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Hydzbqen bondinq is a ve ry  s l q n i f i c a n t  type of I /  

I n t e r a c t i o n ,  qnd Is of widespread occurrence.  
Pimentel and McCleklanl, a hydrogen bond e x i s t s  between a 
f u n c t i o n a l  group A-H and an  atom or a qroup of atoms D i n  
t h e  same o r  a d i f f e r e n t  molecule when the re  is evidence of 
bond formRtion, and when the  bond l i n k i n g  A-H and D involves  
t h e  hydroqen atom a l r eady  bonded t o  A .  In f r a red  method, based 
mainly on i n t e n s i t y  measurements of t he  band ass igned  t o  
t h e  monomeric s p e c i e s ,  has  been used ex tens ive ly  I n  t h e  
de te rmina t ion  'of equ l l ib r ium cons tan t s  of hydrogen-bonded 
8yEtemS. It o f f e r s  the advantzqes t h a t  d i f f e r e n t  hydrogen- 
bonded complexes can be d i s t i n g u i s h e d ,  and t h a t  r e l a t i v e l y  
low concen t r a t ions  can be useci. For very weak coaplexes 
however, t he  I n f r a r e d  method has no t  proved t o  be a s u f f i c i e n t l y  
s e n s i t i v e  probe of the q u a n t i t a t i v e  a spec t s  of hydrogen bondinq. 
High r e s o l u t i o n  n u c l e a r  magnetic resonance (nmr) s c o r e s  e a s i l y  
i n  providing a s e n s i t i v e  measure of i n t e r a c t i o n ,  because i t  
permits t h e  measurements of f r equenc ie s  which can be done very  
a c c u r a t e l y ,  r a t h e r  t'nan i n t e n s i t i e s  which a r e  more s u b j e c t  
t o  unce r t a in ty .  This paper d e s c r i b e s  s e v e r a l  ways i n  which 
nmr is used t o  o b t a i n  e q u i l i b r l u n  constcints and thermodppsrnic 
func t ions  of v a r i o u s  hydrogen-bonded systems. I n  a d d i t i o n ,  
an a p p l i c a t i o n  of hydrogen-bonding d a t a  t o  t h e  d e t e r n i n a t i o n  
of the p re fe r r ed  form of a beta-diketone is given. 

I t  I s  well  known t h a t  t h e  formation of hydro%en 
bonds usua l ly  s h i f t s  t he  nmr s i g n a l s  t o  lorser f i e l d ,  except 
In  c e r t a i n  c a s e s  involv inq  arornstic .nolecules o r  e l e c t r o n  
donors i n  which unusual magnetic a n i s o t r o p i c  e f f e c t s  a r e  
p re sen t  2,3, V l r t u a l l y  a l l  hydroqen bonds a r e  broken and 
re-formed a t  a s u f f i c i e n t l y  fas t  r a t e ,  s o  t h a t  s e p a r a t e  
resonances f o r  bo th  hydroqen-bonded and nonhydrogen-bonded 
s t a t e s  i n  the same mediua a r e  not  observed. Consequently, the 
observed frequency v w i l l  correspond t o  t he  qvPrap;e of the 
c h a r a c t e r i s t i c  f r equenc ie s  of t he  cornplexed and uncomplexed 
protons (v  , v f ) ,  weiyhted according t o  the equ i l ib r ium 
f r a c t i o n  18 each form ( X c ,  Xf): 

For an equ l l ib r ium between a monomeric hygroeen donor, 
A-8, and an e lec t ron-donor ,  D,  t o  form a 1:l complex C ,  the  
following equa t ion  may be der ived4  when the concen t r a t ion  
of t he  electron-donor is much g r e a t e r  than t h a t  of C: 

According t o  

v = XfVf + xcvc (1 1 

1 

1 = 1  1 +  1 
Y - Vf a VC'Vf 

I n  eq. 2,  v Is t h e  measured nmr frequency of t he  hydroqen- 
bonaing proton a t  a concen t r a t ion  2 of D, v 
of monomaric A-H proton s i q n a l  a t  9 = 0 ,  an8 K is the  
a s s o c i a t l  on cons t  a n t  

is t he  frequency 

( 3 )  " = &  
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It is i n t e r e s t l n q  t o  n o t e  t h a t ,  t h i s  equat ion  i s  of t h e  ssm 
form as one used f o r  t r e a t x n t  of u l t r a v i o l e t  s p e c t r a l  d a t a  
on 1:l comolexes. 

1 - =  1 & +  1 
E- Ef $(E,-Zf) d Ec-Ef 

where t h e  E ' s  ere molar e x t l n c t l o n  c o e f f i c i e n t s 5 .  For t h e  
t r e a h e n t  of i n f r a r e d  s p e c t r a l  d a t a  f o r  1 :1 complexes, the 
fol lowinq equat lon  can be der ived  

1 = 1 1 + &  
Ef -E K Ef 3 Ef 

i f  I n t e n s i t y  measurements ere m d e  on t h e  b m d  ass iqned  t o  
t h e  monomeric and uncomplexe3 speClt?S and i f  complexed spec les  
do n o t  absorb radi2. t ion a t  t h e  saxe frequency, s o  t h a t  ZC = 0. 

Benzenethiol comolexes. Xathur ,e t  al.4, r e p o r t  n x r  s t u d i e s  of 
hydrosen bondin< of  benzenet%iol  with N , ~ ~ l l m e ~ ~ J j f o r n t . ! ~ i d e  (DiiF) , 
t r l b u t y l  phosphate (TPP) , pyr id ine ,  N-Iethylpyrazole,  and 
benzene t o  serve  8 s  models of bon5iny of -S!I t o  t h e  carbonyl 
oxygen, phosphoryl oxy.l;en, or?anlc  n i t ro7en  bases ,  and an 
Rroinatic e l e c t r o n  s y s t e n ,  r e s p s c t i v e l y .  Table I l i s t s  t h e  
resu l t s  obtained. 

Table  I 
Thernodynamlc d a t a  f o r  benzenethiol  bonding t o  e lectron-donors  

- A H  
!?$:ole k c a l  ./mol.e 

Glectron donor Vc-vf  (PPm) 

P y r i d i n e  1 .2  
&me thy1 pyrazole 1.5 
TBP 1.8 
DXF 2.2 
Benzene -2.5 

0.22 
-14 
-43 
.24 
-039 

2.4 
2.1 
2.0 
1.8 
0 . 5  

The e x t e n t  of  hydroZen-bondinq i n  these  systems, as 
measured by t h e  e q u l l i b r l u ~  cons tan ts  and enth9lpy changes, I s  
much s m l l e r  t h m  t h a t  f o r  t h e  saxe e l e c t r o n  donors i n t e r a c t i n g  
u i t h  phenol. For exanple ,  t h e  va lues  o f  K f o r  uheno y r i d i n e  
and phenol-3iP a r e  77 and 64 l./mole, r e s p e c t i v e l y  &if. These 
s u f f i c e  t o  show t h e  weakness of -SH hydrogen bonding r e l a t i v e  
t o  -OH. It is o n l y  because of  t h e  f a i r l y  l a r g e  a s s o c i a t i o n  
s h i f t , ,  vc-v , and t h e  p r e c i s i o n  of n n r  frequency measurements, 
t h a t  t n e  t d r m o d y n m i c  f u n c t i o n s  of -SH bonding systems can be 
obtained.  I n  benzene t h e  r i n q  c u r r e n t  e f f e c t  dominates t h e  s i g n  
and mamltude of (vc-vf). As sho:in in FRble I ,  benzene behaves 
RS T-electro+onor  and hence capsble  of forming weak hydrogen 
bond w i t h  benzeneth io l .  

2-ProDan01 comolexes. '&en 2-propmol is used A S  t h e  hydroyen 
donor, eq. 2 has  t o  be  modified s i n c e  s e l f - a s s o c i a t i o n  of t h e  
a l c o h o l  occurs ,  and t h i s  may a f f e c t  t h e  e q u l l i  r ium involvlnr;  

t h e  fo l lowin?  n o d l f l e d  equat ion  
i t s  complex formation w i t h  D. Tak>has:?i and Li ll have der ived  

v-v'- . m d x  vc-v' 
1 = 1  1 + -  1 
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36 
21: 
111 

0 

l!. 0 
29 
2 1  

3.61 
5.02  

8.94 
6.01 

5.00 
5.17 
5.23 
5.35 

2.23 
2.56 
2.88 

b.20 
4.30 
4 . 3 3  

~ - ; u ~ . ~ . c ? r  ar?d .-lei t a r 9  s u . ; y ? s t  t k a t  t he  n a r  frequency of 
the  cozi!D.e;:.~:! s p e c i e s  C I A O S T I ~ S  q u i t e  st-onr;ly on t h e  deqrec? of  
ex  i i t n t i o t i  o f t ':I e 1: y I ro ye  11 -b onrl. - s t; r e  t ch i n :< v i br a t 1 o ni 1 mo 2. e . 
They > - ? A s < 3 i i  t h s t  because t h i s  J. s an  u:1usw?ll.y lox-frequency 
n o t i o n ,  seve ra l  exc i t ed  s t R t c s  a r e  s i ~ ; n l f I c n n t l . v  populated even 
e t  te,iiperat;u~:s F(S lor.: 2 s  ZOO%, and t h e i r  c ~ l c u l . ~ t i o n s  s):o:.! R 
te?.pernturs deg:?ii?once of vo. The d a t a  of T n b l e  11 on the  
values o f  v a t  d i f f e r e n t  t e n p e r a t u r z s  d.o inAlc?.te that vc 
incr;.,-.sos di5:1t1.!.7 with dec rease  i n  tenpernture .  TA s is not  

t h z t  t h e  hy.Iro?en bond. 2:hlr'ts do n o t  irary wl th  t enpe rn tu re .  
i n  ~ ~ r " c r . : e n t  x i t h  t h 2  assunpt io i?  o f  sever21 a u t h o r s  t 310-12 

Amine co:iin!.e:rss. , Takahashi  and L i I 3  r e ? o r t  iinr s t u d i e s '  o f  
hy3roKer-i b s n i i n  7 bet i leen tho sn ino  p r o t o n s  of t-butyla!nln" 2nd 
m l l , l r i ~ ,  an9 sevzra.3. e l e c t r o n  donors,  c h l o r o f o r a  med.lun. 

becsuse of i t s  r c a c t i c n  ?lit:? m i n e .  Jhen 

equat ion i s  

as  the  s o l v e n t ,  eq.  2 ~ R S  t o  be modifled sinc!: t h e  
a c t s  as a hydroZen donor t o  t h e  e l e c t r o n  

1 . l+KC(S) + 1 ( 7  1 - 1 - 
v-Vf x ( v , - V f r  d VC'Vf 

where K and Ks are e q u l l l b r l u z  c o n s t n n t s  o f  t h e  r e z c t l o n s  

Amine + 3 = nslne.. .D K 
C13C.Y + D = C13CS ... D Ks 

end ( S )  , 2 nra  t h e  t o t a l  concen t rg t lons  of CHC13 and D ,  r e spec t lvc ly .  
The ex?.::-rlr:isnts vter.5 c s r r l e d  o u t  30 t h s t  ( S )  is  iS:JCh g reRte r  
than and m c h  q r e a t e r  t h s n  t k c  tot.91 concen t rn t lon  o f  t he  
niolne. P r o a  eq. 7, R Plo t  of l/(v-vf) vs. (l+K,(S))/d t h e r e f o r 2  
should yield.  EL s t r z l z h t  l i n e ,  from which 2: c8n be de tern inef i .  
The ve lue  of Ks i s  deternlned In  separate e x p e r l z e n t s  b y  mensurlng 
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t h e  iimr frequency o f  t h e  chloroform proton simal i n  CCl4 
s o l u t i o n s  contalnine;  O.O5W cIICl3 arkl v a r l o u s  amounts of t he  
e l e c t r o n  donor. 

t h e  arrilfies may be r ep resen ted  b y  t h e  equat ion  
The hydrogen-bonding of N-methylacetmide ( N U )  t o  

The v a l u e s  of  yc-vf f o r  N#A bondinq t o  t h e  amines a r e  
lndependent of temperature  between -19 an8 3 6 O .  This  aeans 
t h a t  i n  t h i s  system,the hydrogen-bond s h i f t  Is temperature  
independent and t 'nat  t h e  s e l f - a s s o c l a t l o n  of NI4A does n o t  
i n t e r f e r e  wi th  i t s  bondinq. w i t h  t he  amines. The r e l a t i v e  
hydrogen-donor s t r e n g t h  of  -NH2, -OH, and -SH may be  obta lned  
by not ing  t h a t  the a s s o c i a t i o n  cons tan t  f o r  a n i l i n e  bonding 
t o  NIL3 ( K  = 58 a t  2 6 O )  1s sma l l e r  t han  f o r  phenol bonding t o  
Xi4A ( K  = 105 a t  30 ) and l a r g e r  than  f o r  benzeneth lo l  bondin5 
t o  NKA (K = 0.13 a t  37'). 

Water complexes. Takahashi and L1l4 and Tlng ,e t  a l .  15 , 
r e p o r t  nnr  s tud ies  of water as hydrogen donor t o  t e t r ahydro fu ran ,  
a c e  tone,  N ,N-dime thy lace tamide ,  N,N-dimethylformmide and 
dimethyl  su l foxide .  I n  t he i r  experiments  w a t e r  is t h e  hydrogen 
donor a t  low concen t r a t ions  (ho le  f r a c t i o n  i n  t h e  range of 
0.003 t o  0.02), i n  t h e  presence of  an  e l e o t r o n  donor (mole 
f r a c t i o n  i n  t h e  r anae  X = 0.5 t o  0.99), and cyclohexane as an 
I n e r t  so lvent .  S ince  w e e r  i s  no t  so lub le  i n  t h e  i n e r t  s o l v e n t ,  
t h e  presence of a n  apprec i ab le  excess  concen t r a t ion  of D is 
necessary.  I n  tine reg ion  of low water  conten t , lLnear  p l o t s  of 
t h e  nmr frequency of  the water  protons vs. t h e  mole f r a c t i o n  

of t h e  water  proton frequency 3,  o z e r o  water concen t r a t lon  i s  
of water,at a q iven  va lue  of 

e a s i l y  made, and i n  t h e  l i m i t  of X ,  = 0,only two s p e c i e s  a r e  
cocs idered:  t he  1:l complex, OB2...D, and t h e  1:2 complex, 

E%%nq t o  the  re l .a t lon  

a r e  obtained.  The e x t r a p o l a t i o n  

The two s p e c i e s  a r e  considered t o  be i n  equ i l ib r ium 

i.D 

OD 
+ D =  < ( 9 )  

The o h a r a c t e r l s t t c  nx r  f r equenc le s  of  t h e  1 x 1  and Lr2 complexes 
are des igna ted  v11  and v12, r e spec t ive ly ,  and t h e  fo l lowlng  
equa t ion  is der ived  

= 1  . &  + '1 1 

11 -11) xd V12'Vll 
Vo-V 

. -  
In eq. 10 ,  vo Is t h e  ex t r apo la t ed  frequency of the water pro tons  
a t  ze ro  water concen t r a t ion  and I( is equ i l lb r lum cons tan t  of 
eq. 9 .  
lndependent o f  t e a p e r a t u r e  and draw p l o t s  of l / ( v o - q 1 )  VS. 

l /Xd.  The c o r r e c t  v11 is  taken t o  be t h e  value which makes' the 

The au tho r s  assume t h a t  (v12-v11) is approximately 
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P l o t s  a t  d i f f e r e n t  temperntures  come- t o  a common i n t e r c e p t .  
the  P l o t s  a n q e q .  10 ,  t h e  va lues  of X and v are obtwlned. 

! 1 2  
Equilibrium c o n s t a n t s  and en tha lpy  chan:es for wa te r  

bonding t o  N;N-diaethylformamlde (DW?) are l a r g e r  t han  the  
cor respondinq~ values f o r  w~ter-N,J-disethylacetamlde ( D N A ) .  
This  o rde r  isf s u r p r i s i n g ,  since DXF is a nea.ker e lectron-donor  
than  DX.4 to!vsrds phanol. I t  may be t h a t  t h e  C 3  proton i n  DMF 
func t ions  R S ' P  weak hydroqen donor  t o  t h e  oxy3en of  writer, t h e .  
Protons of  which a r e  bonded t o  o t h e r  DZF molecules. T'nis would 
r e s u l t  i n  a q t e a t e r  hydro Ten-donor s t r e n q t h  of we ter  toward 
DXP the.n ton3rd DXA. 

determlne proton chemlcsl s h l f t s  f o r  d i l u t e  s o l u t l o n s  o f  
water I n  n l x t u r e s  o f ' d i o x m e  and carbon t e t r z  h lo r ide .  When 
the nole  f r a c t l b n  of  water  I s  below 1.5 x 10-9, se l f -? . ssoc la t lon  
of w R t e r  is ne.Tl l+ible ,  and. t h e  e-uthors t r e a t  t h e  d?.ta as?u!ning 
t h a t  t h e r e  2re t h r e e  s o l u t e  s p e c i e s ,  f r i e  water, a 1:1 w s t e r -  
dioxnne complex, 2nd a 1.:2 conplex. Tne c h w x c t e r i s t i c  f requencies  
o f  t h e  complexes a p p e a r  t o  he, Independent o f  t e z g e r a t u r e  i n  
t h e  ranqe ll-7OoI4in accordwice w i t ' -  t h e  a.ssurnpt1on macie by 
Takahashi and ;L i  

of hydro yen bonding betvieen 6-d I k e t o x s -  thenoyl  t r l  f luoroace tone ,  
hexaf luoroace ty lace tone ,  and t r i f l u o r o a c e t y l a c e t o c e -  and s e v e r a l  
n e u t r a l  orqanophosp3orus corngoun3s- t r i b u t y l  phosphate, d i e t h y l  
e t h s l  phosphoh?te, nnd t r l - n - o c t y l  p::osp:iFne oxide.  O f  t h e  three 
d ike tones  s tud ied ,  hexaf luorosce ty lzce tone  y ivss  the  most s table  
colnplex with a 7lven phosphorus c~mpoux l  an4 t h i s  is as expected, 
s i n c e  at has two e l ec t ron -x i t3d ra r i ln j  *- ur2  t roups  i n  the  same 
molecule. I t s  ?.rater hydrosen-donor s t  en-;th i s  i n  l l n e  wi th  
i t s  Orea ter  acid s t r e n 3 t h  of  hexa f luo rosce ty l ace tone ,  
t h e n o y l t r i f l u o r o ~ c o t o n e  znd t r l f l u o r o a c e t y l a c e t o n e  = 4.35, 5.70 
and 6.110, r s s p e c t i v e l y ) .  31 th  a 'q lvan d ike tone ,  t he  e q u l l l b r i u a  
c o n s t s n t  of hydro-en bond form.rtion rilth t h e  phosphorus coxpounds 
inc reases  i n  t h e  o r d e r  t r i b u t y l  p:?osw;late, d i e t h y l  e t h y l  
phoaphonite,  3n3 t r l - n - p ~ o s p ~ ~ l n e ' . o x l d e  and. I s  i n  l l n e  wl th  t h e  
r e l a t i v e  b p s l c i t y  of t h e  phosphorus coa?ounds. 

o f  hydroTen bondirs d s t a  t o  t k e  c'.etrr:Gw :.io 1 of  tine p re fe r r ed  
eno l  form of  t h e n o y l t r l f l u o r o m e t o i e  (XTTA).  In  CC1 as  s o l v e n t ,  
two poss lb l e  enol  s t r u c t u r e s  ( 1 , z n d  11) c ~ r i  be p o s t u h t e d  

From 

16  I t ' $ s  of  i n t e r e s t  t o  no te  t h a t  Muller and. Slmon 

and Tlng, e t  al . l -5  

8 -Dlketone comnlexes. Puknnlc, e t  ai.'?, r e p o r t  nmr s t u d l e s  

Puknnlc, e t  d7, clve::' a n  ox?.rnple o f  t h e  a p p l i c a t l o n  

II I1 ' 11 ( m c ,  ,c - C=C?!-J - CPj  
5 

/ 

I I1 ' 
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In te rmolecular  hydro7en bonding between HTTA molecules Is 
n e g l i g i b l e  because HTTA reioains monomeric and t h e  nmr f requencles  
rem3ln cons tan t  ove r  wide range of  XTTA concen t r a t ions  i n  C C l 4  
a t  c o n s t a n t  te-nperature  and i n  the  absence of 8 second so lu t e .  I n  
the  presence of t r i b u t y l  phosphate u p  to  1M, t h e  f luor ine-19  nmr 
resonance remalns the sane a s  i n  t h e  absence of it. Under t h e  
same cond i t ions ,  w i t h  hexaf luoroace ty lace tone  i n  place of HTTA, t he  
f luor ine-19  s igna l  moves u p f l e l d  by 0.25 ppm. The d a t a  show t h a t  
the  p re fe r r ed  enol  f o r a  of  XTTA is I I , r a t h e r  than  I, because 
t r i b u t y l  phosphate would bond with HTTA through‘ the  e n o l i c  -COH. 
I f  t he  prefer red  eno l  form of ilTTA were I, then  the  presence of 
t r i b u t y l  phosp9ate should have a f f e c t e d  t h e  f l u o r i n e  frequency,as  
I t  does  with hexafluoroacetylacetone. Slnce no e f f e c t  was observed 
w i t h  HTTA,the conclusion Is t h a t  t h e  p re fe r r ed  enol  form Is 11, 
where t h e  f l u o r i n e  atom a r e  f a r t h e r  away from t h e  hydrogen- 
bondinq s i t e .  

Current  s t t ‘d ies .  Dr. S. Nishlmura 2nd Nr. C.:I.Ke i n  our  
Laboratory a r e  cs r ry in?  o u t  n m  s t u d i e s  wi th  wa te r  and chloroform 
bondinq t o  orqanophosohorus compounds and s e v e r a l  amines. A t  t h e  
Symposium In  September I hope t o  inc lude  a d i s c u s s i o n  of t h e l r  
important  r e s u l t s .  I 
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