i s  e s s e n t ia l ly  g r e a te r  than  1 i t  fo llow s th a t  K^g < K^,
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as i s  a c tu a l ly  observed fo r  th e  g re a t m a jo rity  o f  s e lf - a s s o c ia t io n  

cases in v o lv in g  l in e a r - c h a in  fo rm atio n . A lthough th e  r e s u l t  was 

d e riv ed  fo r  th e  s e l f - a s s o c ia t io n  o f  unhindered a lc o h o ls , i t  should 

apply e q u a lly  w e ll t o  N -m onosubstitu ted amides because o f  th e  same 

type  o f a s s o c ia t io n , i . e . ,  t h a t  in  which

A + A ^  Ag

A^ + A ^  A  ̂ + 1

P o ly p ep tid es  and P r o te in s . These m olecules have been e x te n s iv e ly  

review ed e lsew here^^ ,2 ,1 1 ,$ 2 ,$ 3  w in  t e  d iscu ssed  on ly  b r i e f ly  h e re .

The s o lu tio n  to  th e  problem o f  po ly p ep tid e  and p ro te in  co n fig u ra ­

t io n  stems la rg e ly  from imporvements in  X -ray te c h n iq u e s , a long w ith  

d a ta  a n a ly s is  by h igh -speed  computing equipm ent. Whereas e a r l i e r  

re se a rc h e rs  had to  r e ly  on th e  com putation o f atom ic co o rd in a te s  

from tw o-dim ensional e le c tro n  d e n s ity  maps, modern methods have made 

p o s s ib le  th e  c a lc u la t io n  o f  th ree -d im en sio n a l d is t r ib u t io n s  o f e le c tro n  

d e n s i ty , a llow ing  th e  lo c a t io n  o f p ra c t ic a l ly ' a l l  atoms except perhaps 

th e  hydrogen atom.

Much o f  th e  c r e d i t  belongs to  Pauling and w orkers , who p o s tu la te d  

th e  fundam ental dim ensions o f  th e  amide group in  p o ly p ep tid es  and 

p ro te in s  from a c o n s id e ra tio n  o f th e  s t ru c tu re s  o f  a  la rg e  number o f  

sim ple am ide-con ta in ing  m o lecu les , such as  th o se  d iscu ssed  p re v io u s ly . 

These dim ensions a re  g iven in  Table 1.

The c o l le c t io n  o f d a ta  on th e  amide group s tim u la te d  a  number o f 

workers to  propose c o n fig u ra tio n s  fo r  p o ly p ep tid e  ch a in s . The most 

su c c e ss fu l c o n f ig u ra tio n , th e  o -h e l ix ,  was proposed by P a u lin g , Corey,
54 55

smd Branson * . This s t r u c tu r e  s a t i s f i e s  a l l  p o s tu la te d  requ irem ents



40

in c lu d in g  th e  p r in c ip le  o f c lo s e s t  pack ing , p la n a r i ty  o f  th e  amide 

group, and N-H—0 hydrogen bonds by a l l  o f th e  N-H and C*0 g roups. 

Although o th e r  s t ru c tu re s  have been proposed th e  a -h e l ix  appears to  

be th e  most w idely  o ccu rrin g  p o ly p ep tid e  c o n fig u ra tio n  in  p ro te in s .

A diagrammatic r e p re s e n ta t io n  o f th e  a -h e lix  i s  shown in  F i g . l .

I f  th e  h e l i c a l  s t ru c tu re  were unwound and l a i d  f l a t  on a p lan e  su rfa ce  

i t  would have an appearance s im ila r  to  th e  schem atic diagram  shown in  

F ig . 1 (a ) .  This p ro je c tio n  c le a r ly  shows th e  N-H—0 hydrogen bonds 

jo in in g  ad jacen t tu rn s  to g e th e r  in  12-membered r in g s . F ig . 1 (b ) shows 

th e  s t ru c tu re  wound in  h e l i c a l  form.
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F ig u re  1. The a - h e l ix .  a ) P ro je c tio n  onto a  p lan e  
p e rp en d icu la r to  th e  h e l i c a l  a x is  [from P roc. N at. Acad. S c i. 
U.S. ^  (1951) 235] ;  b ) H e lic a l c o n fig u ra tio n .



The o -h e lix  has about 3 .6  amide re s id u es  p e r tu rn  and 13 atoms

in  a  r in g  formed by s ta r t in g  a t  any g iven N-H and con tinu ing  around

th e  h e lix  u n t i l  th e  C=0 group s i tu a te d  above th e  N-H and hydrogen

bonded to  i t  i s  reached. The th i r t e e n  atoms a re  marked in  F ig . 1.

In  th e  nom enclature o f Bragg, Kendrev, and P eru tz^^ t h i s  co n fig u ra tio n

i s  g iven th e  symbol 3 .6^^.

Although th e  o -h e lix  was la rg e ly  a  h y p o th e tic a l s t ru c tu re  when

proposed alm ost 15 y ears  ago, i t  now has much support as a fundam ental

b u ild in g  b lock  o f p ro te in s . For example, in  th e  c r y s ta l l in e  form o f

th e  g lo b u la r p ro te in  m yoglobin, i t  has been determ ined th a t  75 p er cen t

53o f th e  amino a c id  re s id u e s  a re  p re se n t in  o -h e lic e s  . The s t ru c tu re  

canno t, however, be used to  ex p la in  th e  e n t i r e  co n fig u ra tio n  o f a  p ro te in  

m olecule because only th e  polyamide backbone i s  a c tu a l ly  involved  in  

th e  h e l ix ;  s id e  chain  in te ra c t io n s  must be accounted f o r  by o th e r 

s t r u c tu r e s .

SUMMARY AND CONCLUSIONS 

The evidence p re sen ted  in d ic a te d  th a t  amides e x is t  in  a  cop lanar 

o r alm ost cop lanar co n fig u ra tio n  in  which th e  CO-N group has th e

resonance s t ru c tu re  -d^N< ■*-*■ -d=$<. The main evidence fo r  th e  l a t t e r  

conclusion  i s  d erived  from x -ra y , microwave, and e le c t r o n - d i f f r a c t  ion  

s tu d ie s ,  which show th a t  th e  CO-N bond len g th  i s  s ig n i f ic a n t ly  s h o r te r  

th an  th a t  found in  non-resonant m olecu les. The more re c e n t x -ra y  and 

microwave in v e s t ig a tio n s  in d ic a te  th a t  th e  amide s t ru c tu re  does not 

e x is t  in  a  t r u ly  cop lanar c o n fig u ra tio n  bu t in s te a d  in  a  s l ig h t ly  

pyram idal shape s im ila r  to  th a t  found in  th e  ammonia m olecule.
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The alm ost cop lanar co n fig u ra tio n  o f amides appears to  be q u ite  

s ta b le  a t  room tem peratu res and i s  no t d is ru p te d  by changes in  s t a t e .  

Only a t  h ig h er ta n p e ra tu re s , e . g . ,  above 50®C f o r  N,N-dimethyla c e t  amide,■ 

does r o ta t io n  about th e  CO-N bond occur.

N -m onosubstituted amides a re  found alm ost e x c lu s iv e ly  in  a  t r a n s  

c o n fig u ra tio n . The only evioLence co n tra ry  t o  t h i s  f a c t  i s  p re sen ted  

by in f r a r e d  s tu d ie s  in  which i t  has been shown th a t  N-methylformamide 

may e x is t  in  th e  c is  c o n fig u ra tio n  in  th e  vapor phase.

U n su b s titu ted  amides s e l f - a s s o c ia te  in  nonpolar s o lu tio n s  to  form 

c h ie f ly  dimers and t r im e r s .  A lthough th e  en thalpy  o f  fo rm ation  i s  very  

l im ite d ,  th e  a v a ila b le  d a ta  p o in t to  th e  e x is ten c e  o f  c y c lic  sp e c ie s .

From a c o n s id e ra tio n  o f s t r u c tu r e ,  c y c lic  sp ec ie s  would be expected 

in  th e  s e l f - a s s o c ia t io n  o f u n su b s titu te d  amides because o f th e  e x is ten c e  

o f a p ro to n  o f th e  NHg group c is  to  th e  oxygen o f  th e  carbonyl group.

For example, th e  propionam ide dimer probab ly  e x is t s  as

;

N -m onosubstituted am ides, on th e  o th e r hand, s e l f - a s s o c ia te  in  

nonpolar so lu tio n s  p r im a rily  to  form l in e a r  chains w ith  =

. . .  = K^. The only apparen t excep tion  c i te d  i s  found in  th e  case o f 

N -m ethy ltrich lo roacetam ide  in  which c y c lic  dim ers a re  form ed, as evidenced 

from an  e x ce p tio n a lly  la rg e  en thalpy  o f d im e riz a tio n .
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From s t r u c tu r a l  c o n s id e ra tio n s  l in e a r -c h a in  form ation  would be 

expected fo r  N -m onosubstitu ted  amides because o f th e  e x is ten c e  o f th e  

p ro to n  o f  th e  HHE group t r a n s  to  th e  oxygen o f  th e  carbonyl group.

I t  i s  ev id en t th a t  such a  s t ru c tu re  would no t re a d ily  le ad  to  th e  

fo rm ation  o f c y c lic  sp e c ie s .

The s e l f - a s s o c ia t io n  o f  N-methylacetamide in  nonpolar s o lu tio n s  

can p robab ly  b e s t  be re p re se n te d  by

^ 3
^ 3  .C—  0-------

CH., \= = 0- - -H—  r
\!  / \ CH,

 H 'N'

in  which only one hydrogen bond e x is ts  between ad jacen t m olecu les.



CHAPTER I I I  

EXPERIMENTAL 

MATERIALS

N -m ethylaeetam ide. The compound purchased from K & K L ab o ra to rie s , 

Jam aica, New York was f i r s t  p u r if ie d  by vacuum d i s t i l l a t i o n  a t  110 

mm Hg and lL l°C . The d i s t i l l a t e  was th en  f u r th e r  p u r i f ie d  through  

f r a c t io n a l  c r y s ta l l i z a t io n .  S ta r t in g  a t  28.0°C th e  compound was 

su cc e ss iv e ly  r e c r y s ta l l i z e d  a t  in c re a s in g  tem pera,tures u n t i l  th e  m elting  

p o in t was ra is e d  to  30.5°C. Ten o r more hours were re q u ire d  fo r  each 

r e c r y s t a l l i z a t io n .  The p u r i f ie d  NMA was th en  s to re d  in  a f la s k  equipped 

w ith  a  PgO^ drying tu b e  a t  a  tem p era tu re  o f  30.4°C . Before u se , any 

l iq u id  p re sen t was removed.

A K je ld ah l a n a ly s is  perform ed on th e  p u r i f ie d  NMA in d ic a te d  th e  

p resence  o f 19.1% n itro g e n . By comparison w ith  th e  th e o r e t ic a l  19.14%, 

th e  compound was c a lc u la te d  to  be 99% pure N-m ethylacetam ide.

Carbon te t r a c h lo r id e . F ish e r  C e r t i f ie d  Reagent CCl^ was f i r s t  

re f lu x e d  w ith  mercury from 12 to  2h hours to  remove any s u lf id e s  p re sen t. 

N ext, th e  compound was d i s t i l l e d  in  a  3 0 -p la te  Oldershaw column a t  a 

r e f lu x  r a t i o  o f  10:1 . Only th e  m iddle th i r d  o f  th e  d i s t i l l a t e  was 

saved , th e  f i r s t  and l a s t  th i r d s  b e in g  d isca rd ed . The b o ilin g  p o in t o f 

th e  m iddle f r a c t io n  c o rre c te d  to  1 atm . p re s su re  was T7°C. B efore th e

44
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p u r if ie d  CCl^ was u sed , i t  was e x tra c te d  5 tim es w ith  d i s t i l l e d  w ater 

to  remove r e s id u a l ,  w a te r-so lu b le  im p u r it ie s .

Naphthalene and benzoic a c id . Baker & Adamson and F ish e r reagen t 

g rad es, re s p e c t iv e ly ,  were used w ithou t f u r th e r  p u r i f ic a t io n .

APPARATUS

L iquid-vapor eq u ilib riu m  s t i l l . The ap para tu s i s  shown in  F ig . 1. 

The s t i l l  i s  designed to  op era te  a t  reduced  p re s su re s , p e rm ittin g  d a ta  

to  be ob ta ined  a t  tem peratu res below th e  normal b o il in g  p o in t o f  th e  

so lv e n t. The p re ssu re  i s  m ain tained  a t  reduced v a lu es  w ith  a c a p i l la r y -  

b leed e r m anostat. The vapor t r a p  i s  designed  to  fo rce  th e  d i s t i l l a t e  

down through th e  c e n te r  and up along th e  s id e s  o f  th e  t r a p  b e fo re  i t s  

r e tu rn  to  th e  p o t. This fe a tu re  allow s ra p id  e q u i l ib r a t io n  between 

l iq u id  and vapor phases.

To o p e ra te  th e  apparatus a  d i lu te  s o lu tio n  o f  NMA in  CCl^ is  

p laced  in  th e  po t and d i s t i l l e d  a t  th e  d e s ire d  p re ssu re  and tem peratu re  

fo r  15 m inu tes. Then samples a re  withdrawn from both  phases and analyzed 

fo r  c o n ce n tra tio n s . The a n a ly s is  i s  conducted w ith  a Beckman DK-1 

spectrophotom eter and a  s tan d a rd  absorbance curve p lo t te d  in  th e  3h 

reg ion .

M olecular weight-measurement a p p a ra tu s . The d ev ice , shown in  

F ig . 2 , c o n s is ts  o f  so lv en t and s o lu tio n  chambers sep a ra ted  by a s u l fu r ic  

a c id  manometer. The chambers a re  equipped w ith  s in te re d -g la s s  d isks 

sea led  w ith  m ercury^^. These s e a ls  have a  tw ofo ld  fu n c tio n : ( l )  th ey  

a c t as one-way va lves allow ing a i r  and so lv en t vapors to  be removed from 

th e  system , and (2) th ey  perm it th e  in tro d u c tio n  o f  so lv en t and so lu tio n
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in to  th e  re s p e c tiv e  s id e s  o f th e  system. To in tro d u ce  a  l iq u id  

th rough  th e  s e a l  i t  i s  only necessary  to  p lace  th e  t i p  o f th e  p ip e t te  

c o n ta in in g  th e  l iq u id  down through th e  mercury u n t i l  th e  s in te re d  

g la s s  d isk  i s  touched . Then th e  l iq u id  w i l l  run through th e  d isk  

and in to  th e  chamber. I t  should be noted th a t  th e  mercury w i l l  not 

ru n  through th e  d isk  even though th e  system i s  evacuated . The use o f 

th e se  s e a ls  e lim in a ted  th e  need fo r  g reased  J o in ts  and stopcocks, 

which might cause con tam ination .

Because th e  so lv en t and so lu tio n  vapor p re s su re s  a re  very  s e n s i t iv e  

to  s l ig h t  v a r ia t io n s  in  tem p era tu re , th e  appara tu s has to  be immersed 

in  a  w ater b a th  having a tem peratu re  f lu c tu a tio n  o f  no more th an  about 

0.001®C. This c o n tro l can be m ain tained  through th e  use o f a  thermo­

s ta t e d  double w ater b a th  in  which th e  tem pera tu re  o f  th e  in n e r b a th  i s  

c o n tro lle d  e n t i r e ly  by beat t r a n s f e r  to  th e  o u te r  b a th .

An obv iously  c r i t i c a l  f a c to r  in  th e  o p e ra tio n  o f th e  apparatus i s  

th e  removal o f a i r  from bo th  s id es  o f  th e  system . No .problem i s  en­

countered  in  degassing  th e  vapor phases, b u t th e  removal o f a i r  from 

th e  l iq u id s  proves to  be more d i f f i c u l t .  The p ro cess  i s  f a c i l i t a t e d  

by a g i ta t io n  w ith  m agnetic s t i r r i n g  bars  and a re c ip ro c a tin g  magnet, 

a lthough  th e  method i s  not very  e f f i c i e n t .  Probably th e  r e s u l t s  would 

be improved i f  chambers la rg e  enough to  in c o rp o ra te  ro ta t in g  s t i r r i n g  

b a rs  were used .

S u lfu r ic  a c id  i s  used as th e  manometer l iq u id  in s te a d  o f mercury 

because i t s  low er d e n s ity  p erm its  a  g re a te r  change in  th e  h e ig h ts  of 

th e  manometer columns fo r  a  g iven  p re ssu re  d i f f e r e n t i a l .  I t s  use 

appears to  be s a t i s f a c to r y  a t  20®C., but a t  40°C. some k ind  o f a  re a c tio n
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w ith th e  NMA occurs r e s u l t in g  in  th e  p r e c ip i ta t io n  o f sm a ll, w hite 

c ry s ta ls  J u s t  below th e  su rfa c e  o f  th e  s o lu tio n . The n a tu re  o f  th ese  

c ry s ta ls  i s  unknown.

To o p e ra te  th e  apparatus th e  manometer i s  f i l l e d  to  th e  proper 

le v e l  w ith  s u lfu r ic  a c id  and sea led  w ith  mercury as shown in  th e  f ig u re . 

N ext, a  sm all amount o f  m ercury i s  poured over each s in te re d -g la s s  

d isk  and th e  e n t i r e  system  i s  evacuated w ith  a vacuum m anifo ld . A fte r 

th e  appara tu s i s  evacuated  as w e ll a s  p o s s ib le ,  p re s su re  i s  e s ta b lish e d  

on b o th  s id e s  o f  th e  system by in tro d u c in g  v e ry  sm all amounts o f pure 

so lv en t on f i r s t  one s id e  and th en  th e  o th e r u n t i l  th e  s a tu ra t io n  value 

i s  reached . The so lv en t can be e a s i ly  in tro d u ced  w ith  a m ic ro p ip e tte  

made from th e  c a p i l la r y  o f  a  broken therm om eter. A fte r  th e  magnetic 

s t i r r e r s  a re  s ta r te d ,  th e  so lv en t and s o lu t io n  a re  in tro d u ced  in to  

t h e i r  re sp e c tiv e  chambers. The system  must now be evacuated  fu r th e r  

to  remove a i r  d isso lv e d  in  th e  two l iq u id s .  A fte r a  s u f f ic ie n t  number 

o f  evacuations a l l  d is so lv e d  gases  w i l l  be removed and th e  manometer 

w i l l  show a  p re ssu re  d i f f e r e n t i a l  which changes on ly  s l ig h t ly  upon 

f u r th e r  evacuation . T his re s id u a l  change i s  caused by so lv en t being 

removed from th e  s o lu t io n ,  r e s u l t in g  in  an in c re a se d  co n cen tra tio n  o f 

NMA and a  decrease  in  vapor p re ssu re  o f  th e  s o lu t io n . The volume of 

th e  s o lu tio n  i s  measured by read ing  th e  g raduated  marks on th e  so lu tio n  

tu b e .

Coulom etric w ater a n a ly z e r . The c i r c u i t  diagram and c e l l  design 

a re  shown in  F ig s . 3 and 4 , r e s p e c tiv e ly . The end p o in t i s  determ ined 

by m easuring th e  r e s is ta n c e  o f  th e  s o lu t io n  w ith  a  sim ple Wheatstone 

b r id g e . A Sargent Model IV Coulom etric C urrent S ource , capable o f
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d e liv e r in g  U.82  to  193 ma, su p p lie s  th e  c u rre n t to  th e  g en e ra to r 

e le c tro d e s . The t i t r a t i o n  c e l l  c o n s is ts  e s s e n t ia l ly  o f a  250 ml 

f la s k  equipped w ith  p la tinum  in d ic a to r  and g en era to r e le c tro d e s . The 

l a t t e r  a re  sep a ra ted  by a  medium p o ro s ity  s in te re d -g la s s  b u b b le r .

The re c ip e  f o r  th e  K arl F isch er reag en t (KFR) i s  e s s e n t ia l ly  th e

57same as th a t  used by Meyer and Boyd . F o r ty - f iv e  grams o f io d in e  a re  , 

d isso lv ed  in  350 ml o f  ab so lu te  m ethyl, a lco h o l and th en  mixed w ith  213 

ml o f p y rid in e . The re s u l t in g  so lu tio n  i s  cooled  in  an ic e  b a th .

While th e  so lu tio n  i s  being coo led , l6  ml o f s u lfu r  d iox ide  a re  l iq u i f ie d  

in  a dry ic e -ace to n e  b a th . The l iq u i f i e d  SOg i s  now added slow ly and 

w ith  much a g i ta t io n  to  th e  cooled so lu tio n . The f in ish e d  reagen t 

i s  allowed to  s tan d  2 hours b e fo re  u se .

To pu t th e  ap p ara tu s in to  o p e ra tio n  th e  c le a n , dry c e l l  i s  f i r s t  

blown out w ith  a stream  o f dry n itro g en  fo r  1 minute to  remove oxygen 

and re s id u a l  m o is tu re . The presence o f  a  r e la t iv e ly  h igh  oxygen con­

c e n tra tio n  ap p aren tly  causes th e  o x id a tio n  o f iod ide  to  io d in e . N ext, 

100 ml o f  KFR a re  added and th e  m agnetic s t i r r e r  s ta r te d .  Because 

th e  r e s is ta n c e  o f  th e  s o lu tio n  i s  s e n s i t iv e  to  th e  r a te  o f  s t i r r i n g ,  

th e  m agnetic s t i r r e r  must be ab le  to  m ain ta in  a constemt speed during 

th e  t i t r a t i o n .  The so lu tio n  i s  now brought to  an end p o in t (co lo r 

w i l l  change from amber to  yellow ) by th e  a d d itio n  of m ethanol co n ta in ­

ing  2 to  5 drops o f  w ater p e r 50 ml. I f  th e  end p o in t i s  passed  more 

KFR i s  added. The f i n a l  c o lo r o f th e  end p o in t should be s l ig h t ly  

orange. The l iq u id  le v e l  in  th e  c e l l  should now be s l ig h t ly  below 

th e  top  o f  th e  s in te re d -g la s s  b u b b le r .
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N ext, th e  galvanom eter l ig h t  i s  plugged in  and th e  b a t te ry  connected 

in to  th e  end p o in t-d e te c to r  c i r c u i t .  The galvanom eter should  now in d ic a te  

an end p o in t .  I f  th e  l ig h t  beam i s  no t in  th e  c e n te r  o f th e  sc a le  

more m ethanol o r KFR i s  added dropwise u n t i l  th e  end p o in t i s  reached .

The f i n a l  adjustm ent may be made by cou lom etric  t i t r a t i o n .

The app ara tu s  i s  next checked fo r  end-po in t d r i f t .  I f  th e  end 

p o in t i s  d r i f t i n g  to  th e  dry s id e  th e  c e l l  i s  blown out w ith  n itro g e n  

fo r  10 seconds. D r i f t  in  th e  op p o site  d ire c t io n  i s  c o rre c te d  by allow ­

ing  th e  so lu tio n  to  s t i r  u n t i l  th e  end p o in t becomes s tea d y . Before 

a  sample i s  in tro d u ced , th e  end p o in t should  no t be d r i f t in g  more th an  

1 s c a le  u n it  in  3 m inutes.

A p re lim in a ry  run i s  th en  made on a  sample to  o b ta in  th e  approxim ate 

number o f  m ic roequ iva len ts  o f  w ater p re s e n t. The sample s iz e  and cu rren t 

s e t t in g  a re  chosen to  a llow  th e  t i t r a t i o n  to  be ccm pleted in  5 m inutes 

o r  l e s s .  U sually  1 o r  2 ml samples a re  s u f f i c i e n t .  As th e  sample i s  

in tro d u ced  th e  l i g h t  beam w i l l  move ra p id ly  to  th e  wet s id e .  The sample 

i s  th en  t i t r a t e d  c o u lo m e trica lly  u n t i l  th e  beam re tu rn s  to  th e  o r ig in a l  

p o s i t io n .  The approxim ate number o f  m ic ro eq u iv a len ts  may now be c a l ­

c u la te d .

N ext, th e  end p o in t i s  re a d ju s te d  to  s e t  th e  s e n s i t iv i ty  (u e q ./  

s c a le  u n i t )  eq u al to  1% o f th e  approxim ate number o f m ic ro eq u iv a len ts  

p re se n t in  a  sample. This i s  accom plished by adding w ater in  m ethanol 

s o lu t io n  o r KFR (which can be g enera ted  c o u lo m e tric a lly ) and c o rre c t in g  

th e  l i g h t  beam to  th e  c e n te r  o f th e  s c a le  by a l te r in g  th e  v a r ia b le  

r e s is ta n c e  in  th e  W heatstone b rid g e . For example, suppose th e  app rox i­

mate number o f  m ic ro eq u iv a len ts  i s  60. The s e n s i t iv i ty  should  th en  be
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s e t  equal to  0 .6 y e q . / s c a le  u n i t .  I t  should he no ted  th a t  th e  s e n s i t iv i ty  

becomes le s s  as th e  end p o in t i s  s h if te d  to  th e  d ry  s id e .

The end p o in t i s  ag a in  checked fo r  d r i f t  and c o rre c te d  i f  n ecessa ry . 

Then th e  sample i s  in tro d u ced  and t i t r a t e d .  More p re c is e  r e s u l t s  a re  

o b ta in ed  i f  s e v e ra l samples a re  run  and an average tak en . O rd in a r i ly , 

th e  reag en t does no t have to  be rep laced  u n t i l  th e  volume o f  l iq u id  

reaches th e  s id e  arm o f  th e  f la s k .

T o ta l -pressure a p p a ra tu s . The d ev ice , shown in  F ig . 5 , c o n s is ts  

e s s e n t ia l ly  of a  s in te re d - g a ls s  d is k , a  f la s k  a tta c h e d  w ith  a  b a l l  

j o i n t ,  and a  manometer assem bly. The s in te re d -g la s s e d  d is k  p e rm its  

th e  in tro d u c tio n  o f  w ater to  th e  system  and a c ts  as a  one-way va lve  

f o r  evacuation^^ . The b a l l  j o in t  i s  sea le d  w ith  mercury and re q u ire s  

no g re a se . The s e a l  c o n s is ts  o f a  g la s s  cup-rubber s to p p e r assembly 

h e ld  in  p la ce  w ith  sp rin g s  a tta c h e d  to  th e  f la s k .  The open bottom  

o f  th e  cup i s  ground to  f i t  th e  to p  o f  th e  so ck e t. This p rev en ts  

mercury from running  ou t o f th e  s e a l .  The s id e  pocket a tta c h e d  above 

th e  s in te re d - g la s s  d isk  se ry es  as a re c e iv e r  fo r  th e  m ercury above 

th e  d isk . I t  i s  d e s i r a b le ,  du ring  long p e rio d s  o f  e v acu a tio n , to  have 

th e  mercury removed from th e  su rfa ce  o f th e  d isk  to  p rev en t th e  forma­

t i o n  o f scum and consequent c logg ing . To s e a l  th e  d isk  a f t e r  evacua­

t i o n  i t  i s  on ly  n ecessa ry  to  t i l t  th e  ap p ara tu s  to  th e  s id e  causing  

th e  m ercury to  run  ou t o f th e  pocket onto  th e  d isk .

In  th e  o p e ra tio n  o f  th e  a p p a ra tu s , about a  m i l l i l i t e r  o f m ercury 

i s  f i r s t  added above th e  d isk  (enough to  j u s t  f i l l  th e  s id e  pocket) 

and th e  manometer assem bly to g e th e r  w ith  th e  rubber s to p p e r , g la s s  cup, 

and sp rin g s  a re  weighed to  th e  n e a re s t  te n th  o f  a  gram. The f la s k  i s
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a lso  weighed to  th e  same accuracy  and th en  f i l l e d  w ith  th e  so lu tio n  of 

HMA. in  CCl^. The apparatus i s  now assembled w ith  a  weighed amount o f 

mercury in  th e  g la s s  cup.

The apparatus i s  next connected to  a  w ater a s p i r a to r  and p laced  

in  a  constan t tem perature  b a th  over a m agnetic s t i r r e r .  A fte r  check­

ing to  see i f  th e  mercury above th e  s in te re d -g la s s  d isk  i s  con ta ined  

in  th e  s id e  po ck et, th e  m agnetic s t i r r e r  i s  s ta r te d  and th e  system 

evacuated. The evacuation  i s  allow ed to  con tinue u n t i l  th e  p re ssu re  

i s  reduced to  approxim ately  th e  vapor p re ssu re  o f  pure CCl^, showing 

th a t  most o f th e  d isso lv ed  a i r  and w ater vapor have been removed.

The apparatus i s  now t i l t e d  to  th e  s id e , causing th e  m ercury to  run 

out o f th e  s id e  pocket onto  th e  s in te re d -g la s s  d is k , and th e  vacuum 

l in e  i s  d isconnected . A fte r  about 5 m inutes th e  p re ssu re  i s  read  w ith  

a  ca the tom eter. I f  th e  observed va lue  i s  g re a te r  th an  t h a t  fo r  pure 

CCl^ ( i t  may be le s s  because o f  th e  vapor p re ssu re -lo w erin g  e f f e c t  

o f th e  so lu te )  th e  system i s  no t c o n ç le te ly  degassed and f u r th e r  

evacuation  i s  re q u ire d .

A fte r a l l  d isso lv ed  gases have been removed, as shown by th e  

p re s su re , th e  apparatus i s  removed from th e  w ater b a th , d r ie d  by 

b lo t t in g  w ith  paper to w els ,an d  weighed to  th e  n e a re s t te n th  o f a  gram. 

The t o t a l  weight o f th e  ap para tus minus th e  weight o f th e  manometer 

assem bly, cup, m ercury, and f la s k  i s  equal to  th e  w eight o f  th e  so lu ­

t io n .  Thus, th e  volume o f th e  s o lu tio n  may be c a lc u la te d  and , con­

seq u en tly , th e  co n cen tra tio n  o f th e  BMA.

A fte r th e  apparatus i s  ag a in  p laced  in  th e  co n stan t tem pera tu re  

b a th , a  few m illig ram s o f w ater a re  added w ith  a  m ic ro p ip e tte . The
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t i p  o f th e  p ip e t te  i s  in s e r te d  through th e  mercury u n t i l  i t  touches 

th e  s in te re d -g la s s  d isk ; th e  d e liv e ry  i s  th en  made and th e  t i p  w ith ­

drawn. The amount o f w ater added can he a c c u ra te ly  measured by weigh­

ing th e  p ip e t te  b e fo re  and a f t e r  d e liv e ry . To f a c i l i t a t e  g e t t in g  th e  

w ater in to  th e  CCl^ th e  appara tu s i s  r a is e d  u n t i l  th e  s in te re d -g la s s  

d isk  i s  above th e  w ater l e v e l ,  and th e  reg io n  around th e  d isk  i s  heated  

u n t i l  th e  m oistu re  i s  d riv en  down along th e  neck.

The ap p ara tus i s  lowered in to  th e  w ater b a th  again  and allow ed 

to  e q u i l ib r a te .  A fte r  eq u ilib riu m  has been a t ta in e d  (o r d in a r i ly  about 

two hours a re  re q u ire d ) th e  t o t a l  p re ssu re  o f th e  system i s  measured.

The d iffe re n c e  between t h i s  and th e  p re s su re  o f th e  dry  s o lu t io n  g ives 

th e  p a r t i a l  p re ssu re  o f  th e  w a ter. This v a lu e  d iv id ed  by th e  s a tu ra ­

t io n  p re ssu re  g ives th e  a c t i v i ty  o f th e  w ater in  s o lu t io n . The con­

c e n tra tio n  o f  th e  w ater i s  o b ta ined  by s u b tra c tin g  th e  amount o f  w ater 

in  th e  vapor phase (c a lc u la te d  from th e  p a r t i a l  p re s su re  and th e  p rev io u s ly  

determ ined volume in  th e  vapor phase) from th e  amount o f w ater added to  

th e  system . By adding f u r th e r  q u a n t i t ie s  o f w a te r , th e  t o t a l  w ater 

co n cen tra tio n  v s . w ater a c t i v i ty  fo r  a  g iven  NMA co n ce n tra tio n  i s  o b ta in ed .



CHAPTER IV

RESULTS ADD DISCUSSION

SELF-ASSOCIATION STUDIES

Theory. I f  we assume th a t  only two s e l f - a s s o c ia t io n  co n stan ts  

— one fo r  d im e riz a tio n  and one fo r  th e  fo im ation  o f sp ec ie s  co n ta in in g  

3 o r more monomers — a re  needed to  e x p la in  th e  fo rm ation  o f  l in e a r  

c h a in s , we can w r ite

[Ag]
A. + A, X- A„ =

^ ^ ^ ^

[ A j

4  + ' ' i  "  S  ""n = T i p i T ] !

n -1  "  "1  "n  [ r  J [ A J

Thus, fo r  th e  fo rm al o r  t o t a l  co n cen tra tio n  o f  th e  amide 

[A ]t = [A^] + 2[Ag] + 3[Ag] +

» [A^] + 2Kg[A^3^ + 3 % [ A ^ ] ^  + + . .

Or [A ]t « [A .] + K -[A -]^(2 + 3K [A.] + U{K [A .]}^ + . . . )  'X  d 1 n X n X

I f  we l e t  f ( x )  = 2 + 3x + kx^ + . . .

I t  can he shown t h a t  _
f (x )  = ^

(1 -  x )^
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Thus 2 - K [ A j  5

  - - p -  = 2 + 3  K [ A j  + MK [ A j r  + . . .
( 1 - K [ A ,1 ) ®  n 1 n 1

n 1

K [A j^ ( 2  -  K [ A j )
Or [A ]t = [A ] + i --------------- °p (4 .1 )

1 ( 1 - K j A j ) ^

S im ila r ly , i f  th e  e f f e c t iv e  c o n cen tra tio n  o f amide i s  rep re sen ted  by 

[A]e = [A^] + [Ag] + [Ag] + . . .

= [A^] + Kg[A^]^ + % [ A ^ ] ^  + . . . 

by th e  same m athem atical p ro ced u re , we can o b ta in

(4 .2 )
[A]e = [A^] + 1 -  K^[A^]

23This equation  i s  th e  same as th a t  derived  by Davies and Thomas .

L iquid-vapor eq u ilib riu m  d a ta . For d i lu te  so lu tio n s  th e  p a r t i a l  

p re ssu re  o f th e  amide i s  g iven  by

^A "  ^ t  ■ ^ A ^  ^CCl^ ‘ ^A

where i s  th e  t o t a l  p re ssu re  and i s  th e  mole f r a c t io n  o f th e  amide 

in  th e  vapor phase . With th e  use o f H enry 's law , th e  co n cen tra tio n  o f 

th e  amide monomer in  th e  l iq u id  phase can be expressed  by

[A^] = P^/k (4 .3 )

where k i s  th e  H enry 's law c o n sta n t. A fte r  k i s  evalua ted  from th e  

i n i t i a l  s lope  o f a  p lo t  o f  P^ v s . [A]t in  th e  l iq u id  phase , th e  equation  

can be used t o  c a lc u la te  monomer co n cen tra tio n s  a t  any va lue  o f th e  

p a r t i a l  p re s su re . I f  th e  monomer co n cen tra tio n s  a re  c a lc u la te d  as a 

fu n c tio n  o f  t o t a l  amide c o n c e n tra tio n , th e  v a lu es  can be in s e r te d  in to  

eq . (4 .1 )  to  o b ta in  th e  va lu es  o f th e  co n stan ts  Kg and K^.
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The liq u id -v ap o r eq u ilib riu m  d a ta  fo r  th e  s e l f - a s s o c ia t io n  o f  BMA. 

in  CCl^ a t  60 and 75°C a re  g iven  in  Table 6 and shown in  F ig . 6 . With 

th e  a id  o f a  computer method f o r  l e a s t  squares a n a ly s is  developed by

58C hristism  and co-w orkers , th e  b e s t  v a lu es  o f  th e  c o n sta n ts  Kg and • 

were found to  be 2 .7  + 0 .7  and lk .3  + 1 .5  l . /m o le ,  r e s p e c t iv e ly ,  a t  60°C.

At 75®C, th e  v a lu es  were determ ined to  be 1 .5  + 0 .4  and 13 .8  + 1 .1  l . /m o le . 

For bo th  s e ts  o f  daca th e  H enry 's law co n stan ts  were ev a lu a ted  by e x tra ­

p o la tin g  th e  graphs to  zero  c o n ce n tra tio n .

D ata from m olecu lar weight-m easurem ent a p p a ra tu s . The measure­

ment o f  th e  vapor p re ssu re -lo w erin g  e f f e c t  caused by th e  p resence  o f 

a  s o lu te  in  s o lu tio n  g iv es  e s s e n t ia l ly  th e  e f fe c t iv e  number o f  moles 

o f s o lu te ,  ne. The r e la t io n s h ip  between th e  p re s su re  d i f f e r e n t i a l  and 

ne i s  g iven  by th e  equation

^  ITs m

where P° i s  th e  vapor p re s su re  of th e  pure  s o lv e n t, i s  th e  volume

o f th e  s o lu t io n , v i s  th e  m olar volume o f  th e  s o lv e n t ,  and AP i s  th em

d iffe re n c e  in  th e  vapor p re s su re  o f  th e  pure  so lv en t and th e  s o lu t io n .

For carbon te t r a c h lo r id e  as  th e  so lv en t a t  20°C and w ith  HgSO  ̂ as th e  

nanom eter l iq u id ,  th e  eq uation  becomes

ne = AP • V ' 1 .540 x lo "^8 WTO *TBl

By d iv id in g  b o th  s id e s  o f  th e  eq uation  w ith  V^, we o b ta in  th e  e x p re ss io n  

fo r  th e  e f f e c t iv e  c o n ce n tra tio n :

[A]e = 0.0154  AP — ^  (4 .4 )

I f  th e  e f f e c t iv e  c o n ce n tra tio n  i s  calcv ila ted  as  a  fu n c tio n  o f  th e  t o t a l  

c o n ce n tra tio n , th e  average moleculsor w eight o f  th e  s o lu te  can be
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TABLE 6

SELF-ASSOCIATION OF NMA IN CCI. AT 60 AND 75°C 
LIQUID-VAPOR EQUILIBRIUM DATA.

[NMA]  ̂ in  l i q .  phase (m o le /I) P o f  NMA (mm Hg)

0.0098
6o°c

0.108
0.015 0.158

0.023 0.26

0.039 0.33
0.048 0.39
0.065 0.43

0.089 0.47
0.114

75®C
0.55

0.0093 0.15
0.020 0.35
0.033 0.48
0.037 0.53

0.049 0.64
0.069 0.71
0.100 0.86
0.13 0.70
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o b ta in ed  from

M = H n |x ;  (4 .5)

where M i s  th e  monomer weight o f th e  s o lu te , m

B efore proceeding w ith  th e  m olecular w eight measurements on 

so lu tio n s  o f NMA. th e  apparatu s was te s te d  by m easuring th e  m olecular 

w eights o f naphthalene and benzoic a c id  in  CCl^ s o lu tio n s . The r e s u l t s  

o f th e  experim ents w ith  naphthalene a re  g iven in  Table 7* The measure­

ments were made a t  20°C w ith  co n cen tra tio n s  up to  0.05^1 m ole/1. From 

th e  Table i t  i s  seen th a t  th e  average measured v a lu e  o f  th e  m olecular 

w eight is  13lt + U as compared to  a  t ru e  m olecu lar w eight o f 128 . 16 .

The d a ta  from th e  m olecular weight-m easurem ents o f  benzoic a c id  

in  CCl^ a t  20°C a re  g iven  in  Table 6 . Note th a t  th e  average measured 

m olecular w eight o f 2U5 + 3 i s  tw ice  th e  value  Of th e  t r u e  m olecular 

w eight (122 . 12 ). The doubling o f th e  m olecu lar w eight i s  to  be expected 

because benzoic a c id  i s  known to  e x is t  predom inantly  as dimers in  non­

p o la r  s o lu tio n s .

The m olecu lar-w eigh t measurement d a ta  fo r  t.he s e l f - a s s o c ia t io n  of 

NMA. in  CCl^ a t  20°C i s  g iven in  Table 9 and p lo t te d  in  F ig s . T and 8 . 

The observed p re ssu re  d i f f e r e n t i a l s  were no t used in  th e  d i r e c t  c a lc u la ­

t io n  o f m olecu lar w eights and a s so c ia tio n  c o n sta n ts  because o f an 

apparen t need to  c o rre c t th e  va lues fo r  th e  p a r t i a l  p re ssu re  o f NMA 

above th e  s o lu tio n . W ithout th e  c o rre c tio n s  th e  p re ssu re  d i f f e r e n t i a l s  

would appear to  be to o  sm all and cause th e  ceilcu la ted  m olecular w eights 

and a s s o c ia tio n  co n stan ts  to  be to o  la rg e .

The need to  c o rre c t th e  p re ssu re  d if f e r e n t ie i ls  became apparen t from 

th e  e x tra p o la t io n  o f th e  H enry 's law co n stan t (k) o b ta ined  a t  60 o r T5°C
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TABLE 7

MOLECULAR WEIGHT OF NAPHTHALENE IN CCI. AT 20®C 
MOLECULAR WEIGHT-MEASUREMENT DATA WITH H SO. AS TEE MANOMETER LIQUID

TRUE MOLECULAR WEIGHT = 128

m ole/1 AP mm HgSO^ Mol. Wt.

0.0295

Exoeriment No. 1 

1 .75 l40

0.0299 1.80 137

0.0308 1.83 140

0.0310 1.93 134

0.0387 2.32 137

0.0387 2 .46 131

0.0541 3.49 128

0.0379

Experim ent No. 2 

2 .41 131

0.0388 2.43 133

0.0399 2.59 128

0.0408 2.58 131

0.0444

Experim ent No. 3 

2 .74 135

0.0448 2.75 136

av. 13^ 

o = * 4
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table 8

MOLECULAR WEIGHT OP BENZOIC ACID IN CCI, AT 20®C 
MOLECULAR WEIGHT-MEASURBiENT DATA WITH H.SO. AS THÊ MANOMETER LIQUID

MOLECULAR WEIGHT OF DIMER « 2hk.

[CgH^COOHj^ (m ole/1) AP (mm HgSO^) Mol. Wt.

0.102 3.34 243

0.104 3.40 242

0.107 3.46 245

0.188 6.21 240

0.191 6.21 245

0.199 6.41 246

0.202 6.55 248

0.211 6.67 251
av . 245 

0 = ±3
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table 9
SELF-ASSOCIATION OF NMA IN CCI. AT 20°C 

MOLECULAR WEIGHT-MEASUREMENT DATA WITH EgSO^ AS MANOMETER LIQUID.

[NMA]  ̂ (m ole/1) (mm HgSO^) M*

O.OlOk 0.43 76

0.0170 0.57 97

0.0182 0.64 106

0.0238 0.78 104

0.0263 0.70 126

0.0271 0.70 130

0.0276 0.75 125

0.0475 0.94 178

0.0479 0.94 180

0.0493 0.95 183

0.111 1 .19 341

0.111 1 .16 348

0.113 1 .34 315

0.159 1.56 390

0.165 1.65 387

0.165 1 .49 422

0.167 1.48 428

0.167 1.73 377

0.174 1.51 440

0.175 1 .74 393
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TABLE 9«.«continued

[NMA]  ̂ (m ole/1) ^ o b s M*

0.176 1 .59 U26

0.177 1.73 397

0.177 1.80 385

0.215 1.73 U85

0.219 1.76 U87

0.222 1.79 486 ■ • '

*M was c a lc u la te d  w ith  c o rre c te d  p re ssu re  d i f f erentlEÜ.s.
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from th e  l iq u id -v a p o r  eq u ilib riu m  d a ta  to  th e  tem peratu re  a t  which th e

m o lecu la r-v e ig h t measurements were tak en  (20°C ). W ith k = I l .T  + 1-5

mm Hg 1/m ole a t  60°C and 17 .2  + 1 .5  mm Hg 1/m ole a t  75°C, an en thalpy

o f v a p o r iz a tio n  o f  KMA. a t  i n f i n i t e  d i lu t io n  was c a lc u la te d  from th e

Clausium -Clapeyron equation  to  be 5*9 + 2.U K cal/m ole. The value o f  k

a t  20°C was th en  c a lc u la te d  to  be 3 .5  +. 1 .8  mm Hg 1/m ole o r ,  fo r  s u lfu r ic

a c id  as th e  manometer l iq u id ,  26 + 13 mm 1/m ole.

The la rg e  e r r o r  in  th e  H enry 's law c o n stan t a t  20°C n a tu ra l ly

in tro d u ces  la rg e  u n c e r ta in t ie s  in  th e  m agnitudes o f  th e  c o rre c t io n s

to  be ap p lie d  to  th e  p re ssu re  d i f f e r e n t i a l s .  With a  v a lue  o f  k equal

to  26 mm HgSO^ 1/m ole i t  can be shown th a t  th e  m agnitudes o f  th e  

c o rre c tio n s  w i l l  be approxim ately  30% o f  th e  u n co rrec ted  p re s su re

d i f f e r e n t i a l s .  Thus, w ith  an e r ro r  in  k  o f  + 50%, th e  e r ro r  in  th e

co rre c te d  p re s su re  d i f f e r e n t i a l s  w i l l  be + 50 x 30% = 15%. No a ttem pt

was made to  apply  c o rre c tio n s  c a lc u la te d  w ith  v a lu es  o f  k o th e r  th an

26 .

Taking th e  v a p o r-p re ssu re  c o rre c t io n  in to  acco u n t, th e  observed

p re ssu re  d i f f e r e n t i a l  can be expressed  as

APobs = AP -  P.A

S u b s ti tu t io n  fo r  P^ from eq. (4 .3 )  and f o r  AP from eq. (4 .4 )  g ives

“ ô ! # r  - <='4:

I f  [A]e i s  re p la c e d  by th e  ex p ress io n  in  eq . (4 .2 ) we o b ta in

1 K [A
= c r é j Â  * — i H A- r  > -  < = '4 :n 1
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This equation  can he so lved  to  give

1 + 0 . 015k K^APohs -  0.015kk 

^ 2(k^ -  Kg -  0.015kkK^)

_ _

(0.015kk -  0.015kK APobs -  l )  -  k(K -  -  0.015kkK )0.015kAPobs
---------------------------S---------,--------------- S  S------------------

2(k  -  K. -  0.015kkK )n c: n

Using th e  experim ental va lu es  o f th e  p re s su re  d i f f e r e n t i a l s  (APobs),

th e  e x tra p o la te d  v a lu e  o f k (26 ) , p lu s  approxim ate v a lu es  o f  and

(3 .5  and k7, r e s p e c t iv e ly ) ,  ve can so lve  th e  eq u ation  fo r  th e  approxim ate

values o f [A^]. These va lues can then  be in s e r te d  in  eq. ( k . l )  to

o b ta in  c a lc u la te d  va lu es  o f [A ]t. By a l te r in g  th e  va lu es  o f and K^,

a minimum in  th e  sum o f  th e  squares o f th e  d if fe re n c e s  in  th e  experim ental

and c a lc u la te d  va lu es  o f [A ]t can be found. The v a lu es  o f  Kg and th u s

ob ta ined  a re  used to  o b ta in  new monomer c o n c e n tra tio n s , whereupon th e

e n t i r e  p rocess i s  rep ea ted  u n t i l  th e  b e s t v a lu es  o f th e  c o n s ta n ts  a re

found. With th e  a id  o f a computer program s im ila r  to  th a t  developed

fo r  th e  liq u id -v a p o r  eq u ilib riu m  d a ta , th e  b e s t  va lu es  o f  th e  co n stan ts

were found to  be K„ = 9 .0  + 2 .8  and K = 6I .6  + 5-T 1/mole a t  20°C. c. ~~ n ~

The value o f  Kg i s  in  f a i r  agreement w ith  th a t  o f k .7  to  5-8 1/mole a t

k l25 C re p o rte d  by K lotz and Franzen . No v a lu e  was g iven  fo r  K^.

By combining th e  s e lf - a s s o c ia t io n  c o n s ta n ts  o b ta ined  a t  20°C 

from th e  m olecu lar-w eigh t measurements w ith  th o se  o b ta ined  a t  60 and 

T5°C from th e  liq u id -v a p o r  eq u ilib rium  d a ta , e n th a lp ie s  o f a s s o c ia tio n  

fo r  Kg and K^ were c a lc u la te d . With Kg = 2 .7  a t  60°C and 9-0 a t  20°C 

AH (Kg) was c a lc u la te d  to  be -5 .8  K cal/m ole. At 75°C Kg was found to  

be 1 . 5 . This v a lu e , when combined w ith  t h a t  a t  20°C gave a AH (Kg) 

equal to  -6 .6  K cal/m ole. Thus, th e  average v a lu e  o f AH (Kg) was



72
c a lc u la te d  to  be - 6 .2  Kcal/m ole- According to  K lotz and Franzen th e  

v a lu e  should be -U .2 K cal/m ole.

S im ila r ly , fo r  K^ = 14 .3  a t  60°C and 6 l .6  a t  20°C, AH (K^) was 

found to  be -7 .1  K cal/m ole. At 75°C K  ̂ was c a lc u la te d  to  be 1 3 .8 .

Wien combined w ith  th e  K^ ob ta in ed  a t  20°C, t h i s  v a lu e  gave a  AH (K^) 

o f  -5 .5  K cal/m ole. C onsequently , th e  average value  o f  AH (K^) was 

found to  be -6 .3  K cal/m ole. No v a lue  fo r  th e  en thalpy  change was 

re p o r te d  by K lotz and Franzen.

HYDRATION STUDIES

Theory. Because N-methylacetam ide s e l f - a s s o c ia te s  to  form chains 

co n ta in in g  a  number o f  monomeric u n i t s ,  i t  i s  reaso n ab le  to  assume 

th a t  each chain  co n ta in s  m u ltip le  s i t e s  fo r  th e  attachm ent o f  w ater 

m o lecu les . Based on t h i s  assum ption, an equation  can be d e riv ed  th a t  

adequate ly  ex p la in s  th e  r e la t io n s h ip  between t o t a l  amide c o n c e n tra tio n , 

t o t a l  w ater c o n c e n tra tio n , and w ater monomer c o n ce n tra tio n  in  s o lu t io n .

Suppose we co n sid e r a chain  having only one h y d ra tio n  s i t e .  The 

eq u ilib riu m  in  term s of th e  forw ard and re v e rse  h y d ra tio n  re a c tio n s  

can be re p re se n te d  as fo llow s:

)

• r'  f  ) . r  11

i " «
{ I

' X j xw

where X i s  th e  h y d ra tio n  s i t e  on th e  c h a in , r ^ ^ ^ s  th e  r a te  c o n stan t 

f o r  th e  forward r e a c t io n ,  euid r ^ ^ ^ s  th e  co n stan t f o r  th e  re v e rse  

r e a c t io n .
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For th e  attachm ent o f one w ater m olecule to  a  chain  having two 

independent s i t e s ,  th e  eq u ilib riu m  would be

■f
21 1 21 21

)

)  X  X

f
j X  \  x w  =  2 K ^ ^

and, in  g e n e ra l , fo r  th e  attachm ent o f one w ater m olecule to  a chain  

having n independent s i t e s ,  we have

+ W 4-----   K = ^ f
( n l  n l  n l
/ . I .

i ■ = ^
X )X

X  ! x t f
r

j X xw = nK^^

To a t ta c h  a second w ater m olecule to  a  chain  having n s i t e s

r- \
^ f  n2

+ W 4-------  K ^ f
n2 < ^ n2

;

( n - D r ^ l l

\
; X )xw

: xw xw-
i  1



and to bind a third water
n3

) ■ I • n3
+ . w ■<- ^ ■ I . K _ =

11_ (n -2 ) r .

XW 3 r / ^

'XW ( XWi -  (n -2)
jxw j XW 3 11

Thus, by g e n e ra liz in g  we can say th a t  i f  n i s  th e  number o f independent

h y d ra tio n  s i t e s  and u i s  th e  number o f a tta ch e d  w ater m olecules in  th e

product o f  th e  r e a c t io n .

By u s in g  t h i s  equation  we can d e riv e  a  g en era l equation  fo r  th e

c o n ce n tra tio n  o f  th e  sp ec ie s  AW in  term s o f th e  co n ce n tra tio n  o f  th en u

w ater monomer and th e  c o n ce n tra tio n  of A . For th e  re a c tio nn
AW + W 4 - ^ ^  A Wn -u- 1 n u

th e  e q u ilib riu m  co n stan t can be expressed  by

n -  u + 1 ^
u 11

T h e re fo re ,

S im ila r ly , f o r  th e  re a c t io n

V u _ 2  +  V o - 1



we can w rite

75

n ( u - l )  "  TÂ lT^pTw T

_ n - ( u - l )  + 1
u-1 11

Thus,

Consequently,

[ V u '  = *  '  V -■'  ■ °  '

By re p e a tin g  th e  p rocedure fo r  [AW „ ] ,  e tc .  i t  can he shown th a tn u—t

Thus fo r  any n and u , th e  c o n ce n tra tio n  o f th e  sp ec ie s  [A^W^] can 

he w r it te n  as a  fu n c tio n  o f [w], and [A ^].

Using th e  ahove r e s u l t  we can d e riv e  a  g e n e ra l equation  f o r  th e  

t o t a l  co n cen tra tio n  o f  w ater in  s o lu tio n . In  term s o f th e  w a ter monomer 

co n cen tra tio n  and a l l  p o s s ib le  h y d ra ted  sp ec ie s  in  so lu tio n  th e  t o t a l  

w ater co n cen tra tio n  can he expressed  as

[W]^ = [W] + [AW] + [AgW] + [A^W] + . . .

+ 2[AgWg] + 2[A^Wg] + 2[A^^Wg] +

+ 3[A^W^] + 3[Â ^Ŵ ] + 3[A^W^] +

+ . . .

By s u b s t i tu t io n  fo r  th e  co n cen tra tio n s  from th e  eq u ation  fo r  [A^W^], 

we o b ta in
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[W]̂  = [w] + K̂ [̂W][Â ] + + ...
+ 2 g 7 ï (K ^[W ])^[Ag] + 2 § ^  (K ^[W ])^[Ag] + . . .

+ 3§T§TÎ + 3 § ^  (K^i [W])3[A ĵ ] + . . .

+ . . .

Or

[W]^ = [W] + K^j^[W]([A^] + 2[Ag] + . . . )

+ (Kj^i[W ])^(l.2[Ag] + 2.3[A ^] + . . . )

. (K t,Iw ])^
-  ^ .-g----- ( l '2 '3 [A 3 ]  + 2 '3 'k [A ^ ] + . . . )

+  • • •

Through th e  same procedure  a  s im ila r  eq u atio n  f o r  [A]^ can be 

d e riv ed . Let th e  t o t a l  c o n c e n tra tio n  o f  th e  amide be re p re se n te d  as 

[A lt ^ [4 ] + 2[Ag] + 3[A^] + . . .

+ [AW] + 2[AgW] + 3[A^W] + . . .

+ 2[AgWg] + 3[A^Wg] + U[Ai^Wg] +

Using th e  equation  f o r  [A^W^],

[A lt = [^1^ + 2[Ag] + 3[Ag] + . . .

+ K^[W ][A^] + + 3 ^ K ^ ^ [W ][A ^ ]  +

+ 2 ^  (K^[W ])^[A g] + 3 § ^  (K^]^[W])^[A^] + . . .

+  . . .
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Or

[A]^ = [A^] + 2[Ag] + 3[Ag] + . . .

+ K^[W] [A^] + ^  * 2[Ag] + | j -  * 3[Ag] + . . . )

+   ( f f  ’ 2[Ag] + “  • 3[A^] + ^  * k[A^] + . . . )

+ . . .

The equation  ex p ress in g  th e  r e la t io n s h ip  between [W]^, [A ]^, and 

[W] can now he derived  th rough  a  com bination o f  th e  equations f o r  [a ]^ 

and [W]^. S epara te  th e  s e r ie s  f o r  [A]^ in to  th e  two s e r ie s :

[A]^ = [A^] + 2[Ag] + 3[A^] + . . .

K,,[W]
+ - lY (1-2  [Ag] + 2 -3  [Ag] + 3'h  [A^] + . . . )

(Ki i [w])2
+   (1 -2 -3  [Ag] + 2 -3 - 4 .[A^] + 3-4-5 [A^] + . • • )

( [ A j  + 2[A^] + 3[A ,] + . . . )01 '""1 "  """2" ■""“ 3 '
(IL [W])2

1!-------  (1 '2  [Ag] + 2-3 [A^] + 3-4 [A^] + . . . )

+ . . .

Prom th e  eq u ation  fo r  [W]^ i t  i s  seen th a t  th e  f i r s t  s e r ie s  i s  sim ply

[W]^ -  [W]

and chat th e  second s e r ie s  i s

[W]^ -  [W]

T h e re fo re ,
[W] -  [W]

“  K ^tw ] ^^^t "
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O r, by rea rran g in g  te rm s,

[W ]/
» 1 + [A]^ -  [W]^ + [W]) (U.6)

Note th a t  th e  equation  does no t co n ta in  term s depending on th e  s e l f ­

a s s o c ia tio n  o f  th e  amide . A lso no te  th a t  th e  o r ig in a l  equations fo r  

[W]^ and [A]^ l im i t  th e  number o f a tta ch e d  w ater m olecules to  th e  number 

o f  amide monomers in  th e  ch ain . However, th e  p o s s ib i l i ty  o f having 

more th an  one w ater p e r amide monomer cemnot be ru le d  out w ithout 

d e r iv in g  and te s t in g  th e  a p p ro p ria te  eq u a tio n s.

D ata from co n stan t w a te r -a c t iv i ty  e q u i l ib r a to r s . B efore th e  

cou lom etric  K arl F isc h e r t i t r a t o r  was used to  analyze samples from 

th e  e q u i l ib r a to r s ,  i t  was checked out by th re e  d if f e r e n t  methods.

F i r s t ,  th e  w ater in  1 ml samples tak en  from a  f la s k  o f CCl^ was t i t r a t e d  

re p e a te d ly  w ith  th e  c u rre n t rang ing  from 4.82 to  193 ma. Any dependence 

o f  th e  r e s u l t s  on th e  c u rre n t s e t t in g  would have appeared as a v a r ia ­

t i o n  in  th e  number o f m ic ro eq u iv a len ts  o f  w ater p e r sample. In  f a c t ,  

as  seen from Table 10, no s ig n if ic a n t  d if fe re n c e  in  th e  amount o f w ater 

was found from one sample to  an o th er.

As a  second t e s t  o f  th e  appara tu s th e  co n cen tra tio n  o f  w ater in  

samples tak en  from a  f la s k  o f  benzene was determ ined by th e  coulom etric 

K arl F isch e r t i t r a t o r ,  by a  Beckman KF-3 Aquameter, and by a PgO^ 

m ois tu re  beü.ance. From Table 11, i t  i s  seen th a t  th e  c o n cen tra tio n  

o f  w ater found by th e  cou lom etric  method i s  somewhat h ig h e r th an  th a t  

found by th e  o th e r two methods.

A t h i r d  check o f  th e  ap p ara tu s was ob ta ined  by comparing th e  cou lo - 

m e tr ic a l ly  determ ined c o n ce n tra tio n  o f  w ater in  CCl^ v s . w ater a c t i v i ty
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TABLE 10

DETERMINATION OF WATER IN A SAMPLE OF CCI. BY COULOMETRIC KARL FISCHER 
TITRATION. TEST FOR DEPENDENCE OF RESULTS ON CURRENT MAGNITUDE.

Timer C urrent M u ltip lie r  M icroequivalent s
o f HgO

571 X 0.02 s 11.42

560 X 0.02 s 11.20

590 X 0.02 s 11.80

570 X 0.02 11.40

1200 X 0.01 12.00

1100 X 0.01 s 11.00

113 X 0.10 8 11.30

116 X 0.10 11.60

59 X 0.20 8 11.80

2325 X 0.005 11.63
ave. 11.52

1 ml samples were used . 0 » * 0.31
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TABLE 11

DETEBMIRATION OF WATER IN A SAMPLE OF BENZENE 
A COMPARISON OF RESULTS OBTAINED FROM COULCXŒTRIC KARL FISCHER TITRATOR 

WITH THOSE FROM BECKMAN KF-3 AQUAMETER AND PgO^ MOISTURE BALANCE.

METHOD [HgO]

Coulom etric K arl 
F isc h e r t i t r a t o r

0.0180  m ole/1  
(2 .0 0  ml sam ples)

A q u a m e te r s tan d G o rd iz ed  
a g a i n s t  so d iu m  t a r t r a t e  
d i h y d r a t e

0.0161  m ole/1  
(25.00  ml sam ples)

PgO^ m o istu re  

ba lan ce
0.0175  m ole/1 

(10.00  ml sam ples)
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(Table 12) w ith  th a t  determ ined by th e  to ta l - p r e s s u r e  app ara tu s  

(Table 13 ). As seen from F ig s . 9 and 10, th e  H enry 's law c o n s ta n t 

a t  25°C was found to  be 0.0098 m ole/1 by th e  cou lom etric  method and 

0.0088 m ole/1 by th e  t o t a l  pressure-m easurem ent te ch n iq u e . The l a t t e r  

v a lu e  i s  in  e x c e lle n t agreement w ith  th e  v a lue  o f 0.0087 m ole/1  o b ta in ed  

by Johnson^^ (from s o lu te - i s o p ie s t ic  tech n iq u e) and by C liffo rd ^ ^  

( t r a n s p ir a t io n  te ch n iq u e ). Thus, i t  appears th a t  th e  cou lom etric  

t i t r a t o r  gave v a lu es  fo r  th e  w a ter c o n ce n tra tio n s  about 10 to  12% 

to o  h igh . However, th e  e r ro r s  ap p a ren tly  d id  no t have much a f f e c t  

on th e  value  o f  th e  h y d ra tio n  c o n stan t o b ta in ed  by t h i s  m ethod, as w i l l  

be seen below.

The d a ta  o b ta in ed  from th e  c o n s ta n t w a te r - a c t iv i ty  e q u i l ib r a to r s  

c o n s is t  o f  t o t a l  w ater c o n ce n tra tio n s  v s . t o t a l  amide c o n c e n tra tio n s  

a t  c o n s tan t w ater a c t i v i t i e s .  The experim en ta l p o in ts  can be used 

to  t e s t  th e  h y d ra tio n  th eo ry  i f  eq. (4 .6 )  i s  p u t in to  th e  form

IC.JW]
[W]^ = [W] + [A]^ (4 .7 )

Thus, a  p lo t  o f  t o t a l  w ater c o n c e n tra tio n  v s . t o t a l  amide co n cen tra ­

t io n  a t  c o n s tan t w ater monomer c o n c e n tra tio n  o r w ater a c t i v i t y  should  

produce a s t r a ig h t  l in e .  The d a ta  o b ta in ed  a t  25°C f o r  a c t i v i t i e s  of 

0 . 69 , 0 . 56, 0 . 47 , and 0.31  a re  g iv en  in  Table l4  and p lo t te d  in  F ig s .

11 and 12. The co n stan t was found t o  be eq u al to  10 .7  + 0 .5  from 

a  le a s t- s q u a re s  a n a ly s is  o f th e  d a ta  p lo t te d  f o r  eq. ( 4 .6 ) ,  a s  shown 

in  F ig . 11. The w ater monomer c o n ce n tra tio n s  re q u ire d  in  th e  c a lc u la ­

t io n s  were o b ta in ed  from th e  equation

[w] = 0.0098 P/P°
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TABLE 12

CONCENTRATION OF WATER IN CCI. VS. WATER ACTIVITY AT 2$°C 
DATA FROM CONSTANT WATER-ACTIVITY EQUILIBRATORS.

p /p° [HgO] m o le /I

0.31 0.00352

0.U7 0.001*55

O.kT 0.001*1*9

0.1*9 0.001*63

0.56 0.00552

0.69 0.00657
0.69 0.00669

0.69 0.00677
0.88 0 . 0087k

0.89 0.00867

0.95 0.00989
1.00 0.0101
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TABLE 13

CONCENTRATION OF WATER IN CClr VS. WATER ACTIVITY AT 25°C 
DATA FROM TOTAL-PRESSURE APPARATUS

P/p® [HgO] m ole/1

0.112 0.00095
0.153 0.00130

0.242 0.00214

0.267 0.00224

0.272 0.00233
0.372 0.00321

0.397 0.00351

0.503 0.00443
0.532 0.00453

0.534 0.00448

0.625 0.00541

0.659 0.00585

0.757 0.00681

0.767 0.00673

0.777 0.00679
0.862 0.00767
0.904 0.00825
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table lU

HYDRATION OF NMA IN CCI. AT 25®C 
DATA FROM CONSTANT WATER-ACTIVITY EQUILIBRATORS 

CONCENTRATION OF WATER VS. CONCENTRATION OF NMA AT CONSTANT WATER ACTIVITY.

Water monomer co n cen tra tio n s  were tak en  from graph o f  c o n ce n tra tio n  o f 
w ater in  CCl^ v s . w a te r - a c t iv i ty  (c o n s tan t w a te r - a c t iv i ty  e q u i l ib r a to r s )

[W] = 0.0098 P /p° m ole/1

[W]^ (m ole/1) [NMA]  ̂ (m o le /l)  [W]^/[W] [MMA]^-[W]^+[W] (m ole/1 )

P/p® = 0 .31 ; [W] = 0.0030% m ole/1

0.00352 0.0000 1 .16

0.00312 0.0108 1.025 0.0107

0.00420 0.0323 1.38 0.0312

0.00432 0.0538 1.42 0.0529

P/p° = 0 .47; [W] = 0.00460 m ole/1

0.00455 0.0000 0.99

0.00522 0.0160 1 .14 0.0154

0.00592 0.0285 1.29 0.0272

0.00664 0.0406 1.44 0.0386

0.00722 0.0534 1.57 0.0508

0.00449 0.0000 0.98

0.00473 0.00466 1 .03 0.00453

0.00515 0.0136 1.12 0.0130

0.00579 0.0304 1.26 0.0292

0.00687 0.0497 1 .49 0.0474

0.00570 0.0227 1.24 0.0216

0.00634 0.0367 1 .38 0.0350



87

TABLE lU...continued

[W]^ (m ole/1) [NMA]  ̂ (m ole/1) [W]^/[W] [MMA]^-[W]^+[W] (m ole/1)

P/n° = 0 . 56; [W] = 0.00548 mole/1

0.00552 0.0000 1 .01

0.00619 0.0108 1.13 0.0101

0.00742 0.0323 1.35 0.0304

0.00877 0.0537 1.60 0.0504

P/pO = 0 .6 9 ; [W] = 0.00676  mole/1

0.00669 0.0000 0.99 0.00007

0.00699 0.00698 1.03 0.00675

0.00808 0.0172 1.20 0.0159

0.00810 0.0412 phase sep a ra tio n

0.00677 0.0000 1.00

0.00722 0.00509 1.07 0.00463

0.00716 0.0100 1.06 0.0096

0.00761 0.0164 1.13 0.0156

0.00813 0.0204 1.20 0.0191



.80

H^drahon o f  M M A In CCUi C

D a fa , froi-n. C o n s ta n t  W a t e r - A c .+  'vit<^ Ec|yilik«"atorS

D f i . l s . r i n  i n .  a t  I o h .  o f  H w j r a t i o n .  C o »  ' ; t a  h t  ■ •
1.70

1.510

IT'

O^i^lt/CHxC?! =  I +- Kii({NMAlt“ LHî t7lt +D-fvOn)
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The H enry 's law co n stan t .(O.OO98 ) was ev a lu a ted  from th e  d a ta  p lo t te d  

in  F ig . 9.

D ata from to ta l - p r e s s u r e  a p p a ra tu s . The experim ental p o in ts  from 

th e  to ta l - p r e s s u r e  appara tu s c o n s is t o f t o t a l  w ater co n cen tra tio n s  

v s . w ater a c t i v i t i e s  a t  co n stan t amide co n ce n tra tio n s . See Table 15.

To o b ta in  th e  value  o f  th e  h y d ra tio n  c o n s ta n t, a  p lo t  o f  th e  d a ta  

was made fo r  eq. (4 .6 )  as shown in  F ig . 13. From th e  le a s t-s q u a re s  

computer program was found to  be 12.9 + ,0 .6  . The w ater monomer 

c o n ce n tra tio n s  used in  th e  c a lc u la tio n s  were o b ta ined  from

[W] = 0.0088 P/P° 

in  which th e  H enry 's law co n stan t was ev a lu a ted  from F ig . 10.

The o r ig in a l  experim ental d a ta  can be reproduced by p lo t t in g  a 

m odified  form o f eq. (4 .7 ) ,  which i s  ob ta ined  as  fo llow s:

% l[A ]
[Wit * 1+KiiLw]^

I f  K^i[W] « 1 ,

[W ]^^  (1 + K^ilA]^) [W]

R eplacing  [W] by O.OO88 P /P ° ,

0.0088 (1 + K^^[A]^) P/P°

Thus, a  p lo t  o f [W]^ v s . P/P° fo r  constan t [A]^ should produce a s t r a ig h t  

l in e .  The graphs p lo t te d  w ith  = 12.9 a re  shown along w ith  th e  

o r ig in a l  d a ta  p o in ts  in  F ig s . l4  through I 8 .
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TABLE 15

HYDRATION OF NMA IN CCI. AT 25°C 
DATA FROM TOTAL-PRESSURE APPARATUS 

CONCENTRATION OF WATER VS. WATER ACTIVITY AT CONSTANT NMA CONCENTRATION

Water monomer co n cen tra tio n s  were tak en  from graph o f  c o n c e n tra tio n  o f 
w ater in  CCl^ v s . w a te r - a c t iv i ty  ( t o t a l  p re s su re  ap p ara tu s)

[W] = 0.0088 P /p° m ole/1

p /p° [W]^ m ole/1 [W] m ole/1 [w]^/[w] [NMA]^-[W] +[W] 
m o le /I

[NMA]  ̂ = 0.00943  m ole/1

0.227 0.00186 0.00200 0.93 0.00957

0.324 0.00281 0.00280 1.00 0.00942

0.466 0.00421 0.00405 1.04 0.00927

0.559 0.00513 0.00493 1.04 0.00923

0.685 0.00655 0.00610 1.07 0.00898

0.760 0.00750 0.00680 1.10 0.00873

0.806 0.00894 0.00725 1 .2 3 p h .sep . 0.00774

[NMA]  ̂ = 0.00929  m ole/1

0.156 0.00138 0.00135 1.02 0.00926

0.391 0.00371 0.00342 1 .09 0.00900

0.626 0.00603 0.00555 1.09 0.00881

0.781 0.00789 0.00700 1.13 0.00840

[NMA]  ̂ = 0.00957  m ole/1

0.277 0.00237 0.00240 0.99 0.00960

0 . 52- 0.00474 0.00457 1.04 0.00940
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TABLE 15 —  continued

p /p° [W]^ mole/1 [W] m ole/1 [W]./[W] [NMA].-[W].+[W] 
^ m o l e / r

0.752 0.00712 0.00673 1.09 0.00918

0.807 0.00957 0.00725 1 .3 2 p h .sep . 0.00725

[MAlj^ = 0.00989 m ole/1

0.126 0.00122 0.00110 1.11 0.00977

0.261 0.002kk 0.00227 1.09 0.00972

0 . 37k 0.00367 0.00325 1.13 0.00947

0.487 0.00489 0.00425 1.15 0.00925

0.592 0.00612 0.00522 1.17 0.00899

0 . 71k 0 . 0073k 0.00635 1.16 0.00890

0.790 0.00859 0.00710 1.21 0.00840

0.790 0.00987 0.00710 1.39ph 'S ep . 0.00712

0.82k 0.012k0 0.00740 1 .68ph .sep . 0.00489

[NMA]  ̂ = 0.01875 m ole/1

0 .lk 8 0.00161 0.00130 1.2k 0.01844

0.233 0.00260 0.00205 1.27 0.01820

0.355 0.00393 0.00310 1.27 0.01792

0.k50 0.00502 0.00390 1.29 0.01763

0.572 0.00650 0.00505 1.29 0.01730

0.6k8 0 . 0076k 0.00575 1.33 0.01686

0.68k 0.00856 0.00610 l.kO ph .sep . 0.01629

0.693 0.01036 0.00615 1 .68ph .sep . 0.01454
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TABLE 15 —  continued

P/p* [W]^ mole/1 [w] mole/1 [W]^/[W] [NMA].-[W].+[W] 
m ole/1  t

0.0859 0.000915

[NMA]  ̂ = 0.01965 m ole/1 

0.00075 1 .22 0.01949

0.176 0.00185 0.00155 1.19 0.01935

0.313 0.00374 0.00270 1.39 0.01861

0.ko6 0.00469 0.00355 1.32 0.01851

0.531 0.00620 0.00470 1.32 0.01815

0.612 0.00722 0.00540 1.34 0.01783

0.676 0.00861 0.00600 1 .44ph .sep . 0.01704

0.139 0.00149

[MMA]̂  = 0.0282 m ole/1 

0.00120 1.24 0.02791

0.230 0.00252 0.00200 1.26 0.02768

0.352 0.00399 0.00310 1.29 0.02731

0.430 0.00484 0.00375 1.29 0.02711

0.554 0.00628 0.00490 1.28 0.02682

0.615 0.00724 0.00545 1.33 0.02641

0.643 0.00882 0.00570 1 .55ph .sep . 0.02508

0.0729 0.00085

[KMA]  ̂ = 0.0311 m ole/1

0.00065 1.31 0.03090

0.161 0.00181 0.00140 1.29 0.03069

0.303 0.00342 0.00265 1.29 0.03033

0.385 0.00458 0.00335 1.37 0.02987

0.503 0.00615 0.00440 1.40 0.02935
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TABLE 15 —  continued

p /p ° [W]^ mole/1 [W] m ole/1 [w]^/[w] [HMA].-[W].+[W]
m o le / r

0.572 0.00716 0.00505 1.42 0.02899

0.609 0.00861 0.00540 1 .59pL .sep . 0.02789

[NMAlĵ  = 0.0442 m ole/1

0.111 0.00143 0.00095 1.51 0.04372

0.186 0.00248 0.00160 1.55 0.04332

0 . 28k 0.00384 0.00245 1.57 0.04281

0.373 0.00495 0.00325 1.52 0.04250

0.467 0.00629 0.00410 1.54 0.04201

0.539 . 0.00731 0.00475 1.54 0.04l64

0.564 0.00883 0.00500 1 .7 9 p h .sep . 0.04037

[MA]^ = 0.0612 m ole/1

0.117 0.00159 0.00100 1.59 0.06061

0.173 0.00244 0.00150 1.63 0.06026

0.268 0.00393 0.00235 1.67 0.05962

0.330 0.00498 0.00285 1.75 0.05897

0.417 0.00642 0.00365 1.76 0.05843

0.482 0.00729 0.00420 1.74 0.05811

0.527 0.00896 0.00465 1 .9 3 p h .sep . 0.05689
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CHAPTER V 

CONCLUSIONS

Both th e  d a ta  from th e  liq u id -v a p o r  eq u ilib riu m  s t i l l  and th e  

m olecu lar weight-measurement appara tu s support th e  th eo ry  o f  ch a in  

form ation  in  th e  s e l f - a s s o c ia t io n  o f HMA. However, th e  va lu es  o b ta in ed  

fo r  th e  s e l f - a s s o c ia t io n  c o n sta n ts  a t  20°C a re  somewhat in  doubt because 

o f  th e  r e l a t iv e ly  la rg e  u n c e r ta in t ie s  in  th e  c o rre c tio n s  ap p lied  to  

th e  p re ssu re  d i f f e r e n t i a l s .  A lso , th e  e n th a lp ie s  o f a s s o c ia tio n  f o r  

Kg and o f  approxim ately  -6  Kcal/m ole appear to  be r a th e r  h ig h . As 

seen from Tables 3 and 5» th e  en thalpy  change fo r  th e  fo rm ation  o f  

one hydrogen bond between m olecules i s  c lo se r  to  -4  Kcal/mole in  

so lv en ts  o f low d i e l e c t r i c  co n stan t such as CClj  ̂ o r benzene.

The s e l f - a s s o c ia t io n  o f  NMA a t  20 o r 25°C should  probably  be 

re in v e s t ig a te d . I f  a  vapor p re ssu re -lo w erin g  techn ique  i s  u sed , 

th e  p a r t i a l  p re s su re  o f  NMA above th e  s o lu tio n  must be a c c u ra te ly  

known. The p a rtieü . p re s su re  could probab ly  be o b ta in ed  by c o l le c t in g  

and analyzing  th e  vapor in  eq u ilib riu m  w ith  th e  l iq u id  phase.

The m olecular weight-m easurem ent apparatu s cou ld  be improved by 

en larg in g  th e  s o lu tio n  chambers and by u t i l i z in g  a  b e t t e r  dev ice  f o r  

m easuring th e  p re s su re  d i f f e r e n t i a l s . The s u l fu r ic  a c id  manometer 

could probably  be re p la ce d  by a  s e n s i t iv e  Bourdon gage o r perhaps 

a  cap ac itan ce  manometer. E le c tro n ic  Space P ro d u c ts , I n c . ,  Los

101
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A ngeles, has a v a ila b le  a  g la s s  Bourdon gage claim ed to  be capab le  o f 

d e te c tin g  a p re s su re  d if fe re n c e  o f  le s s  th an  0.01 mm Hg.

The s e lf - a s s o c ia t io n  o f HMA should  be s tu d ie d  in  so lv en ts  o f  vary ­

ing  d i e l e c t r i c  co n stan t to  a llow  in fe re n c e  o f th e  hydrogen-bond s tre n g th s  

between p o la r  groups o f p ro te in s  in  aqueous media. As no ted  in  Chapter 

I I ,  some in v e s t ig a tio n s  o f t h i s  n a tu re  have been c a r r ie d  ou t by K lotz 

and co-w orkers.

The h y d ra tio n  d a ta  from b o th  th e  co n stan t w a te r - a c t iv i ty  e q u i l ib r a to r s  

and th e  to ta l - p r e s s u r e  ap p ara tu s  support th e  th eo ry  th a t  each HMA polymer 

has n  h y d ra tio n  s i t e s  capable o f  b ind ing  up to  n w ater m o lecu les. In  

th e  d e r iv a tio n  o f  th e  eq uations i t  was assumed th a t  n i s  th e  number o f 

NMA monomers in  th e  ch a in . The h y d ra tio n  equation  p r e d ic ts  a  s l ig h t  

d ecrease  in  th e  slope  o f  th e  graph of t o t a l  w ater co n ce n tra tio n  v s . 

w ater a c t i v i ty  a t  co n stan t HMA c o n ce n tra tio n  (d a ta  from th e  t o t a l -  

p re s su re  a p p a ra tu s ) . A c tu a lly  th e  d a ta  p o in ts  appear to  g iv e  a s l ig h t  

in c re a se  in  s lo p e  although  th e  change i s  no t s ig n if ic a n t  i f  th e  e r ro r  

in  th e  p o in ts  i s  tak en  in to  c o n s id e ra tio n .

The. v a lu e  o f th e  h y d ra tio n  c o n s ta n t, ob ta ined  from th e  d a ta

o f th e  to ta l -p r e s s u r e  appara tu s (12 .9  + 0 .6  1/m ole) i s  in  good ag ree ­

ment w ith  t h a t  o b ta ined  from th e  co n stan t w a te r - a c t iv i ty  e q u i l ib r a to r s  

0-0.7 i  0 .5  1 /m ole). This i s  t r u e  even though th e  w ater co n cen tra tio n s  

determ ined fo r  th e  e q u i l ib ra to r s  appear to  be 10 to  to o  h ig h .

A h y d ra tio n  co n stan t o f about 12 i s  in  c lo se  agreement w ith  th e  

v a lu e  o b ta ined  by M ueller (a ls o  about l2 )  fo r  th e  fo rm ation  o f  a 

monomer monohydrate o f N ,H -dim ethylacetam ide in  CClj  ̂ a t  25°C. In  

a d d itio n  to  th e  monomer monohydrate, M ueller a lso  noted th e  p resence
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o f a dimer ju-ouohydrate and a monomer d ih y d ra te  in  s o lu tio n . The 

d e te c tio n  o f th e  l a t t e r  two sp ec ie s  i s  no t in  disagreem ent w ith  th e  

r e s u l t s  o f th e  p re sen t in v e s t ig a tio n  because N,N-dim ethylacetam ide 

undergoes a  com pletely d i f f e r e n t  type  o f s e l f - a s s o c ia t io n .  The only 

s e lf - a s s o c ia te d  sp ec ie s  formed in  d i lu te  so lu tio n  a re  d im ers, which 

a re  h e ld  to g e th e r  by d ip o le -d ip o le  in te r a c t io n  in s te a d  o f  hydrogen 

bonding.

Because th e  s e l f - a s s o c ia t io n  co n stan ts  fo r  NMA do no t appear in  

th e  h y d ra tio n  eq u a tio n , i t  appears th a t  th e  eq u ation  should apply to  

h ydra ted  polymers in  which th e  monomers a re  lin k e d  to g e th e r  by co­

v a le n t bonds in s te a d  o f by hydrogen bonds. Thus, i t  would be in t e r e s t ­

ing to  t e s t  th e  th eo ry  w ith  d a ta  ob ta ined  fo r  th e  h y d ra tio n  of sm all 

polyam ides. I f  th e se  m olecules were found to  hy d ra te  in  th e  same manner 

as N-m ethylacetam ide, th en  w ith  d a ta  from so lu tio n s  o f in c reas in g  d i ­

e l e c t r i c  co n stan t i t  should be p o ss ib le  to  form ulate some k ind  of a 

model fo r  a  hydra ted  p ro te in  in  aqueous media.
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