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THE NMR AND VISCOSITY JYVESTIGATIONS 
OF 1 , 3 -  AND 1,4-DIOXANES IN BINARY AQUEOUS SOLUTIONS 

Key W o r d s :  1 ,  3-diosane, 1 ,  4-dioxane1 aqueous mixtures, 

llMR spec t r osc o py , v i sc 0 s  i me t r y , hyd ra t. i an s t r uc t u r e 
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T. Pddoski 
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ul.Uorska 8 3 ,  8 1 - P P 5  Gdynia, Poland 

ABSTRACT 

The measurements of *€I MMR chemical s h i f t  and the 
s h e a r  viscosity as a function of temperature and con- 
centration for 1, 3-and 1, 4-dioxane-water system were 

carried out . .  Our experimental results are consistent 
w i t h  data derived from o t h e r  works. B o t h  t h e  chemical 

shift and viscosity data suggested the association pro- 

cesses between water and diosane ooleculrs. 
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694 LEWANDOWSKA AND PODOSKI 

I NTIIODUCTI OH 

Hydration s t r u c t u r e s  of simple,  a c t i v e  o rgan ic  so l  - 
v a n t s  i n  a q u e o u s  s o l u t i o n s  have receivpd considerable 

a t t e n t i o n .  So f a r  two inodelv  ha\-e been proposed [ l - E ] .  

The former- is a hydrogen bond modal which assuines that. 

s o l v e n t s  form a g g r e g a t e s  with water molecules and h r e a k  

~ O H I I  the  networl; o f  wat.er. The l a t t e r  a c c e p t s  t h a t  o r -  

ganic  molecules a r e  c l a t h r a t e d  i n  i n t e r s t i c s  of the 

nPtwor1.r and i n t e r a c t i o n s  w i t h  water a r e  r a the r  weak. 

A n o t a b l e  esamplo is5 1 ,  4-diosane-water mixture  

which has been skudied e s t e n s i v e l y .  Both d iosane  a n d  

water con ta in  oxygen and can form hydrogen honds h u t .  

water inolecules inay a c t  as proton a c c e p t o r s  ar,d/or pro- 

ton donors.  

However, in the l i t e r a t u r e  t h e r e  i s  a long s t a n d i n g  

coo i rove r sy  regerding the  e f f e c t  of 1 ,  4-diosane on the 

three-dimensional  network of water due t.o the d i f f i -  

c u l  t i e s  involved in  1 inking thermodynamic and s p e c t r o s -  

copy d a t a  with a microscopic p i c t u r e  of i n t e rmolecu la r  

i n t e r a c t i o n s  on the inolecfilar l eve l  [l-101. 

I t  is well-known t h a t  many o f  the physical p rope r -  

t i e s  of t h e  I ,  4-dioxane s o l u t i o n s ,  when p l o t t e d  ve r sus  

t h e  concen t r a t ion ,  e x h i b i t  a n  extreme behaviour 

[2-5, 8 1 .  The a s s o c i a t i o n  between diovane and water mo- 

l e c u l e s  seems t o  a t t a i n  a inasimum when t h e  molar ratio 

i s  c l o s e  t o  P : l  o r  1 : l  [ 1 , 4 , 7 , 8 ] .  

Unfortunately,  the.re are very few d a t a  concerning 

t h e  hydrat ion s t r u c t u r e  of o t h e r  polar  d iosanes .  R e -  

c e n t l y ,  Remerie [ l l ,  1 2 1  s t u d i e d  the  aqueous s o l u t i o n s  

of  1 ,  3- and 1 ,  3-diosanes by molecular dynamics inpthods 

and unexpected d i f f e r e n c e s  between both dioxenes mixtu- 

r e s  were found. 
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I ,3- AND 1,4-DIOXANE-WATER SYSTEM 695 

In t h i s  paper the hydra t ion  s t r u c t u r e  of 

1 , 3-diosane was deduced by t h e  i n d i r e c t  me( hod. The 

t e m p e r a t . u r e  and concen t r a t ion  measureinents of the ' H  

IIMR chemical s h i f t ,  shear  \ - i s c o s i  t y  and d e n s i t y  were 

c a r r i e d  out.. Ve a l s o  undertook the  temperature inves-  

t i g a t i o n  of 1 ,  4-dioxane-rater  systems i n  the  broad ran- 

ge of t ernpe ra t u r e . 

EXPERIMENTAL 

The 1 ,  4-diosane(Fluka RG-puruin) &as furt l irt  p u r i -  

f i e d  using the s t anda rd  p u r i f i c a t i o n  technique [ ! 4 ] .  

T h e  1, 3-dio\-ane( Fluka AG-priruin) was d r i e d  ~ i t . 1 1  sodiuin 

and t x i c e  f r a c t i o n a l l y  d i s t i l l e d .  The a a t e r  was r e d i s -  

t i  1 led.  

A l l  'H llMR s p e c t r a  were obtained on a Tesla RS 567 A FT 

spectrometer  ( 1 0 0  M H z ) .  The hPsamethyldis i losane (HMDS) 
as an e s t e r n a i  r e fe rence  and d e u t e r a t e d  II, N-dimethj.1- 

forinamide (DMF-d,) f o r  a spec t romete r  lock i n  a c o a s i a l  

c a p i l l a r y  were used. Chemical shif ts  were c o r r e c t e d  f o r  

t h e  sample bulk s u s c e p t i b i  1 i t y  [ 153. 

The temperature was c o n t r o l l e d  with a n  accuracy 1 K .  

The shea r  v i s c o s i t y  was measured t o  an accuracy o f  0 . 5  

X using a modified Oswald viscoineter with a suspended 

l e v e l  of l i q u i d  descr ibed p r e v i o u s l y  [lS]. 

RESULTS Alll) DISCUSSION 
I t  w a s  observed t h a t  t he  signals of € 1 ( 2 ) ,  H ( 4 , E i )  

and H ( 5 )  protons of 1 ,3-dioxane moved down f i e l d  with 

i n c r e a s i n g  water concen t r a t ion  ( F i g .  1 ) .  Al l  tnethylene 

( C l i p )  groups were s h i f t e d  in t h e  same manner about 0 ,4  

ppm. The chemical s h i f t  of water p ro tons  both as a fun -  

c t  ion of concen t r a t ion  and temperature  changes more 
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696 LEWANDOWSKA A N D  PODOSKI 

F I G .  1 .  P r o t o n  c h e m i c a l  s h i f t  o f  1 ,  3 - d i o x a n e  as a f u n -  
c t i o n  of water  c o n c e n t r a t i o n .  

d i s t i n c t l y .  S i n c e  o x y g e n  of 1 ,  3 - d i o s a n e  m o l e c u l e  may 

a c t  a s  a p r o t o n  a c c e p t o r ,  d e s h i e l d i n g  o f  p ro tor i s  s u g -  

g e s t s  t h e  f o r m a t i o n  w a t e r - d i o s a n e  a g g r e g a t e s  by h y d r o -  

gen b o n d s .  I t  is w o r t h y  t o  be n o t i c e d  t h a t  t h e  p r o t o n  

c h e i n i c a l  s h i f t s  o f  p u r e  2-diosane a r e  a i r o o s t  i n d e p e n -  

dent ,  o n  t e m p e r a t u r e .  T h e  c h a n g e s  i n  c h e m i c a i  s l i i f t s  a r e  

a b o u t  0 , 0 3  ppn i n  t h e  w h o l e  r e g i o n  of t h e  e s i s t e n c e  of 

t h a t  1 iquid, a1 t.hough i t s  p r o t o n s  u s u a l  l y  show estreme- 

l y  l a r g e  c i i a n g e s  5 when s o l v e n t  is a l t e r e d  [ 1 3 ] .  

I n  o r d e r  t o  o h t . a i n  R more c o n c l u s i v e ,  e x p e r i m e n t a l  

e v i d e n c e  o n  t h e  i n t e r a c t . i o r 1  h e t w e e n  water  a n d  d i o x a n e  
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1,3- AND 1,4-DIOXANE-WATER SYSTEM 691 

13 Dioxane 

F I G . 2 .  Relative chemica l  s h i f t  of H ( 2 )  p r o t o n s  of  
1 ,3 -d ioxane  as a f u n c t i o n  of t e m p e r a t u r e  f o r  v a -  
rious weight  l water .  

m o l e c u l e s  t h e  d i f f e r p n c e  i n  the chemica l  s h i f t  f o r  H ( 2 )  

and  w a t e r  pro1.ons 0 6  [H(2)-H20] Kere p l o t t e d ,  a s  a n  

example,  in  F i g .  2 .  The t e m p e r a t u r e  dependence of 

A 5  [H20-Ds)for  1 ,  4-dioxane-water  m i x t u r e s  w a s  a l s o  

s h o w n  i n  F ig .  3 .  

T h e  t r e n d s  of  t he  r e l a t i v e  chernical  s h i f t  f o r  b o t h  

dioxanes a r e  s i m i l a r  h u t  a f P w  e s s e n t i a l  d i f f e r e n c e s  
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698 LEWANDOWSKA AND PODOSKI 

FIG. 3. Relative c h e m i c a l  s h i f t  o f  p r o t o n  of 1 ,  4 - d i o x a n e  
a s  a f u n c t i o n  of t e m p e r a t u r e  f o r  various w e i g h t  
7. water. 
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1,3- AND 1,4-DIOXANE-WATER SYSTEM 699 

FIG.4. Coefficients of slope d for plots from Fig. 2 
and 3 .  as a function of diosane concentration. 

Sh0Uld he noted. Firstly, in Fig. 3 one can see that the 
slope of st.raight. lines is the same in the whole con- 

centration region, whereas in the case of 1 ,  3-diosane 

the slope changes with water concentration. I t  was also 
s h o w n  in Fig.4 where the coefficients of slope d , ob- 
tained hy a least-squared method, w e r e  plotted. Froin 
F i g . 2  it is evident that the temperature dependence of 
the chemical shifts of 1,I-dioxane changes the most ef- 
fectively in the concentration region, where the stron- 
gest interactions between water and dioxane molecules 

are espect.ed. This conclusion can he also derived froin 

Fig. 4. There findings may indicate that interactions in 
1 ,  3-dioxane-water mixtures are stronger than 
1,4-dioxane-water systems and confirm Remerie’s sugges- 
tion [ 1 1 , 1 2 ]  that interactions between water and 
1, 4-diosane molecules a r e  weaker than solvent-solvent 

i n t e rac t i ons i ndependen t 1 y on t.empe ra t u re . 
Moreover, for curves in F i g . 2  and 3 the concen- 

tration dependence was also ohtained (Fig.5 and 8 ) .  I n  
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700 LEWANDOWSKA AND PODOSKI 
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F I G . 5 .  R e l a t i v e  c h e m i c a l  s h i f t  of H ( ? )  p r o t o n s  of 
1 , J - d i o x a n e  as  a f u n c t i o n  of water c o n c e n t r a -  
t i o n .  T h e  a r row shows t h e  way o f  e s t i m a t i n g  va -  
lues of  A (AS), a c c o r d i n g  t o  K i n a r t  [7]. 

the case o f  a p o l a r  d i o s a n e  v a l u p s  o f  t h e  c h e m i c a l  s h i f t  

a r ~  c o n s t a n t  above 80  s e i g h t .  Y, of h a t e r .  T h e s e  results 

a r e  a l s o  s u p p o r t e d  hy o t h e r  e x p e r i m e n t a l  [ 9 ,  101 n n d  ino- 

I e c u l a r  dynamics data [ l l ,  121,  

I t  K R S  s t a t e d  t h a t  a t  lovl c o n c e n t r a t i o n ,  t h e  s m a l l  apo-  

! a r  o r g a n l c  r n o l e c u l e s  flay e v e n  enl i i ince  t h e  s t r u c t u r e  of 
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1,3- AND 1,4-DIOXANE-WATER SYSTEM 70 1 

F I G . 6 .  Relative chemical shift of protons of 
1,4-dioxane as a function of water concentration 
f o r  various temperatures. 

water by hydrophobic contributions and interactions 

with water are rather weak. On the other hand,  in aque- 

ous solutions of 1,3-diosane1 where stronger interac- 
tions due to its large dipole moment, are expected, va- 

lues of A6[H(P)-I120] change In the whole. concentration 
region. 

Thus, using the data f o r  the concentration dependence 
of t h e  relat.ive chemical shifts their derivation from 

additive properties viz. the A { A & )  values [ ? ]  were 

obtained, i n  the way shown In Fig.5. 
Since the teiaperat.ure dependence o f  A(A6) is very 

Weak, only results f o r  room temperature were shown in 

Fig. 7. The broad maxima obtained from the plot A ( A 6 )  
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702 LEWANDOWSKA AND PODOSKI 

F I G .  7 

0 

D e r i v a t i o n s  f r o m  a d d i t i v e  p r o p e r t i e s  
f u n c t i o n  o f  water c o n c e n t r a t i o n .  

v e r s u s  c o r t c a n t  r a t  i o n  a r e  v e r y  s i m i  l a r  f o r  

m i x t u r e s .  F i ~ r t l i e r n ~ o r e ,  i n  F i g .  4 o n e  c a n  

change o f  c o e f f i c i e n t - s  of slope f o r  1 , 3  d 

a t  t h e  same c o n c e n t r c i t i o n  r e g i o n .  

A (AS)  a s  a 

b o t h  d i o x a n e  

s e e  t h a t  t h e  

o sane  o c c u r s  

A n  example  of t h e  t e m p e r a t u r e  d p p e n d e n c e  o f  the 

s h e a r  v i s c o s i t y  o f  1 ,  3 - d i o s a n e  water  m i x t u r e s  v,as s h o w n  

i n  F i g .  8 .  A l l  solutions d i s p l a y  t e m p e r a t u r e  c h a n g e s  ac  

c o r d i n g  t o  t h e  h r r h e n i u s  e q u a t i o n  : 

( t )  = TOexp[E, / R T ]  

C o e f f i c i e n t s  E, a n d  'lo c a l c u l a t e d  o n  t h e  h a s i s  of  eupe- 

r i i n e n t a l  d a t a  r P r e  l i s t e d  i n  Table 1 .  T h e  c h a n g e s  o f  

t h e  a c t i v a t i o n  e n e r g y  as a f u n c t i o n  of  c o n c e n t r a t i o n  

c a n  he o h s e r v e d .  

A c c o r d i n g  t o  Westmeier [ 1 7 ]  a d d i t i o n a l  i n f o r i m t i o n  o n  

the p r o c e s s e s  o c c u r r i n g  i n  the s y s t e m  c a n  he o h t a i n e d  

by a n a l y z i n g  t h e  t e m p e r a t u r e  c o e f f i c i e n t .  of v i s c o s i t y  : 
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1,3- AND I,4-DIOXANE-WATER SYSTEM 

2 -  

zo 
a9 
06 
0.7 
0.6 
0.5 

L 

- 
- 
- 
- 
- 
- 

1.3 Dioxane 

* o  
0 

0 

0 4 0  03 24 2.5 2.6 2.7 2.8 2.9 3.0 31 3.2 3 . 3 4  

T i@ [-!?I 
F I G . 8 .  Shea r  viscosity of 1, 3 - d i o x a n e  as a f u n c t i o n  of 

1/T for various weight 7, w a t e r .  

TABLE 1 

Activation energies E and pre-exponetial coefficients 

r t g % H 2 0  

0 

0 , 2 0  

0, 3 5  

0, 50 

0, 6 5  

0, R O  

1 ,  3-DX 
E, [I< J / m o  1 ] 

11,20 

14, 70 

1 6 ,  6 5  

1 6 ,  10 

1 6 ,  5 7  

1 6 ,  6R 

1 6 ,  89 

1 7 ,  3 2  

1 7 , 0 2  

2, 9 15, 6 6  

- 
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104 LEWANDOWSKA A N D  PODOSKI 

t3Dioxane 
o 1 4  Dtoxane 

4 

FIG.  9 .  T h e  t e m p e r a t u r e  c o e f f i c i e n t s  /3 a s  a f u n c t i o n  of 
w a  Le r con c e n  t r a t  i on.  

F i g .  9 shows t h e  concen t r a t . i on  dependence o €  /j . F o r  

b o t h  d ioxane  in i s t i i r e s  maxima of the /3 c o e f f i c i e n t  v e r -  

s u s  wa te r  c o n c e n t r a t i o n  were obta ined ' .  The maxima f o r  

i ,  3 -  i i nd  1 ,  4 -d ioxane  so l r i t i o r i s  o c c u r  i n  ilie same c o n -  

c e n t r a t i o n  r e g i o n  a s  f o r  clleinical s h i f t s .  

The e x i s t e n c e  oE maxima in  F i g .  7 and 9 ,  cis i t  w a s  s u g -  

g e s t e d  [ 2 - 5 ,  81 ,  s h o u l d  be  connec ted  w i t h  a g g r e g a t i o n  

p r o c e s s e s  i n  t h o s e  solutions. T h e  a s s o c i a t i o n  between 

d ioxane  and water molecu le s  seems t.o a t . t . a in  maximum 

when t h e  molar r a t . i o  i s  c l o s e d  t o  1 : 2 .  

A s  inent.ioned above, from t h e  m o l e c u l a r  dynamics 

st .udy [ I l l  121, i t  %as concluded  that f o r  1 ,  3 - d i o s a n e -  

water  mixt.urc.s, watpr  moiecules  k i e c a r n e  more s t r o n g l y  

bound h y  t h e  s o l u t e  w i t h  i n c r e a s i n g  t empera tu re .  I n  the 

c a s e  of 1,  4-d ioxane -wa te r  ~ i i i x t u r e s  t h i s  e f f e c t  i s  n o t  

obs  e r ved a n d so 1 v e n  t ---so 1 veri t, i 1-1 t. e r a c 1. i on s d om i nci t e 5 o 1 - 
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1,3- AND 1,cDIOXANE-WATER SYSTEM 705 

v e n t - s o l u t e  o n e s .  R e s u l t s  of our s t u d y  d i d  n o t  fully 

c o n f i r m  that s u g g e s t . i o n .  

CONCLtJSIOAS 

T h e  p r e s e n t  work o n  d i o x a n e - w a t e r  m i x t u r e s  shows 

t h a t  m e a s u r e m e n t s  of '11 llMR c h e m i c a l  s h i f t s  a n d  v i s c o -  

s i t y  may be a l s o  u s e d  t o  s t u d y  t h e  s t r u c t u r e  of s i m p l e  

1 i q r i i d  m i x t u r e s .  E a t l i  t h e  chemical s h i f t s  arid viscosity 

data s u g g e s t  t l i e  e x i s t e n c e  o f  a weaf; c o m p l e x  i n  a q u e o u s  

d i o x a n e  m i x t u r e s .  

A l t h o u g h  our r e s u l t s  n o t  fully c o n f i r m  R e m e r i e ' s  

s u g g e s t i o n  o n  d i f f e r e n c e s  in tlie s t r u c t u r e  o f  b o t h  dio- 

xane a i i x t u r e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  somp d i s t i n -  

c l i n n s  have h e p n  o b t a i n e d .  

Moreover, i t  w o u l d  he i n t e  

e s p e r i i n e n t a l  dab, espec ia l ly  f o r  

h e r  r e s u l t s  o b t a i n ,  for i n s t a n c e ,  

of t h e  r e l a x a t i o n  times, X e  c h e m  

t r i c  r e l a x a t i o n .  

e s t i n g  t o  c o m p a r e  ou r  

1 ,  3 - d i o x a n e ,  w i t h  ot- 

f r o m  Hl~iR m e a s u r e m e n t s  

c a l  s h i f t s  o r  d i e l e c -  

REFERENCES 

1.  H o r n u n g  11. J . ,  C h o p p i n  G.  R, , Renovi t c h  G. 
A p p l .  S p e c t . r o s c o p y  Rev.. 1 9 7 4 ;  8 :  1 4 9 .  

H u t t o n  H. M. a n d  Kydon D.W. Ber. B u n s e n g e s .  Phys. 
Chem. 1 9 7 1 ;  7 5 :  904.  

2 . C z u h r y t .  J.  J .  , C h a t t e r j e e  I I . ,  Bock E. , Tomchuk E. 

3.Tomchuk E . ,  C z u b r y t  J.  J. , C h a t t e r l e e  N. a n d  Bock E. 
Ber. B u n s e n g e s .  Phys. Chem. 1 9 7 1 ;  7 5 :  1350. 

4 .  Baker C. S. Strobe1 H. A .  J. Phys. Chem. 1 9 7 9 ;  R3:  7 3 2 .  
S.Mu!ler M., Simon P. J. P h y s . C h e m .  1 9 6 7 ;  7 1 :  568 .  

6 .  T a n a h e  K. J .  Mol. L i q u i d s  1 9 8 4 ;  2 9 :  105.  

7 .  K i n a r t  C.M., K i n a r t .  W. J. , Skulski L. Pol. J. Chem. 
1 9 8 5 ;  5 9 :  5 9 1 .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



706 LEWANDOWSKA AND PODOSKI 

8. Sigvarstsen T . ,  S o n g s t a d  J . ,  G e s t b l o m  I?. E. , 
l l o r e l a n d  F. . I . S o l u t i o n  Chrin. 1 9 4 1 ;  2 0 :  5 6 5 .  

9 .  F e a k i n s  D. , Mu1 la1 l y  J .  , Y a e l i o r n e  W. E. J .  Chem. SOC. 
F a r a d a y  T r a n s .  1 9 9 1 ;  87: 87. 

1 0 .  S t e n g l e  T. R . ,  H o s s e i n i  S. M., B a s i r i  11.G. , 
W i l l i a m s o n  K.L. J . S o l u t i o n  Chern. 1 9 8 4 ;  i 3 :  7 7 9 .  

1 1 .  R e r n e r i e  K. , G u n s t . e r e n  W. F .  , E n g h e r t s  J .  B. F. 11. 
Rec. T r a v .  Chiin. 1 9 8 5 ;  1 0 4 :  7 9 .  

1 2 .  Remerie K. , E n g h e r L s  J .  R. F. I I .  Chem. P h y s .  1985; 1 0 1  : 2 ?  

! 3 . A n d e r s o q  J . E .  T e t r a h e d r o n  L e t t e r s  1 9 5 5 ;  5 1 :  3 7 1 3 .  

1 4 . P e r r i n  D.  n.  , P,rinarego V . L .  F . ,  P e r r i n  E. R .  
P u r i f i c a t i o n  of Laboratory C h e m i c a l s ,  O x f o r d  
Perga inon  P r e s s ,  1 9 6 6 .  Vogel I .  V o g e l ' s  Testbook o f  
P r a c t i c a l  O r g a n i c  C h e m i s t r y ,  L o n d o n ,  Longman G r o u p  
L i m .  , 1 9 7 8 .  

1 5 .  P o p l e  .I. A . ,  S c h n e i d e r  W . G . ,  B e r n s t e i n  J .  

1 6 .  L e w a n d o w s h a  D. , Lewa C. J. Acta  Pl iys .  Fol. 1 9 8 1 ;  

17. U e s t m e i e r  S. 2. F h y s .  Chein. 1 9 7 6 ;  2 7 5 :  1 ! 9 5 .  
Fialkov J. P h y s i c a l  c h e m i s t r y  of s o l u t i o n s  
( i n  P o l i s h ) ,  Warsaw, PWA, 1 9 8 3 .  

H i g l i - r e s o l u t i o n  IZMR, l len York, I k G r n w - H i l l ,  1 9 5 9 .  

A 5 9 :  2 9 5 .  

Date Received: August 10, 1992 

Date Accepted: November 23, 1992 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


