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ABSTRACT 

A model for analysing excess properties of mixtures of water and polar organic liquids, 
which embodies the assumption that the total composition ranges of such mixtures possess 
four distinct segments, is described and the results given for analyses of various properties of 
the ACN-water and THF-water systems. Some tentative conclusions are drawn from the 
results about patterns of molecular aggregation within these mixtures. 

INTRODUCTION 

An analytic model, based upon the assumption that mixtures of water and 
polar organic liquids possess three distinct composition segments, has been 
devised and demonstrated to be a reasonably effective curve-fitting tool for 
certain excess properties of the acetonitri le(ACN)-water and dimethylsulfo- 
xide(DMSO)-water  systems [1-3]. It is suggested that  each of the five 
parameters of that model can be associated with a particular type of 
molecular aggregation. 

In the course of testing this model, several features have emerged. Some 
data sets, which are too sparse to allow for the level of flexibility of the full 
model, are fairly well reproduced using a simpler three-parameter version 
[2,3]. In some cases, the three-parameter version serves as well as the five in 
fitting data sets of unusually high point density and precision [2]. At the 
other extreme are data sets for which the three-segment model is too 
inflexible to serve as a satisfactory curve-fitting tool. 

This article contains the derivation and implementation of a four-segment 
model which proves to be a significantly better curve-fitting tool and appears 
to be more informative than the three. It also contains some minor modifica- 
tions to the parameterization of the three-segment model. 

0040-6031/84/$03.00 © 1984 Elsevier Science Publishers B.V. 
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M O D I F I E D  T H R E E - S E G M E N T  M O D E L  E Q U A T I O N S  

The following equations are equivalent to those given in ref. 1 but are of a 
more convenient form 

for the water-rich segment (0 < X A < X I ) 

A V =  BXA(1 - XA)+ AV°XA + AV° [(1 - XA)-- (  X , -  XA)3/X 3] 

+ DwXA( X I - XA)2/X~ (1) 

for the microheterogeneous segment (X  l < X A < XH) 

A V =  BXA(1 - XA) + AV°XA + AV°(1 - XA) (2) 

for the organic-rich segment (Xi1 < X A < 1) 

AV-- BXA(1 -- XA) + AV°[ X A - (  X A -  X . ) 3 / ( 1  - XA) 3] + AV°(1 - XA) 

+ D A ( ]  -- X A )  ( J A - XH)2/(1 - X,, )3 (3) 

The equations express the composition dependence of the excess molar 
volumes but serve equally well for any excess molar property. X A is the mole 
fraction of the organic component.  X, and X H are theX A values at the two 

AV,2 and AV ° are constants of integration of the segment junctions. - 0  
G i b b s - D u h e m  equation within the microheterogeneous segment. As such 
they represent excess molar properties of hypothetical standard states of 
water and the organic component,  respectively. B is a Margoules constant 
for the microheterogeneous segment. D W and D A are related to the Margoules 
constants Cw and CA of the water-rich and organic-rich segments, respec- 
tively. 

1 3 Dw= -[~CwX~ + AP~ °] (4) 

DA= --[½CA(I -- XA)3 + AP2] (5) 

Both AV and d A V / d X  A are required to be single valued at both X~ and 
X,,. The Margoules constant, C, of the microheterogeneous segment is 
assumed to be zero. If the additional constraints that d2AV/dX 2 shall be 
single valued at X l o r  XII are introduced then D w or D A vanish. 

The options of omitting D w or D A or both from the set of analytic 
variables permit the use of four different versions of the three-segment 
model. 

T H E  F O U R - S E G M E N T  M O D E L  

In those instances where the three-segment model has proved to be less 
than satisfactory as a curve-fitting tool, the deficiencies seem to be restricted 
to the water-rich end of the composition scale. 
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In his discussion of the proton magnetic resonance spectra of 
acetonitrile-water mixtures, Easteal suggested that this system might be 
regarded as possessing as many as five distinct segments, two of which 
correspond to the composition range spanned by the single water-rich 
segment of the three-segment model [4]. It seemed to be appropriate to 
devise and test a four-segment model, with the water-rich segment of the 
existing model being split into two parts. 

Structural considerations 

The term microheterogeneous, as applied to the central composition 
segment, appears to have been coined by Naberukhin and Rogov [5]. It fits 
their contention that, in roughly equimolar mixtures of water and polar 
organic liquids, the molecules of the two components tend to adopt new 
patterns of self-aggregation. The composite structure is envisioned to be one 
of layered microphases. The parameters AV ° and AV ° are regarded as excess 
properties of these microphases. 

At the interface between the two microphases, it is assumed that the 
organic molecules tend to be oriented with their polar groups in contact with 
the aqueous microphase. Parameters of the type B are taken to represent the 
effects of the potential interactions at this interface. It is implied that contact 
between pairs of microphase organic molecules tends to be dominated by 
that between their respective hydrocarbon moieties. 

There are obviously limits to the range of molar compositions in which all 
of the molecules of both species can be accomodated into this microhetero- 
geneous scheme. 

In the organic-rich segment, it is assumed that the excess organic mole- 
cules will tend to adopt the self-aggregative patterns of the pure liquid. The 
effects of the interactions between pure liquid aggregates and microheteroge- 
neous aggregates are considered to be represented by parameters of the type 

DA. 
Apart from the renumbering of the segment junction mole fractions, the 

model equations for the microheterogeneous and organic-rich segments are 
the same for both the three- and four-segment models. 

In the three-segment model, the water molecules are treated as though 
they are either involved in the microheterogeneous aggregates or in clustering 
patterns which are typical of the pure liquid. The fact that the model fails to 
provide satisfactory replicas for the water-rich segments of some of the data 
sets that have been looked at suggests that some allowance needs to be made 
for a further type of aqueous self-aggregation. 

For X A < X H, there are more water molecules than can be accomodated in 
the microheterogeneous scheme of aggregation. It is suggested that there 
exists some type of secondary aqueous microphase, with an excess molar 
volume AV °. 
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In the composit ion segment X I < X A < X n all of the water molecules exist 
in one or other of the two microphase environments. For X A < X~, some of 
the water molecules are to be found in environments that are more typical of 
the pure liquid. 

The name "water-r ich" has been retained for the composit ion segment 
0 < X A < X I. For  want of a more graphic term, the name "secondary"  has 
been applied to the segment X I < X A < Xii. 

Derivation of  the model equations 

The derivation of the model equations closely parallels that of the three- 
segment model [1]. Each of the four segments is initially characterized by the 
Margoules constants B and C and by quantities of the type AD ° and AV ° .  
AV ° is clearly zero for the water-rich segment as is AD ° for the organic-rich 
segment. It is thought to be appropriate to set C, for the microheterogeneous 
segment, equal to zero. The number  of parameters is reduced from 13 to 
seven by imposing the conditions that AV and d A V / d X  A shall be single 
valued at XI, X n and at XII I. 

The resulting equations are 

for the water-rich segment (0 < X A < X I) 

A V =  BXA(1 -- XA)+  AVA°XA + AV° [(1 - XA)-- ( X u - XA)a/x31] 

"1"-AV2 [ ( I l l - / A ) 3 / / } I -  ( X , -  / A ) 3 / / } ]  

-']- O w X A ( Xl - X A ) 2 / X }  -4- O s X A ( Xi, - X A )2/X},  

for the secondary aqueous segment ( X  ! < X A < XII) 

A V =  BXA(1 -- XA)+  AV°XA + AV° [(1 - X A ) - (  X , , -  X A ) 3 / X  3] 

-{-AV2( X I I -  X A )3/X}I -4- D s X A ( X I I -  X A )2/X}I 

for the microheterogeneous segment (Xil < X A < XIII) 

AV= BXA(1 - XA) + AV°Xa  + AV°(1 -- XA) 

for the organic-rich segment ( X  m < X a < 1) 

AV= BXA(I - XA) + ADo[ X A - (  X A - XIII)3/X}II] -I- aD°(l - x~) 
+DA(1 -- XA)(X a - XIH)2/(1 - Xli , )  3 

(6) 

(7) 

(8) 

(9) 

The parameters B, AV ° ,  AV ° and D A are interpreted in the same manner 
as they were in the three-segment model. 

AVs ° is the most important of the three new parameters. It is the excess 
molar volume of the hypothetical standard state of the secondary aqueous 
segment. As such, it is interpreted as a property of a secondary aqueous 
microphase. 
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The parameters Dw and D s are defined by the equations 

Ds= -[½CsX3I, + AV °] (10) 

Dw= - [ ½ ( C w -  Cs)X 3 + A~ °] (11) 

where Cw and C s are Margoules constants for the water-rich and secondary 
aqueous segments, respectively. 

Dw, D s and D A can be set equal to zero by adding the constraints that 
d2AV/dX 2 shall be single valued at X l, XII and XIII, respectively. With the 
options of omitting any or all of those three parameters, there are eight 
possible versions of the four-segment model. 

ANALYSES 

Analyses have been carried out for three types of excess molar property 
data for both the acetonitr i le(ACN)-water  and the tetrahydro- 
furan(THF)-water systems. The effectiveness of the three-segment model as 
a curve-fitting tool for the excess properties of the ACN-water  system has 
already been demonstrated [1-3]. It was of interest to find out if there is any 
significant improvement in the quality of fit using the four-segment model. 

The three-segment model was found to be less than satisfactory for use 
with the excess properties of the THF-water  system. It was hoped that the 
four-segment modetwould prove to be more acceptable. 

DATA SETS 

All of the data sets used in this work were taken from the literature. To 
warrant the level of flexibility of the four-segment model, data sets should 
contain at least 30 points which are fairly evenly distributed across the entire 
composition range. 

.4 cetonitri le- water 

Excess molar volumes have been reported by Handa and Benson at 5 
degree intervals over the temperature range 15-35°C [6]. Benson et al. 
reported excess molar heat capacities at 25°C [7]. 

Heats of mixing at 5, 25 and 45°C have been reported by Morcom and 
Smith [8]. The individual data sets are really too sparse for four-segment 
analyses, if the segment junction composition values are to be treated as 
analytic variables. A composite data set for 25°C was constructed on the 
basis of the assumption that the heat capacities of ref. 7 are insensitive to 
variations in temperature. 
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Tetrahydrofuran-water 

Excess molar volumes were taken from two articles, both coming from the 
same laboratory [9,10]. Reference 9 also contains heats of mixing data. The 
same research group have also reported values for the excess molar heat 
capacities at 25°C [11]. 

STRATEGY 

In the first round of analyses, the molar compositions of the segment 
junctions were treated as analytic variables. All four versions of the three- 
segment model and all eight of the four were tried. 

For  any specific combination of values for the segment junctions, the 
opt imum set of physical parameters can be determined by a straightforward 
linear least-squares procedure. Optimization of the segment junctions is 
more complicated because of the discontinuities in AV. It was accomplished 
by a procedure in which the standard deviations of AV are mapped as a 
function of X l, Xli and Xli I. The possibility exists for multiple minima and 
appropriate checks need to be made. 

There is some variation among the opt imum segment junctions found for 
the various data sets of the two systems. An effort was made, for each 
system, to find a compromise set of segment junctions. 

A final set of analyses was carried out using the compromise segment 
junct ion combinations. 

RESULTS 

Variable segment junctions 

A cetonitrile- water 
Volumetric data, Table 1. Neither D w nor D A help to improve the quality of 
fit for the three-segment model over that of the simple three-parameter 
version. The optimised segment junctions are all fairly close to the combina- 
tion of X~ = 0.25 and X n = 0.70 that was used in the analyses reported in ref. 
2. 

Neither D s nor D A affect the quality of fit for the four-segment model 
analyses. It was found that there are two sets of opt imum solutions; one with 
the parameter D w included in the variable set, the other with it excluded. 
Thermal Data, Table 2. Both D w and D A play significant roles in producing 
the optimal three-segment model for the excess molar heat capacities. Only 
D w appears to be significant for the heats of mixing. 

In the four-segment analyses, D a is again a significant parameter for the 
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T A B L E  1 

S e g m e n t e d  c o m p o s i t i o n  m o d e l  a n a l y s e s  o f  e x c e s s  m o l a r  v o l u m e s  o f  a c e t o n i t r i l e - w a t e r  m i x -  

t u r e s  

T e m p .  ( ° C )  = 15  2 0  2 5  3 0  35  

N o .  o f  p o i n t s  = 91  83  88  8 9  58  

a [6] ( m m  3) = 3.1 2 .5  2 .3  1 .6  1 .2  

3 - Segment  analyses 

X l 0 . 2 5 0  0 . 2 5 1  0 . 2 5 4  0 . 2 5 1  0 . 2 5 4  

X n 0 . 7 0 3  0 . 7 0 1  0 . 6 8 8  0 . 6 4 4  0 . 6 4 3  

B ( c m  3) - 1 . 4 4 4  - 1 . 5 3 1  - 1 . 5 4 1  - 1 . 6 5 5  - 1 . 7 0 0  

A V  ° - 0 . 4 4 1  - -  0 . 4 1 4  - 0 . 4 0 1  - 0 . 3 7 9  - 0 . 3 7 0  

A V  ° 0 . 1 2 4  0 . 1 4 2  0 . 1 5 2  0 . 1 8 7  0 . 2 0 3  

o ( m m  3) 2 . 7 5  2 .25  2 .61  2 . 3 2  2 . 6 0  

4 - Segment  analyses 

T y p e  A 

X I 0 . 2 2 2  0 . 2 1 8  0 . 2 1 5  0 . 2 1 1  0 . 2 1 3  

X n 0 . 4 1 3  0 . 3 9 6  0 . 4 6 3  0 . 4 6 5  0 . 4 6 0  

X n i  0 . 7 3 0  0 . 7 2 8  0 . 7 3 9  0 . 6 9 9  0 . 7 0 8  

B ( c m  3) - 1 . 3 3 9  - 1 . 4 2 0  - 1 . 3 1 7  - 1 . 3 8 9  - 1 . 3 7 7  

A V  ° - -  0 . 4 7 4  - 0 . 4 4 8  - 0 . 4 7 2  - 0 . 4 5 9  - 0 . 4 6 4  

A V  ° 0 . 1 0 7  0 . 1 2 3  0 . 1 1 5  0 . 1 3 9  0 . 1 4 3  

A V  ° --  0 . 3 2 5  --  0 . 2 8 4  --  0 . 2 7 5  --  0 . 2 5 3  --  0 . 2 2 0  

o ( m m  3) 2 . 3 7  1 . 7 3  1 .57  1 . 1 9  1 . 0 4  

T y p e  B 

X I 0 . 1 1 0  0 . 1 0 6  0 . 1 2 3  0 . 1 1 6  - a 

X n 0 . 3 1 7  0 . 3 1 2  0 . 3 5 1  0 . 3 4 9  - 

X m 0 . 7 2 2  0 . 7 1 9  0 . 7 2 4  0 . 6 8 4  - 

B ( c m  3) - 1 . 3 7 6  - 1 . 4 6 0  - 1 . 3 9 6  - 1 . 4 8 8  - 

AVw ° - 0 . 4 6 1  - 0 . 4 3 5  - 0 . 4 4 3  - 0 . 4 2 5  - 

AVA° 0 . 1 1 2  0 . 1 2 9  0 . 1 2 6  0 . 1 5 4  - 

AVs° --  0 . 1 3 3  --  0 . 1 1 0  --  0 . 1 4 2  --  0 . 1 2 4  - 

D w 0 . 1 7 7  0 . 1 4 8  0 . 1 4 5  0 . 1 2 8  - 

a ( m m  3) 1 . 9 6  1 . 1 3  1 .43  1 . 2 0  - 

a N o  s o l u t i o n s  o f  t h i s  t y p e .  

heat capacities but not for the heats of mixing. The role played by Dw in the 
three-segment analyses appears to have been taken over by AC ° and AH ° 
and by D s. 

Tetrahydrofuran- water 
Volumetric data, Table 3. The three-segment model is not an effective 
curve-fitting tool for this data. Apart from the 35°C set, the optimised 
segment junction values do not correspond to the conceptual aspects of the 
model. 

The four-segment model is a significantly better curve-fitting tool and its 
optimised segment junction values appear to be reasonable. 
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T A B L E  2 

S e g m e n t e d  c o m p o s i t i o n  m o d e l  a n a l y s e s  of  excess  t h e r m a l  d a t a  for  a c e t o n i t r i l e - w a t e r  m i x -  

tu res  ( 25°C)  

A~p A m  

(J mo1-1  oC - 1 )  (J m o 1 - 1 )  

No .  o f  p o i n t s  = 39 42 

o(l i t )  = 0.04 no t  calc.  

3- Segment analyses 
X l 0.191 0.128 

XII 0.725 0.621 

B 29.89 2854 

A C  ° 0.91 -- 148 

A C  ° 0.75 751 

Dw 9.88 - 219 

D A - 7 . 4 1  a 
O 0.071 7.26 

4 - Segment  analyses 
X I 0.113 0 .104 
Xll 0.286 0.391 

X m 0.751 0.638 

B 32.78 3159 

A 6  "° 0.22 -- 231 

A C  ° 0.09 687 

A C  ° 3.49 -- 207 

D w  a a 

D s 3.43 252 

D A - 5.98 a 
o 0.040 7.08 

a P a r a m e t e r  n o t  i nc l uded  in o p t i m a l  d a t a  set. 

Thermal data, Table 4. The three-segment model fails to do justice to the 
heats of mixing data but is quite effective for the excess heat capacities. 
There is a substantial improvement in the quality of fit for AH on switching 
to the four-segment model. There appear to be two choices for an optimised 
four-segment model for the heat capacity data. 

Representative segment junction combinations 

Various combinations of simple fractional values for the segment junction 
compositions were tested to find representative sets for each of the two 
systems. It transpired that for the three-segment model the combination of 
X =  0.20 and X =  0.667 is the most suitable for both systems. For the 
four-segment models, the best X~ values for the two systems are different 
with the best X~ and XIH combination being the same. That these repre- 
sentative segment junction combinations give reasonable fitted curves for all 
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TABLE 3 

Segmented composition model analyses of excess molar volumes of tetrahydrofuran-water 
mixtures 

Temp. (°C) = 15 20 25 [9] 25 [10] 30 35 
No. of points = 33 32 58 40 33 32 

3 - Segment models 
5-Parameter X~ 0.080 

3-Parameter 

0.081 0.072 0.075 0.078 0.184 
X n 0.191 0.191 0.174 0.175 0.170 0.680 

o 4.67 4.36 4.20 5.41 5.62 5.38 
X l 0.341 0.330 0.320 0.317 0.294 0.282 
X n 0.750 0.719 0.665 0.726 0.683 0.680 
o 11.74 9.63 7.40 7.35 6.79 5.70 

4 - Segment models 
X I 0.089 0.090 0.086 0.085 0.083 0.092 
XII 0.350 0.361 0.318 0.326 0.312 0.323 
XI11 0.735 0.729 0.640 0.719 0.682 0.691 
B -2.125 -2.132 -2.503 -2.277 -2.384 -2.393 

AVw° -- 0.664 -- 0.633 -- 0.538 -- 0.562 -- 0.509 -- 0.487 
AV ° 0.118 0.121 0.210 0.145 0.172 0.178 

AV ° -- 0.065 -- 0.083 -- 0.047 - 0.056 - 0.058 - 0.088 
D w 0.328 0.321 0.234 0.245 0.224 0.236 
o 2.60 2.35 2.74 2.93 2.14 2.27 

o f  t he  d a t a  se ts  c a n  b e  v e r i f i e d  b y  c o m p a r i n g  the  c o n t e n t s  o f  T a b l e s  5 a n d  6 
w i t h  t h o s e  o f  T a b l e s  1 - 4 .  

F i x e d  segment  junct ions  

A cetonitri le-  water 

Three-segment  models, Table 5a. A n a l y s e s  o f  t he  t h r e e  i n d i v i d u a l  h e a t s  o f  

m i x i n g  d a t a  se ts  o f  ref .  8 w e r e  c a r r i e d  ou t ,  in a d d i t i o n  to  the  se ts  p r e v i o u s l y  

a n a l y s e d .  T h e  s t a n d a r d  d e v i a t i o n s  fo r  the  v a r i o u s  d a t a  se ts  a r e  r o u g h l y  o n e  

t h i r d  h i g h e r  t h a n  t h o s e  o f  t he  o p t i m a l  fits.  T h e r e  d o e s  n o t  a p p e a r  to  b e  a n y  

f a c e t  o f  t he  r e s u l t s  o f  these  a n a l y s e s  w h i c h  c o n t r a d i c t s  c o n c l u s i o n s  r e a c h e d  

in  t he  e a r l i e r  a r t i c l e s  [ 1 -3 ] .  

Four-segment  models, Table 5b. T h e r e  is a g e n e r a l  p a t t e r n  o f  i m p r o v e m e n t  in 

t h e  q u a l i t y  o f  fit ,  g o i n g  f r o m  the  t h r ee -  to  the  f o u r - s e g m e n t  m o d e l .  T h e r e  a r e  

o n l y  m o d e s t  c h a n g e s  in  t he  m a g n i t u d e s  o f  the  v a l u e s  o f  the  t h r e e  m a j o r  
p a r a m e t e r s  B, - 0  AVw ~ a n d  AV ° .  

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

i m p a i r i n g  the  q u a l i t y  o f  fit. I t  wi l l  b e  n o t e d  t h a t  the  c o m p r o m i s e  s e g m e n t  

j u n c t i o n  v a l u e s  a r e  c l o s e  to  t h o s e  o f  t he  o p t i m a l  s o l u t i o n s  o f  t y p e  B o f  T a b l e  
1. 
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T A B L E  4 

S e g m e n t e d  c o m p o s i t i o n  mode l  ana l y se s  o f  excess  mo la r  t h e r m a l  p rope r t i e s  of  t e t r a h y d r o -  

f u r a n - w a t e r  m i x t u r e s  (25°C)  

~C ~xB 
( J m o l - 1  o C 1) ( J m o l - ) )  

No .  of  po in t s  = 39 38 
o(li t . :  m m  3) = 0.14 0.66 

3- Segment  models 

X l 0.203 

XI] 0.725 
B 11.41 

AC~ 12.36 

,~ffo 4.01 

D,, 0.06 
D A - 10.85 
o 0.149 

4 - Segment  models 

X~ 0.178 

XI] 0.598 

X m 0.933 
B 56.04 

AC ° - 6 . 6 2  

ACA ° - 1.08 

A C  ° 9.53 

D w  a 

D s 28.89 

DA 
o 0.115 

0.188 

0.589 

- 993 

- 920 

967 
a 

a 

12.90 

0.074 0.150 

0.261 0.563 

0.709 0.710 

8.11 1178 

1 3 . 0 6  - 1 5 4 1  

4.83 533 

3.42 - 673 

- 5.70 
a a 

- 1 2 . 0 1  

0.117 3.30 

" P a r a m e t e r  not  par t  of  o p t i m u m  set. 

The standard deviation o(ACp) is found to be quite sensitive to the choice 
of X m. It is worth noting that the opt imum Xu~ value for the excess molar 
heat capacity data of de Visser et al. [12] is 0.657. 

Tetrahydrofuran-water 
Three-segment models, Table 6a. Several additional sets of heats of mixing 
data were analysed at this stage [13,14]. 

It is interesting to note that while the three-segment model is a poor 
curve-fitting tool for the volumetric data, insofar as it gave nonsensical 
segment junction values and standard deviations which are substantially 
higher than those obtained with the four-segment model, the values obtained 
for B, AV ° and AV ° are quite similar for the two models. 
Four-segment models, Table 6b. There are some modest differences between 
the parameter sets obtained for the two 25°C AV data sets. The differences 



T A B L E  5 

F i x e d  j u n c t i o n  a n a l y s e s  o f  e x c e s s  m o l a r  p r o p e r t i e s  o f  a c e t o n i t r i l e - w a t e r  m i x t u r e s  

431 

3-Segment analyses ( X  l = 0 .200 ,  Xl l  = 0 .667 )  

A V  T e m p .  ( ° C )  = 15 20  25 30 35 

B ( c m  3) - 1 . 4 9 7  - 1 . 5 9 5  - 1 . 6 2 9  - 1 . 7 0 9  - 1 . 7 6 4  

~ P ~  - 0 . 4 2 7  - 0 . 3 9 9  - 0 . 3 8 0  - 0 . 3 6 4  - 0 . 3 5 4  

~ P ~  0 .135  0 .155  0.171 0 .197  0 .216  

D w 0 .248  0 .230  0 .217  0 .203  0 .207  

D A 0 .021 0 .021 - 0 .006  - 0 . 0 5 1  - 0 . 0 6 1  

a ( m m  3) 3 .19  2.83 3.33 2.95 3.46 

ACp A H 5 ° C  A H 2 5 ° C  a H~omb A H 4 5 ° C  

B 28 .80  2 1 4 7  2581 2725  3442  

~ C ~  0 . 9 4  - 120 - 93 - 111 - 1 1 5  

~ ' ~  1 .32  757  797 771 760  

D w 9 .96  - 708 - 578 - 518 - 282  

D A - 8 .17  - 215 - 326 - 319 - 4 3 0  

o 0 .093  7 .28  6.41 9 .74  8 .90  

4-Segment analyses ( X  I = 0 .111 ,  Xt l  = 0 .333 ,  XHI = 0 .667 )  

A V  T e m p .  ( ° C )  = 15 20  25 30 35 

B - 1 .356  - 1 .440  - 1.411 - 1 .500  - 1 .519 

~ V ~  - 0 . 4 5 6  - 0 .439  - 0 .438  - 0 . 4 2 2  - 0 . 4 1 8  

~ V ~  0 .107  0 .123  0 .127  0 .156  0 .166  

~ V ~  - 0 . 1 4 0  - 0 .123  - 0 .118  - 0 . 1 1 5  - 0 . 1 0 8  

D w 0 . 1 8 4  0 .158  0 .139  0 .126  0 .110  

D s - 0 . 0 2 8  - 0 .034  0 .003  0 .023  0 .042  

D A 0 .072  0 .076  0 .069  0 .018  0 .023  

o 2.01 1.21 1.58 1.23 1.36 

A~p A ~ 5 o c  A ~  2 5 o c  A ~ o m b .  A ~ 4 5 o c  

B 29 .17  2132  2761 3095  3870  

A C ~  0.31 - 106 - 136 - 206  - 225 

~ C ~  1.26 754  758 694  671 

~ C ~  4 .14  - 202  - 217 - 229 - 140  

D w - 0 . 9 7  - 114 - 20  - 16 - 72 

D s - 0 .29  - 203 71 240  262  

D A - 8 .10  - 203 - 251 - 176 - 268 

o 0 .78  3 .96  4 .12  7.42 4 .77  

between the two data sets, which were obtained in the same laboratory using 
different measurement techniques, are shown graphically in ref. 10. The 
authors of ref. 10 express the opinion that the data of ref. 9 are the more 
accurate. 
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T A B L E  6 

Fixed junc t ion  analyses  of  excess mola r  proper t ies  of  t e t r a h y d r o f u r a n - w a t e r  mix tures  

3-Segment analyses ( X  I = 0.200, XII = 0.667) 

AV Temp.  ( ° C ) =  15 20 25 [10] 25 [9] 30 35 

B - 2.443 - 2.507 - 2.542 - 2.789 - 2.536 

AV ° - 0.578 - 0.530 -- 0.495 - 0.465 -- 0.458 

AV ° 0.181 0.196 0.202 0.270 0.202 

D W 0.746 0.618 0.538 0.486 0.449 

D A - 0 . 0 3 8  - 0 . 0 7 1  - 0 . 0 4 0  - 0 . 1 5 9  - 0 . 0 3 1  

o 9.73 8.86 7.25 7.24 6.45 

a R 2 5 o c  a H 2 5 o c  a ~ 2 5 o c  A ~ 1 0 o c  A~p 

[9] [13] [14] [14] 

B - 6 7 8  + 111 - 947 - 997 7.99 

A H ~  - 960 - 1081 - 894 - 1079 12.76 

A H ~  857 615 899 806 5.29 

D w - 70 403 - 352 - 345 - 1.32 

D^ - 311 169 - 303 - 147 - 11.05 

a 14.46 18.47 16.45 19.99 0.171 

- 2.566 

- 0.441 

0.215 

0.383 

- 0.033 

5.53 

4-Segment analyses ( X  I = 0.091, S l l  = 0.333, X m = 0.667) 

AV Temp.  ( °C)  = 15 20 25 [10] 25 [9] 30 35 

B - 2 . 1 6 3  - 2 . 1 8 4  - 2 . 2 8 1  - 2 . 4 4 2  - 2 . 3 4 9  - 2 . 4 0 3  

AV ° -- 0.654 -- 0.619 -- 0.562 -- 0.552 -- 0.520 -- 0.485 

AV ° 0.125 0.131 0.146 0.195 0.166 0.181 

AV ° - 0.067 -- 0.083 -- 0.072 -- 0.066 -- 0.085 -- 0.087 

D w 0.330 0.318 0.265 0.259 0.258 0.235 

D s 0.068 0.097 - 0.007 - 0.013 - 0.012 - 0.043 

D n 0.061 0.049 0.064 - 0.016 0.031 0.031 

o 2.87 2.55 3.14 2.81 2.33 2.39 

an25oc a~25oc aH25oc a~looc a~p 
[9] [131 [141 [141 

B 26 1097 106 - 4 6  2.20 

A H ~  - 1141 - 1357 - 1158 - 1305 14.18 

A H ~  711 421 686 602 6.55 

A H ~  - 4 4 9  - 340 - 460 - 474 5.27 

D w 382 270 342 265 - 6.67 

D s 78 272 169 - 108 1.36 

D A - 4 0  518 61 224 - 13.45 

o 7.00 8.22 8.31 8.34 0.318 

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

f o r  t h e  t h r e e  2 5 ° C  A H  d a t a  s e t s .  W h i l e  t h e  d a t a  o f  r e f s .  9 a n d  1 4  a r e  

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

t h e  d a t a  o f  r e f .  13 .  T h o s e  d i f f e r e n c e s  a r e  s h o w n  g r a p h i c a l l y  i n  r e f .  13 .  
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DISCUSSION 

Curve fitting 

The four-segment model is a significantly better curve-fitting tool than the 
three. Its use is, however, only warranted for large high-precision data sets, 
particularly if the segment junction values are to be included among the data 
analytic variables. In this context, it is appropriate to note that the size of a 
data set can be misleading. For quite valid reasons, many investigators have 
made most of their measurements on water-rich mixtures, with relatively 
sparse information about the other composition regions. 

It is probable that the model could be further improved in the extreme 
water-rich range. It is doubtful whether the model gives an accurate account 
of the systems close to infinite dilution. 

The quality of fit appears to be good enough to warrant serious considera- 
tion of the implications of the various sets of model parameter values. 

INTERPRETATION OF THE RESULTS 

The principal aqueous microphase 

It is suggested that, in the vicinity of the polar groups of the organic 
molecules, the water molecules tend to adopt a pattern of self-aggregation 
which is different from that of the pure liquid. The quantities AV ° ,  AHw° and 
AC ° are treated as excess molar properties of this aqueous microphase. 

The analyses indicate that, in both systems, the aqueous microphase is 
significantly more compact than is pure water. The effect appears to be more 
pronounced in the T H F - w a t e r  system than in the A C N - w a t e r  system. For 
both systems, the magnitude of the contraction decreases quite significantly 
with increasing temperature. Earlier studies of the A C N - w a t e r  system [2] 
indicate that the microphase water exhibits a more normal pattern of 
thermal expansion than does pure water. 

- - 0  AH w is moderately negative ( - 1 0 0  J) for the A C N - w a t e r  system and 
quite significantly so ( - 1000 J) for THF-wate r .  AC ° is almost negligible for 
A C N - w a t e r  but quite large and positive for THF-wate r .  It is suggested that 
the microphase is more highly structured in THF-wate r .  Such a suggestion 
might well account for the exceptionally high viscosity of water-rich mixtures 
(71 = 1.75 cp for X A = 0.13) [15]. 

The organic microphase 

It is suggested that those organic molecules, which are in direct contact 
with the aqueous microphase, tend to form a layered microphase with the 
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polar groups inclined towards the water molecules. In such a situation, 
contact between pairs of organic molecules would tend to be restricted to 
that of their hydrocarbon groups. 

AV ° and AH ° are both positive for both systems, which is consistent with 
diminished intermolecular attraction. The magnitudes of both parameters 
are nearly the same for both systems. AC ° is somewhat larger for the 
THF-water  system than the ACN-water  system, which suggests that the 
organic microphase is more highly structured in the former system. 

The microphase interface 

Parameters of type B are regarded as being measures of the effects, upon 
the various physical properties, of the interactions existing across the inter- 
face between the aqueous and organic microphases. 

B(AV) is quite large and negative for both systems. The value for 
THF-water  is roughly half as large again as that for ACN-water  but still 
substantially less than that for DMSO-water [1]. The volume decrease must 
be due to more efficient packing, since B(AH) is quite large and positive for 
ACN-water  and quite small for THF-water.  

There is a substantial difference between the values of B(AC) for 
ACN-water  (large and positive) and THF-water  (very small). The result for 
ACN-water  suggests a low entropy interface. This is consistent with the 
existence of an upper critical solution temperature of -1.05 _+ 0.15°C at 
X = 0.38 + 0.02 [161. 

The organic-rich segment 

It is suggested that in the organic-rich segment, the microheterogeneous 
aggregates tend to adopt an inverted micellular form. Parameters of the type 
D A a r e  taken to represent the effects of the interactions between such 
aggregates and those of the pure organic component. 

DA(AV ) is virtually negligible for both systems, possibly because in the 
pure liquids the molecules tend to form small clusters with their polar groups 
innermost and their hydrocarbon moieties forming an outer shell similar to 
that of an inverted micelle. 

DA(AH ) is apparently negative for the ACN-water  system, but poorly 
defined for THF-water.  DA(ACp) is quite large and negative for both 
systems. This might be an artifact of the model equations, but it may 
indicate that at lower temperatures mixing of the two types of molecular 
aggregates leads to some kind of enhanced freedom of motion which 
diminishes as the temperature increases. 

The secondary aqueous microphase 

The parameters AV °,  AH ° and AC -° are taken to represent the excess 
molar properties of a secondary aqueous microphase. This microphase is 
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formed from water molecules, too numerous to be accomodated in the 
microheterogeneous aggregates but in direct contact with them. It is the 
introduction of this type of parameter which distinguishes the four-segment 
model from the three. 

The AV ° values for both systems are negative but considerably smaller 
than the corresponding AV ° values. 

The A H  ° values for the two systems are much closer than are the 
corresponding A H  ° values. There is a comparable situation with the AC s-° 
values. 

There are two possible explanations for the origin of this second aqueous 
microphase. Either it is formed from water molecules which are in contact 
with the hydrocarbon groups of the organic molecules or the microheteroge- 
neous aggregates tend to assume a micellular form and the new microphase 
constitutes an enveloping layer. 

That there is a noticeable improvement in the quality of fit in going from 
the three- to the four-segment model would seem to support the concept of a 
secondary microphase. If that microphase was induced by contact between 
its component  water molecules and the hydrocarbon groups of the organic 
molecules, one would expect the parameter D~(AH) to be quite large and 
positive. What is found is that, for most of the data sets, that parameter 
could be omitted without making much difference to the quality of fit. When 
included, the values are of mixed sign. 

Clearly, the results are not conclusive. They suggest that this secondary 
aqueous microphase is more likely to be an outer layer to a micellular 
microheterogeneous aggregate than a microlayer in contact with hydro- 
carbon groups. 

The water-rich segment 

At the composition X A = X I, all of the water molecules are either con- 
stituents of microheterogeneous aggregates or of the secondary microphase. 
As the mole fraction of the organic component  decreases, so an increasing 
proport ion of the water molecules will be situated in pure liquid environ- 
ments. As infinite dilution is approached the microheterogeneous aggregates 
will tend to disperse with the organic molecules becoming isolated solute 
species. 

Parameters of the type D w represent the effects upon the physical proper- 
ties of the interactions between pure water and the mixed aggregates. If the 
tentative conclusions reached about  the structural characteristics of the 
secondary segment are correct, then it is only in the water-rich segment that 
one would expect to find any appreciable effects from the interactions 
between water and hydrocarbon groups. 

Dw(AV ) is a non-trivial positive quantity for both systems, larger for 
T H F - w a t e r  than for ACN-wate r .  The parameters Dw(zXH) and Dw(ACp) 
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are both quite small for the ACN-wa te r  system. Dw(AH) is quite substan- 
tial and positive for the T H F - w a t e r  system.  Dw(ACp) is quite large and 
negative for the same system. 

One possible explanation for the T H F - w a t e r  results is that the additional 
water tends to destabilise the microheterogeneous aggregates, the effect 
being more pronounced at lower temperatures. 

CONCLUSIONS 

I t h a s  been demonstrated that a model, which embodies the assumption 
that the A C N - w a t e r  and T H F - w a t e r  systems each have four distinct 
composition segments, is a superior curve-fitting tool to the model previ- 
ously described in which only three segments were assumed. Plots of the 
data-sets used in this work can be found in earlier articles [6-11]. The fitted 
curves of this work all pass neatly through the data points. 

The results of the various analyses support, but do not conclusively prove, 
the existence of a structural pattern of layered microphases across the 
composition range 0.333-0.667. The aqueous microphase appears to be more 
compact and of lower enthalpy than pure water. The organic microphases 
are less compact and of higher enthalpy than the corresponding pure liquids. 
The results suggest that the microphases are more structurally ordered in the 
T H F - w a t e r  system than in the A C N - w a t e r  system. 

It is suggested that the microheterogeneous aggregates tend to have a 
micellular character at the water-rich end of the composition range and an 
inverted micellular character at the organic-rich end. 

If that concept is correct then the organic-rich segment is a mixture of 
microheterogeneous and pure organic molecular aggregates. 

The assumption made, in the formulation of the three-segment model, was 
that there is a single water-rich segment in which microheterogenous aggre- 
gates coexist with pure water aggregates. Experience would seem to indicate 
that this assumption is overly simplistic. It is suggested that those water 
molecules which are in direct contact with the microheterogeneous aggre- 
gates form a distinct secondary microphase. 

The model that seems to be emerging from these studies is one in which 
direct contact between water molecules and the hydrocarbon groups of the 
organic molecules is kept to a bare minimum. 

It should be stressed again that the interpretation of bulk properties of 
liquid mixtures is inevitably a highly speculative business. The models 
described in this and earlier articles [1-3] have sought to quantify the general 
ideas of composition segmentation and microphase formation which have 
been voiced in the literature for some time. Whether or not the tentative 
conclusions that have been drawn hitherto will prove to have any great merit 
does not affect the contention that this is a viable approach to the study of 
this particular class of systems. 
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