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ABSTRACT 

Densities o f  water-glycol  (mono- ,  di-, tri- and  tetraethyleneglycol) mixtures 
have been measured over the entire composit ion range at  298. ! 5 K.  Mixtures involving 
monoethyleneglycol ( M E G )  have also been studied a t  different temperatures f rom 
308.15 to  288.15 K. Deviations, V x, f rom ideal volumes o f  mixing have been calcu- 
lated: negative values are observed for all systems. They  increase with the number  o f  
ether functions present in the organic molecule; a slio__jat dependence of  V ~ towards 
temperature  has been shown in the w a t e r - M E G  mixtures. Partial molal volumes have 
also been calculated for both components  o f  each system; they exh ib i t  a n  ext remum 
in the water-rich region. 

! ~'~'TRODUCTIO.~ 

We are engaged in a systematic investigation o f  the physical and thermo- 
dynamic  properties o f  aqueous organic solvents. Initially, excess volumes and  the 
dielectric behaviour o f  water-acetonitr i le  mixtures have been studied 1.2 in order  to 
establish a correlation with acld-base properties, est imated through solvation para- 
meters, : o (Dg)~, related to free enthalpy o f  transfer, whose changes in terms of  mole 
fraction of  organic solvent show no ext remum ~. N o  enhancement  of  water-structure 
has been demonstra ted to take place) even in the water-rich r e , o n .  The  behaviour o f  
water--monoethyleneglycol  ( M E G )  systems is somewhat  similar to that  o f  wate r -  
acetonitrile systems if we consider the above mentioned acid-base properties ~. 
It seems then worthwhile to compare  both systems f rom a structural point  o f  view. by 
examining deviations f rom different ideal physicml properties. [t is the purpose o f  the 
p r e ~ n t  work to s tudy the volumetric hehaviour  of  w a t e r - M E G  system~ over the 
whole composit ion range to detect  possible structural changes. 

The influence o f  several variables also needs to be examined, in so far as they 
may ~ v e  rise to an  enhancement  o f  the  tr idimensional water-lattice. First, variation of  

* To  whom c o r r ~ p o n d ~ c c  should be a d d S .  New address:  Laboratory  of  Thermodynarrtics and  
Chemical Kinet ic~ p . o .  Box 45, 63170 Aubi6re~ Fr'dnce. 
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tempera ture  can stabilize a structure as shown elsewhere 5. Secondly, successive 
introduct ions o f  oxyethylene groups inside the organic molecule have been made,  
which m a y  lead to a counteract ion between the disassociative power  o f  the hydroxyl  
groups o f  the glycol and  the hydrophohic  character  o f  the hydroca rbon  chain. 
Consequently,  ,,~e have studied the volumetric behaviour  o f  v ra t e r -MEG systems at  
different temperatures  and ~-ater-polyethyleneglycol (di- to tetraethyleneglycois) 
solvents_ Volumes o f  mixing have been calculated f rom density measurements  and  
partial molal volumes o f  the components  o f  the binary systems estimated. 

E~ FERIM]E%-i-AL 

Solvents 
Ethylene~yeol  and its derivatives were prepared as follows f rom commercia l  

Fluka products.  The  best ~ a d e  available ~ s  first dried over  dehydra t ing  agents and  

then fractionally distilled. The glycols were distilled under  reduced pressure and  the 
middle fraction g~s  dried over anhydrous  NazS04  for  a long t ime before being 
redistilled. Finally, they were stored under  previously purified dry  nitrogen. The  final 
products  had a specific conductance  less than 5 x 10 -~ 2 -  ~ c m -  L 

Water  was purified from an  ion-exchanger before being stored like the oroanic 

soh'ents. Its specific conductance  was always less than i x I0 -6  2 -  i c m -  I. 
All solvent mixtures were made  up by weight f rom thoroughly  degassed samples 

o f  water  and  glycols under  nitrogen, pressure and  vacuum corrected,  using Merrier 
B 5 and B 6 balances. This precaution is necessary, particularly a t  low temperatures,  
to  avoid air  bubbles appearing af ter  making up mixtures, as nitrogen is generally less 
soluble in the mixtures than in the two separate solvents. 

.~ethod 
Measurements  were carried out  in a water-bath,  temperature  o f  which was kept 

constant  at  308.15 - -  0_02 K and  29g_!5 "=- 0.02 IC, using a high-prec~ion Colora  

thcrraostaL At  lower temperature,  i.e. 288.15 K, a TUK-30  D Lauda  Kryosta t  was 
used; then, the tempera ture  v-as kept constant  to within 0.1 K. In  every ea~e. it was 
checked by means o f  a calibrated plat inum resistance the rmomete r  and a Leeds and  
Nor th rup  Mneller  bridge. Density o f  binary mixtures and o f  pure  glycols were 
measured in a Y-shaped pycnometer ,  where solvent was in t roduced with a 5 cm 3 
syringe. The  accuracy is abou t  2 x 10 -~" g c m -  3 in density and  abou t  0.01 cm 3 tool '-" 
in volume. The  reliability o f  this method  has been proved by a compar ison  o f  the 
density o f  the ethyleneglycol with' l i terature data  6, which shows satisfactory agreement .  

Calculationx 
Except  for lea.~ square  fittings, calculations were performed with an  electronic 

calculator  Wang  370. Least square  fitting calculations were carried out  using a 
D I G I T A L  PDP-10 computer .  Fo r  convenience: water  viii  be identified as componen t  
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T A B L E  ! 

DE.'~oJ~xJ~, d_~7.15 ' r  OF WATER--MO.~ ETHYL~,;E GLYCOL SYSTEMS AT VARIOUS "TIEMPER~TIL,ri~E~ 7", FOR 
DIFFF_P~EI~,"1" MOLE FRACTIO.~S~ X2~ OF MO.~OL~'HYI.J~-~'E GLYCOL 

x'-  dr;7.15 ~ - z s  d_-~.15 ~ - 1 5  dx;7.~5 ~ - z 5  

0 0.99406 0.99707 0.99913 
0 .03  ! 2 ! . 0068  1 .0097  1.0 i 2 5  
0.0676 ! .0  ! 97  1 .0228  1 . 0 2 6 0  

0. ! 106 ! .0324 1.0369 1.0404 
O. ! 621 1.0446 1.0492 1.05-45 
0.2248 1-0571 1.0620 1.0676 
0.3031 1.0683 1.0746 1.0800 
0.403 5 ! .0788 ! .0848 1.0914 
0.5367 ! .OgTg 1.0943 I . 101 ! 
0.7222 1.0965 I .  i 030 1.1097 
0.9983 1.1035 ! . !  i 00  1.1172 

T A B L E  2 

D ~ . ~ ,  a Jur.~, d_.*~, . 1 ~  J i - 1 5 ,  OF WA'I'ER--POLYE'gHY'I..~E GLYCOL SYSTEMS FOR VARIOI.~ GLYO3LS, FOR DIFFERENT 

MOlE FR&CYIO.~x. X'% OF GLYCOL 

( x - . )  D e c  d.rn, ,.1~ -~s- ~'" (x* . )  T E G  d.~, ,.15 --~s'ax" (x ,_)  2"TEG d-~, ,.x5 - ~ s ' t s  

0 0.99707 0 0.99707 0 0.99707 
0.0185 1.0111 0.0132 1.0119 0.0102 1.0125 
0.0407 1.0254 0.0291 1.0274 0.0227 1.0278 
0.0678 I . ~0406 0 . 0 4 ~  ! .0434 0.0382 1.0 ! ~. ~. 
O. 1017 1.0554 0.0740 ! .0594 0.0582 1.0609 
0.1451 1.0701 0.1071 1.0742 0.0849 1.0769 
0.2029 1.0828 O. 1524 ! .0890 O. 1 22 1 ! .0913 
0.2836 1.0941 0.2 i B3 1.0994 O. 1/-79 1.1036 
0.4042 1 _ 1031 0.3238 !. 1098 0.2706 !. 1124 
0.6038 ! .1096 0.5180 ! . !  161 0.4550 1.1178 
0.7623 I .! 118 0.6931 1.1182 0.6380 1.1200 
0.9982 ! .1134 0.821 ! 1.1194 0.7834 1.1204 

0.9958 1.1204 1.0000 1.1209 

1 and ~ycol  as component 2. Compositions are stated as mole fractions (x2) o f  
organic solvent rather than temperature-dependent volume fractions (~2)- 

RESULTS 

Partial molar volumes 

D e n s i t i e s ,  d ,  o f  b i n a r y  m i x t u r e s  o f  w a t e r  w i t h  m o n o e t h y l e n e g l y c o l  a t  3 0 8 . 1 5 ,  

2 9 8 . 1 5  a n d  2 8 8 . 1 5  K a r e  r e p o r t e d  i n  T a b l e  1. I n  T a b l e  2 t h e  d e n s i t i e s  a t  2 9 8 . 1 5  K o f  



N 

; ~ r ~  

, ~ | 

] 

! 

e 
L 1 

4 

! 

r 4  

• , . .  ~ .~ N - . , , , . ,  o ,  N 
r. ~ . ; . . . . . .  

l 

. .  :iiii  -~ : . ~  " ~ - ~ ' - ~ ' ' "  

~ g  

~ i ' ~ .  " ~  

I 
J 

~ 0 ~ 0 0 0  

i ; 

i : r 

! 

f ; 

" - " i  ' 

i i 

I 
i 
! 
i 
| 
! 
I 

| 

| 

I 

! 

i | 
t 
L 

! ! | 

~ q q q q o N  

! t r 

" [ 

! 1 ! 

| I ! 

I I 

w 

i I I 

! I ! 

| 

~ v  

- °  v ~  
., - ' - ~ V  

V , ~ . ~  q 
O 0  

~ IP ,  II 



221 

b inary  mixtures  o f  water  wi th  diethyleneglycol  ( D E G ) ,  t r iethyleneglycol  ( T E G )  a n d  
te t raethyleneg/ycol  ( ' I 'TEG) axe summar ized .  

Partial  mola l  vo lumes  V~2 o and  ~ly~ol were  c o m p u t e d  f rom the re la t ionship  

O) 

where  w~ is the  weight  f ract ion o f  c o m p o n e n t  i a n d  PM~ is the  molecu la r  weight ,  d has  
been deve loped  in a po lynomia l  fo rm ~ j  a i x~. Therefore ,  for  Vi we get  

(2) 

whe.-e Aj coefficients are  chosen  by the  m e t h o d  o f  least squares .  I t  was  found  tha t  
seven coefficients are  requi red  to  W e  accura te  results  for  F~(x). D u e  to  the  s t rong  
a s y m m e t r y  o f  the  curves  V2(x), a very bad  ag reemen t  was ob ta ined  even i f  a h igher  
de m~ee d e v e l o p m e n t  was made .  In o rde r  to  get  a reasonably  g o o d  descr ip t ion  o f  this 
variable,  two  over lapp ing  areas were de l imi ted  over  the  whole  compos i t i on  range and  
separa te  equa t ions  were p r o p o s e d  for  each o f  them,  inc lud ing  seven coefficients as for  
F~ (x). All these coefficients a re  repor ted  in Tab le  3. 

Excess volumes of  mixing 
Excess vo lumes  o f  mix ing  V v have  been calcula ted  u~ing the  fol lowing equa t ion  

vE = ~ ~, (V, - v °) (3)  
i 

where  I ~  holds  for  the  mo la r  v o l u m e  o f  c o m p o n e n t  L T h e y  have also been  fitted by 
least square  t rea tment ,  us ing the  subsequen t  equa t ion  

4 

v E = =2 0 - x._) ~ A ;  ( t  - -  2~)J (4) 
j = O  

General ly,  it  was  found  tha t  five pa ramete r s  in eqn.  (4) were sufficient to  

T A B L E  4 

VALU'F.S OF THE LE.A.ST SQUARE PARA.M~It-tT,.5 IN F..QN. ( 4 )  

Mixture (7") Me" At" A-_" A~" A ," (era 2 tool -I) 

EL*O-MEG (308.15 K) --1.2373 --0.5366 --0.2850 --0.I289 --0.4400 0.001 
H_*()--MEG (298.15 K) -- 1.3202 --0.5586 --0.4059 --0.2586 -- 1.1109 0.001 
H.K)-MEG (288.15 K) --1A146 --0.7024 --0.5766 --0.3517 -i-; 1.6~30 0.002 
H.-O-DEG (29o°.15 K) --2.4611 --1.3995 --! .5305 --0.6484 ÷2.2407 0.006 
H . ~ - T E G  (298.15 K) --2.7256 --2.0677 --0--0609 --1.0380 ÷1.2657 0.011 
H_*O-TTEG (298.15 K) --3.2913 --2.5857 --2.6602 --2.0724 --1.2921 0.015 
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reproduce the experimental  values. The  s tandard deviation, or, was consistent with the 
est imated precision o f  the equipment.  The  ~1~ coefficients arc  summarized in Table  4. 

D I S C U ~ i O . ~  

Excexs ro[umes o f  miring 
Negat/s'e values are  observed for  the excess volumes o f  mixing in the whole 

range o f  composition_ They can be well explained by the occupation o f  the cavities o f  
the water  network by the o ther  component .  

For  w a t e r - M E G  mixtures, the position o f  the min imum o f  V~(xz) lies at  xz 
0.4. A slight dependence on tempera ture  exists, V E becoming more  negative as the 
teml:erature decre~,_ses, g hich can be interpreted on the basis o f  higher structuring o f  
the mixed solvent. 

A much more  important  effect is observed v-hen passing f rom mono-  to 
te t raethylene~ycol ,  x~ hich ~ves  rise to more  and  more  negative values o f  vV; a t  the 
same time, the absdssae  o f  the minima are shifted towards  lower values o f  xz, 
respectively 0.34, 0_30 and 0.28 for wa te r -DEG,  - T E G  and  - T T E G  mixtures. 

It can be seen that  a ceztain lack o f  symmetry  characterizes these curves, which 
is natural.  While the excess function o f  any  the rmodynamic  quanti ty  for  liquid 
mixtures is expected to have a symmetrical  shape when the components  are "'normal'" 
liquids consisting o f  spherical molecules without  specific interaction, this symmetry. 
mostly fails in the case o f  mixtures involving associated liquids. As a mat te r  o f  fact, 
v, hen an  o ~ a n i c  liquio is added to water, at least two types o f  interactions may  be 
considered as well as the possible filling o f  cavities. The  first is hydrogen-bond forma- 
tion between water and the polar group (s) o f  the molecules considered, while the 
second lies in the structural  modification o f  the v, a ter  a round  these molecules, the 
latter effect, " ' icebe~'" formation,  being impor tant  for  the investigation o f  interactions 
with the hydrocarbon  chain. The asymmetry  o f  V~(xz) is then due to these two kinds 
o f  interactions. 

One has to consider  not  only the interactions between water  and  the hydroxy 
gro.,p o f  the ~yco l  but also the nature  and  magni tude o f  possible interaction between 
the e ther  oxygen a toms o f  DEG.  T E G  and  T T E G  and water. An insufficient explana- 
tion would lie in the fact that  a similar volumetric behaviour  is observed for all the 
systems considered, meaning that interaction between water and the e ther  function is 
low, compared  to that  with the hydroxy gxoup. However,  various phenomena,  such 
as phase separation temperature  dependence o f  the enthalpy o f  mixing and  clathrate  
hydrate  format ion indicate that  the hydrogen bond between an ether  oxygen or  
ketone and  g~ater is a weak one ~. Moreover,  Nakavama  ¢ has found  that  the partial 
mo/al excess enthalpies o f  all the components  o f  the w a t e r - D E G  system are negative 
over  th© entire range o f  composit ion;  they. can well be distinguished from those o f  
water -e ther  mixtures. One can then ascertain that  the strong interaction between the 
O H  group and  the water  overshadows the effect o f  the comparat ively weak interaction 
between the ether  oxygen a tom and water. Owing to that, the influence o f  hydro-  
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carbon chain compared  to e ther  functions seems prominent ,  W i n g  rise to more  and  
more  impor tant  negative values. 

Partial molal volumes 
I f  we consider preccxient variations VE(x2), it is possible to detect  a slight 

inflection point  before the minimum.  The  presence o f  such a point  is undoubtedly  
connected with the occurrence o f  an ex t remum in the partial molal volumes vs. x 2 
relationship o f  the components ,  the consequence o f  a r igorous the rmodynamic  
interrelation between V E and  the corresponding partial molal volumes. 

As a mat ter  o f  fact, the partial molal volume, V 2, of  glycol decreases while its 
mole fraction increases, reaches a min imum value and then increases gradually to  the 
molar  volume, V °. In the whole range or" composit ion,  V 2 is always smaller than  V °. 
On another  hand,  partial molal volume o f  water, Vz, i n c ~  very slightly when x2 
increases, reaches an indistinct max imum and then decreases progressively. 

At  29g.15 K, the positions o f  the ext remums lie respectively at x2 -~ 0.050, 
0.040, 0.028 and 0.025 for w a t e r - M E G ,  - D E G ,  - T E G  and - T T E G  systems. The 
influence o f  temperature  on the first system is not  ne~igible,  since the ext remums 
move from x2 = 0.019_ at  30g.15 K to 0.060at  288.15 K . T h e  o r d i n a t e s o f t h e e x t r e m u m  
of  the relative partial molal volumes (V! -- ~o) are o f  very low magni tude for the 
different systems studied ( <  0.022 crn3); they become more  and more  impor tan t  
concerning (V, -- V'~2), when one passes from M E G  to "VI'EG (- -  1.62 to -- 8.68 
cm3). 

Our  results concerning w a t e r - M E G  systems are in close agreement  with da ta  
published by lqakanishi s at the tempera ture  of  293. ! 5 K. More  recent results given 133' 
Ray and N6m6thy 9 exhibit a quasi-constancy o f  ~i for x2 ---- 0.64 to 0.74, instead o f  
the slight decrease shown by Nakanishi  s and  us. 

One  can see elsewhere that  the position o f  ext remums VE(x2) and V~(.v,) is 
quite different. Cavity occupat ion o f  the water-lattice by organic molecules simply 
results in smooth  (V~ -- V °) curves; moreover,  one should clarify the nature  o f t h e  
ext remums o f  these latter curves. It seems likely tha t  they are related to the magni tude 
o f  the "'iceberg" effect in connect ion with the impor tance  o f  the hydrocarbon  chain. 
One might conclude tha t  their position corresponds to the upper limit o f  the region, 
where stabilization o f  the water  structure can take place. 

The behaviour o f  these dihydric compounds  is ra ther  similar to that  o f  their 
monohydr ic  homologues  a. The  explanat ion is certainly provided by observing that  
the magni tude o f  ( V z -- V~) increases with the number  o f c a r b o n  a toms introduced by 
successive oxyethylenegroups,  evidence again being given that  the ether  functions do 
not  play a predominant  role, in spite o f  the number  o f  hydrogen bonding sites. The  
effect o f  the hydrocarbon  chain counterbalances that  o f  the hydroxy  groups of- 
glycols, affecting advantageously a long range order  in water  al though weaker than 
for monohydr ic  compounds .  An opposite effect would  be obtained, if  hydroxy 
groups were predominant ,  as in ~ycero l  for  instance a. 

We agree with the  conclusions o f  Nakanishi  and  coworkers  ~° relative to 
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a n o t h e r  class o f  d ihydr i c  c o m p o u n d s :  one  can  r ea sonab ly  a s s u m e  t h a t  a " ' subst i tut i -  

o n a l "  mixing  occurs  for  w a t e r - M E G  sys tems,  a c c o r d i n g  to  the  t e r m i n o l o g y  o f  

F r a n k s "  ! as  fo r  w a t e r - m e t h a n o l  systems,  which  t r a n s f o r m s  m-adually to  a n  " ' intersti-  

t i a l "  c o n t r i b u t i o n  d u e  to  a possible cavi ty  o c c u p a t i o n  by  the  h y d r o c a r b o n  cha in ,  the  
po la r  cha rac t e r  o f  the  second  O H  g r o u p  ge t t ing  progressively less important_ En- 
h a n c e m e n t  o f  the  wa te r  s t ruc tu re  becomes  m o r e  a n d  m o r e  i m p o r t a n t  f r o m  w a t e r -  

M E G  to  - A'I-I'EG ~-stems.  
Fi,-),~ily, i f  we t ry  to  relate  a c id -base  proper t ies  o f  wa te r - ace ton i t r i l e  a n d  

~ a t e r - M E G  solvents ,  which  were  f o u n d  to be c o m p a r a b l e  3- 4 o n e  can  observe t h a t  
in b o t h  cases,  no  s t rong  e n h a n c e m e n t  o f  the  water- la t t ice  has  been de tec ted ,  c o n t r a r y  

t o  m o n o h y d r i c  c o m p o u n d s ,  whose  a ~ d - b a s e  b e h a v i o u r  was  qui te  d i f ferent  3. Never-  
theless,  n o  r igorous  quan t i t a t i ve  cor re la t ion  can  be d r a w n  f r o m  these results ,  d u e  to  

the  fact  t h a t  a c i d - b a s e  proper t ies  were  re la ted to  free e n t h a l p y  changes ,  wh ich  a rc  
l ikely to  u n d e r g o  a compensa t ive  effect f rom b o t h  o f  its c o m p o n e n t s ,  e n t h a l p y  a n d  
en t ropy .  
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