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ABSTRACT 

A segmented composthon model has been used to analyse a number of sets of values of 
the excess molar volumes of the acetomtnle-water system, covenng fatrly wrde ranges of 
temperature and pressure. The assumptron of the existence of reasonably discrete compost- 
tron segments for a binary nnxture introduces hypothetical standard states of tts components 
The properties of those hypothetical states have been explored and some conclustons made 
about the posstble patterns of molecular aggregation 

INTRODUCTION 

A procedure has been devloped for analysing the excess physical proper- 
ties of binary liquid systems which, like the acetonitrile-water system, might 
reasonably be treated as if possessing three distinct composition segments 
[l]. The results of analyses, reported in ref. 1, demonstrate that this three- 
segment model is a viable curve-fitting tool for the excess properties of the 
acetonitrile-water system. A further feature of the model is the likelihood 
that its parameters are each associated with some feature of the patterns of 
molecular aggregation of the system. 

One of the analyses, reported in ref. 1, is of excess molar volumes of 
acetonitrile-water mixtures at 25OC and ambient pressure. As a logical 
extension of that work, analyses have been performed of excess molar 
volume data that have been reported for various combinations of tempera- 
ture and pressure. 

Analyses have been carried out upon data sets of widely varying precision 
and point density in an effort to appraise the sensitivity of the results to the 
quality of data. It was found that, in the context of the excess molar volume 
data for this specific system, it is generally reasonable and frequently 
desirable to use a simplified version of the model described in ref. 1. Efforts 
have been made to reconcile the results of these analyses with some prevail- 
ing ideas concerning structural patterns in binary systems. 
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THE THREE-SEGMENT MODEL 

In the context of this model, the excess molar volumes of a binary liquid 
system are defined when values are assigned to the two segment Junctions X, 
(the mole fraction of acetonitrile) = Xi and X,, and to each of the five 
parameters Av$,, Avi, B, C, and C,. The respective model equations for 
the three segments are: 

for the water-rich segment (0 < X, $ X,) 

Av= BX,(~ _ xA) + Av$x, ((l - xA)-(l - x1)2) 
x: 

+ Av=X, - &,X,(X, - X,)’ 

for the central (microheterogeneous) segment (Xi < XA < Xi,) 

(1) 

Ar= BX,(l -X,) + Av.$(l - XA) + AFiX, (2) 
for the acetonitrile-rich segment (Xi, < XA Q 1) 

Av= BX,(l -X,) + Av;(l - XA) 

+A~~(l-xA)(xA-x’) -+c,(I-X,)(X,-X,,)~ 
(1 - X,,)’ 

The derivation of these equations is given in ref. 1. For a specific 
combinatron of XI and X,, values, the five parameters are optimised by a 
straightforward least-squares procedure. The optimum combmation of X, 
and X,, is determmed by mapping the standard deviation a( Av) as a 
function of XI and X,,. 

The parameters AV$ and AVj are constants of mtegration of the 
Gibbs-Duhem equation over the composition range of the central segment. 
As such, they arise as excess molar properties of hypothetical standard states 
of water and acetonitrile, respectively. They may be regarded as measures of 
the effects of self-aggregation of the two components within that segment. It 
is appropriate to note that Naberukhin and Rogov [2] have used the term 
“rmcroheterogeneous” to describe the central segment. It is their contention 
that there is a tendency for each of the components to form globules or 
microphases. 
B, C, and CA are analogs of the Margoules parameters. B is taken to 

represent the effect, upon the molar volume, of the interactions between 
unlike pairs of molecules within the microheterogeneous segment. C, and 
CA are related to the effects of interactions between the nuxed aggregates, 
characteristic of the central segment, and aggregates whrch are characteristic 
of the pure liquids. 

The derivation of eqns. (l)-(3) includes the assumpttons that both Avand 
d Av/dX, are smgle valued at each of the segment Junctions; that is 
equivalent to assuming that both partial molar volumes are single valued-at 
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X, = Xi and X, = X,,. There is, however, no requirement that the partial 
molar volume derivatives dV,/dX, and dvA/dX, need to be single valued 
at the segment Junctions. If such constraints are added to the model, one 
obtams the relationships 

Av$, = - :CwX; (4 

AT;= - &(l - x,,)’ (5) 

Consequently, the number of model parameters 1s reduced from five to 
three and eqns. (l)-(3) become: 

for the water-rich segment (0 i X, G X1) 

Av=SX,(l -XA)+Av;[(1-X,)-(X,-X,)3/X;] +Av:X* 

for the microheterogeneous segment (X, G X, G X,,) 

Av= SX,(l - X,) + Av;(l - X,) + Av;XA 

(6) 

(7) 

TABLE I 

Results of analyses of excess molar volumes of acetomtnle-water mixtures (25°C. 1 atm) 
usmg the five-parameter model 

Ref. n B Av$ Avi -+c,x; -f&(1- X,,)3 o(Av) 

X,=025,X1,=070 
3 12 - 2.301 -0274 
4 6 -1597 -0 367 
5 24 -1492 -0 416 
6 8 -1 582 -0418 
7 9 -3 589 -0008 
8 (19) -1975 -0 294 
9 10 -3 162 - 0.080 

10 27 - 1.507 -0411 
11 10 -1622 -0 390 
12 88 -1537 -0402 
13 8 -1571 -0401 
476 -1455 -0439 
5, 11 -1516 - 0.409 

10,13 -1 529 -0407 
5, 10, 11, 

12,13 - 1520 -0406 
a* 0 019 0004 

X, = 0 257, X,, = 0 695 
5, 10, 11, 

12,13 - 1.517 -0 407 

X, = 0.254, X,, = 0 688 
12 - 1.540 -0402 

0.377 -0230 -0 117 0 0181 
0 155 0 465 0 169 0 0013 
0 154 -0 337 0 094 0 0048 
0.148 -0 372 0 010 0 0015 
0 586 -1150 -1 323 0 0605 
0 254 -0 274 -0 015 (0 0021) 
0 625 0 874 -0591 0 0196 
0138 -0 378 0 162 0 0023 
0 173 -0 391 0 095 0 0047 
0150 -0382 0 137 0 0027 
0 161 -0 360 0 189 0 0031 
0 127 -0 360 0 136 0 0140 
0 154 -0 357 0 104 0 0053 
0 145 -0 372 0 172 0 0031 

0 148 -0375 0 139 
0 005 0009 0 009 

0.147 -0406 0 147 0 0037 

0 151 -0401 0 152 0.0027 

0 0037 

n = Number of data pomts 
(I* = Standard errors of parameters (fixed X,, X,,) 
Units = cm3 
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for the acetonitrile-rich segment (X,, G X, < 1) 

Av= BX,(l - X,) + Av$(l - X,) 

+A~[X~-(X*-X**)3/(I-X**)3] (8) 

EXCESS MOLAR VOLUMES AT 25’C AND 1 ATM 

Eleven sets of values of either densities or excess molar volumes of 
acetomtrile-water mixtures were taken from the literature [3-131. Each of 
the data sets was analysed using the five-parameter version of the three-seg- 
ment model. The results are set out in Table 1. The optimum combinations 
of X, and X,, for the larger data sets were all close to X, = 0.25, X,, = 0.70. 
Unless stated otherwise, all the results reported in this work correspond to 
that combmation. 

The results appear to speak for themselves The data of refs. 3, 7 and 9 are 
less internally consistent that the other sets and yield significantly different 
parameter sets. The density tabulation of ref 8 conststs not of primary data 
but of values of a fitting function. Consequently tts analysis is more properly 
Judged on the consistency of its parameter values with the other sets than on 
the standard devtation a( Al/). 

The other seven data sets were obtained using three different techniques. 
The data of refs. 4 and 6 were combined to form a representative set of 
pycnometric values. Similarly, a combined dtlatometric set was formed from 
the data of refs. 5 and 11. The data of refs. 10, 12, and 13 were obtained 
using vibrating tube densimeters. The data of refs. 10 and 13 were combined 
mto one set, leaving the very large set of ref. 12 to serve as a standard. There 
is a striking sunilanty between the parameter sets derived for the three 
combined data sets. Although the pycnometric data are less precise than the 
others, it 1s apparent that the mformation they provide 1s fairly useful. It 
should be acknowledged that some of the less precise data sets were obtained 
m conlunction with viscosity determmations, where the precision require- 
ments are quite modest 

The data of refs. 5, 10, 11, 12 and 13 were combined to form one large set. 
As can be seen in Table 1, analyses of this large set and of the data of ref. 12 
alone give essentially the same results. 

It is noted that the conditions expressed by eqns. (4) and (5) are satisfied 
by the two largest data sets, when the segment Junctions are optimised and 
very nearly so when the combmation Xi = 0 25, X,, = 0.70 is imposed. This 
fmding prompted a further series of analyses using the three-parameter 
model as defined by eqns. (6)-(8) The results of these analyses are given m 
Table 2. 

The differences between the results of the two sets of analyses border on 
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TABLE 2 
Results of analyses of excess molar volumes of acetomtnle-water rmxtures (25’C, 1 atm) 
usmg the three-parameter model 

Ref B AF:: AC u(Av) 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

496 
5, 11 

10,13 
5, 10, 11,12, 13 

a* 

5, 10, 11, 12, 13 

12 

X, = 0.25, X,, = 0.70 
-1966 - 0.297 
- 1.877 - 0.270 
-1526 -0 399 
-1516 -0420 
- 1.099 -0499 
-1792 - 0.313 
- 3.190 0.070 
-1555 -0400 
- 1.568 - 0.396 
-1540 -0 398 
- 1627 -0 387 
-1509 -0423 
-1529 -0400 
-1580 -0395 
-1539 -0 399 
(0 008) (0 002) 

X, = 0 257, X,, = 0 695 
-1517 -0407 

XI = 0 254, X,, = 0.688 
- 1.540 - 0.401 

0 249 
0.190 
0 151 
0 118 

-0069 
0 189 
0.463 
0 148 
0 154 
0.148 
0 173 
0 135 
0 149 
0 156 
0 149 

(0 002) 

0 147 

0 152 0 0026 

0.0216 
0 0056 
0 0055 
0.0053 
0 0793 
0 0084 
0.0605 
0 0023 
0 0047 
0.0028 
0 0029 
0 0128 
0 0056 
0 0032 
0.0038 

0 0037 

being insignificant. It should be noted that there are some systematic 
differences between the data of ref. 12 and the best three-parameter curve, 
although they are too small to show up on a normal sized graph. Those 
differences are not substantially diminished by going to the five-parameter 
model. 

TEMPERATURE DEPENDENCE OF THE EXCESS MOLAR VOLUMES 

Refs. 5, 8, 9, 11 and 12 each contam either density or excess molar volume 
values for acetonitrile-water mixtures at ambient pressure and temperatures 
other than 25°C. Two other data sets were found for 20°C [14,15]. Each of 
the data sets was analysed, usmg both versions of the three-segment model. 
The results of those analyses are set out m Tables 3 and 4. 

From the standpoint of internal consistency, as Judged from the standard 
deviations a( AP), the data of refs. 9, 14 and 15 are of lower quality than the 
others. It is also apparent that the data of ref. 12 is of exceptionally high 
caliber. 
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TABLE 3 

Results of analyses of excess molar volumes of acetomtnle-water nuxtures m the temperature 
range S-75”C, usmg the five-parameter model (X, = 0.25, X,, = 0.70) 

Ref. n T(OC) B Ap$ Ari - +C,X: - 4C,(l- X,*)3 u 

8 (19) 5 - 1.520 -0.484 0 139 -0 577 0.122 (0.0088) 
5 
8 

(Z) 15” - 1265 - 0 500 0.097 -0.454 0 083 0.0061 
-1498 -0.490 0 156 -0343 0 119 (0 0037) 

12 91 15 -1446 -0440 0124 -0442 0.127 0.0028 

14 9 20 -4.413 -0152 0950 -0940 -1216 0.0470 

15 13 20 -2.893 -0294 0.513 -0320 0 224 0 0309 
12 83 20 -1.533 -0.414 0.142 -0 411 0 143 0 0023 
5, 10, 11, 

12,13 157 25 - 1.520 -0.406 0.148 -0.375 0 139 0 0037 
12 88 25 - 1537 -0.402 0.150 -0.382 0 137 0.0027 
12 89 30 - 1618 -0.385 0 176 -0.369 0 113 0 0025 
8 (19) 35 -1.627 -0412 0 174 -0 219 0.144 (0.0023) 
9 10 35 -2.956 -0098 0529 0.809 -0 213 0.0287 

12 58 35 -1.655 -0377 0189 -0341 0 121 0 0032 

9 10 45 -2.755 -0135 0.446 0.712 0.040 0.0403 
11 10 50 - 1943 - 0.323 0.272 -0 316 -0203 0.0080 

9 10 55 -2 350 -0 205 0.318 0.775 0.442 0.0555 

11 9 75 -2107 -0315 0343 -0235 0 146 0 0082 

TABLE 4 

Results of analyses of excess molar volumes of acetomtnle-water nuxtures m the temperature 
range 5-75’C, usmg the three-parameter model (X, = 0.25, X,, = 0.70) 

Ref. T(“C) B AV:: AVi a 

8 5 - 1.447 -0 504 0 126 (0 0087) 

5 6 - 1.294 - 0.490 0 099 0 0057 

8 15 -1568 - 0.463 0 160 (0.0061) 

12 15 - 1.447 -0440 0125 0 0028 

14 20 -2026 - 0.541 0 279 0 0668 
15 20 -2691 -0 318 0.441 0 0285 

12 20 - 1.537 -0413 0 143 0.0023 

5, 10, 11, 12,13 25 - 1.539 -0 399 0 149 0 0038 

12 25 -1540 -0 398 0 148 0 0028 
12 30 -1577 - 0.387 0 158 0 0031 

8 35 - 1.732 -0 376 0184 (0 0066) 

9 35 - 3.240 +0072 0469 0 0524 
12 35 -1620 - 0.375 0 171 00040 

9 45 - 3.199 + 0.043 0 456 0 0513 

11 50 -1624 -0 358 0 158 0.0159 

9 55 - 3.233 +0043 0.463 0 0595 

11 75 -2015 -0 316 0.301 0 0103 



TABLE 5 

Temperature dependence of the three-segment model parameters for the excess molar 
volumes of the acetomtnle-water system (X, = 0.25, X1, = 0 70) 
FIVE-PARAMETER VERSION 

Parameter Range of T(‘C) fcn( T°C) o(B) 

B 5-75 
15-35 

AT:: 5-75 

15-35 

- +c,x: 5-75 

15-35 

AF2 5-75 
15-35 

- $C*(l- x,# 5-75 
15-35 

- 1.305 - 0.0108T 
-1306-OOlOlT 
-0 524+5.37x10-‘T 

-3 38~10-~T* 
-0532+7.53~10-~T 

-8.86xlO-5T* 
-0547+890x10-3T 

-6.56x10-‘T2 

-0.547+802~lO-~T 
-6.29~1O-~T* 

0.083+3 31~10-~T 
0074+3.28~1O-~T 
0113+052x10-3T 
0149-084~10-~T 

Temperature denvatrves at 25OC (cm 3 T - ’ mole - ‘) 
5-75°C 15-35°c 

dB/dT - 0.0108 -0 0101 
dAv$/dT 3 68x10-3 3 10x 10-3 
dAvi/dT 3 31x10-3 3 28~10-~ 
- +X;dC,/dT 5 62x1O-3 488~10-~ 
- ;(l- X,J3dC’/dT 052~10-~ -0 84~10-~ 

0.0717 
0 0182 
0 0197 

0.0025 

0 0536 

00044 

0 0197 
0 0037 
0.0155 
0.0101 

THREE-PARAMETER VERSION 

Parameter Range of T(“C) fen (T”C) a(B) 

B 5-75 -1.349-8.18~10-~T 0.0711 
15-35 -1.352-7.70x10-3T 0 0190 

AF$ 5-75 -0523+523x10-3T 0 0103 
-396x10-‘T* 

15-35 -0537+798x10-‘T 0 0024 
-971x10-‘T* 

AT: 5-75 0097+227x10-3T 0.0222 

15-35 
Temperature denvatroes at 25’ C 

5-75 
dB/dT -0.00818 
dAv$/dT 0.00325 
dApz/dT 0 00227 

0.096+2.14~1O-~T 0 0029 

15-35 
- 0.00770 

0 00313 
0 00214 
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The temperature dependence of each of the model parameters was in- 
vestigated. Two series of analyses were performed. One senes involved the 
combined data of refs. 5, 8, 11 and 12 and spans the temperature range 
5-75OC; the other series used only the data of ref. 12 which spans only the 
range 1535°C. 

With the exception of Avg and - +C,X:, the parameters were found to 
vary in an approximately linear fashion with temperature. The results of 
these analyses are given in Table 5. 

It is Judged that the use of the five-parameter model, in preference to the 
three-parameter model, is only warranted for data sets of the high pomt 
density and level of precision that is exemplified by those of ref. 12. Even in 
those cases, the distinction between the results of the two versions of the 
analyttc process must be approached with considerable caution insofar as 
physical interpretation is concerned. 

From the values of the temperature derivatives of the model parameters, 
which are reported for 25OC in Table 5, it is possible to calculate the molar 
expansivities dv/dT and the coefficients of thermal expansion (Y in the form 
of functions of X,. Plots of the excess coefficients of thermal expansion and 
of the partial molar excess expansivities against X,, based upon the results 
given in Table 5 are very sirmlar to those shown m ref. 12. 

The parameters Av$ and Avi arise m the derivation of the model 

TABLE 6 

Results of analyses of the temperature dependence of hypothetical standard states of 
acetomtrde and water m their rmxtures 

~“(ooc) A, A2 4 

WATER 
s-7YC 

v” (Normal) 
To (Hypothetical) 

15-3YC 
v” (Normal) 
v” (Hypothetical) 

ACETONITRILE 
5-7s”c 

To (Normal) 
8’ (HypothetIcal) 

15-35°C 
To (Normal) 
To (Hypothetxal) 

18.013 - 0.023 +1054 -0 258 

17.490 +0 538 + 0.669 -0266 

18.006 + 0.044 + 0.829 

17.468 +o 866 -0200 

51.081 7 285 -1088 2.187 

51.179 7.480 -0 920 2 017 

51.141 6.550 1400 

51237 6.762 1400 

Volume umts = end. 
Flttmg equation 

v” = v”(OoC) + A, (T/100) + A, ( Z-/lOO)2 + A, ( T/lOO)3 
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equations m a manner which identifies them as excess properties of hypo- 
thetical standard states. The temperature dependence of the two pure liquid 
molar volumes are known [9,12,16,17]. Consequently it is possible to calcu- 
late the molar volumes of the two hypothetical standard states and to 
compare their respective temperature dependences with those of the pure 
(normal) liquids. 

The results of fitting polynomial functions of T(OC) to the molar volumes 
of both the normal and hypothetical states of the two component hquids are 
set out in Table 6. It is noted that there is an appreciable difference between 
the temperature sensitivities of the molar volumes of the two states of water 
but not for those of acetonitrile. 

PRESSURE DEPENDENCE OF THE EXCESS MOLAR VOLUMES 

Refs. 11 and 13 contain tabulations of excess molar volumes of 
acetonitrile-water mixtures at 25°C and pressures up to 250 MPa. These 
data sets are relatively sparse and only the results of the three-parameter 
analyses are considered. The results of those analyses are given m Table 7. 

The two data sets appear to be mutually consistent; with the dilatometric 
data of ref. 11 showing slightly better internal consistency than does the 
densimetric data of ref. 13. The optirmsed parameter values vary m a 

TABLE 7 

Results of analyses of excess molar volumes of acetomtrde-water rmxtures at elevated 
pressures (T = 25’C, XI = 0 25, X,, = 0.70) 

Ref P(MPa) B AT; APi a( Av) 

01 - 1.539 - 0.399 0 149 
11 10 - 1.385 
11 50 - 0.956 
13 - 0.899 
11+13 -0933 
11 100 -0 633 
13 - 0.610 
11+13 -0 627 
11 150 - 0.465 
13 - 0.443 
11+13 -0461 
11 200 - 0.312 
13 - 0.330 
11+13 - 0.326 
11 250 - 0.265 
13 -0 355 
11+13 -0 306 

-0 370 0.145 0.0020 
- 0.293 0.138 0 0028 
-0299 0 120 0 0088 
- 0.296 0 134 0 0060 
- 0.225 0 114 0 0046 
-0221 0.112 0 0091 
- 0.223 0 113 0 0070 
-0 172 0 099 0 0057 
-0 167 0.102 0.0102 
-0 169 0 101 0 0083 
-0 136 0 076 0 0061 
-0 127 0 095 0 0100 
-0.131 0.085 0.0089 
-0 102 0.078 00058 
- 0.087 0 107 0.0090 
-0095 0.092 0 0076 

Volume umts = cm3 
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TABLE 8 

Pressure dependence of the parameters of the three segment model for the excess molar 
volumes of the acetomtnle-water system at 25’C 

Polynomtal f’t 
B = - 1 527 + 1.378( P/100) -0 568( P/lOO)2 +0 088( P/10Q3 
AT; = - 0.397 + 0 243 - 0.082 +0013 
Ak’,” =0151-0042 +0004 
Units volume = cm3, pressure = MPa 

Tart equatron parameters [eqn (9)] 

Bo a a 
B -1540 1 201 
AF, -0 399 1244 
Av- +o 149 - 24.87 

&lo* Pa) 
1072 
1631 

- 119.6 

Pressure derlvatlves at P = 0 1 MPa (cm3 x 10e5/Pa) 

From polynomral fit From Talt equation 

(SB/~P)T 1378~10-~ 1 287x1O-3 
(SAv;/Sp)T 0243~10-~ 0246~10-~ 
(SAi;;,o/Sp)T -0.042~10-~ -oo31x1o-3 

a Values adopted for the parameters at zero pressure 

reasonably smooth fashion with increasing pressure. The polynomial pres- 
sure dependences of the three parameters were estimated and are given in 
Table 8. The pressure dependences of the parameters may also be expressed 
m terms of an analog of the Tait equation 

B,--B (Y ----=- 
BCIP L-P 

(9) 

where B,, is the value of the parameter at zero pressure. 
If the B, values are fixed, it is a simple matter to optimise (Y and j3. The 

pressure derivatives of the model parameters, at 0.1 MPa (1 atm) and 25°C 
were estimated from both the polynomial and Tait equation analyses. The 
two sets of values are quite similar, as shown in Table 8. 

From the values derived for Av$ and Avi, together with the molar 
volumes of the pure liquids [13,16,17], it was possible to determine the 
sensitivities of the molar volumes of the hypothetical (microphase) states of 
the components to applied pressure. The results of those analyses are given 
m Table 9. As with the sensitivities to temperature variations, there is little 
difference between the normal and hypothetical states of acetomtrile. Larger 
differences are found between the pressure sensitivities of the molar volumes 
of the two states of water. 
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TABLE 9 

Results of analyses of the pressure dependence of hypothetical standard states of water and 
acetomtnle m then nuxtures at 25’C 

WATER 
v” (Normal) =18070-0.819(P/lOO) +O.l14(P/lOO)* -OOll(P/100)3 
To (Hypothetlcal = 17 671- 0.574 +0030 -0003 

Tart equatron parameters 

VO(OPa) 01 P 

To (Normal) 18.070 0 310 683xlO’Pa 
v” (Hypothetical) 17 671 0405 12 30 

ACETONITRILE 
v” (Normal) = 52 858 - 5.347( P/100)+ 1524( P/100)* - 0.211( P/lOO)3 
v” (Hypothetlcal) = 53 011 - 5 396(P/lOO)+ 1 533( P/100)* - 0.212( P/lOO)3 

Talt equation parameters 

v” (Normal) 
v” (Hypothetlcal) 

V” (OPa) a: P 

= 52 870 0 106 0 388 X 10’ Pa 
= 53 019 0 107 0.385 

Umts volumes = cm3, pressures = MPa 

TABLE 10 

Results of analyses of excess molar volumes of acetomtnle-water rmxtures at elevated 
pressures (T = 50 and 75’C, X, = 0.25, X,, = 0.70) 

P (MPa) 

T = SO’% 
0.1 

10 
50 

100 
150 
200 
250 

T = 75°C 
0.1 

10 
50 

100 
150 
200 
250 

B Ai;;:: AFi u 

-1624 - 0.358 0 248 0.0159 
-1461 -0.331 0 193 0.0131 
- 0.854 - 0.267 0.175 0 0113 
-0451 -0.213 0 129 0 0094 
- 0.274 -0 170 0.116 0.0090 
-0 155 -0.139 0.096 0.0054 
- 0.096 -0 112 0 090 0.0047 

- 2.015 -0 316 0.301 0 0103 
- 1.572 -0 307 0 277 0 0107 
- 0.709 - 0.252 0 217 0 0105 
-0 308 -0 198 0 177 0 0081 
-0.101 -0 161 0.146 0.0076 

0.014 -0 136 0.115 0 0064 
0 063 -0 111 0.101 0.0052 
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EXCESS MOLAR VOLUMES AT ELEVATED TEMPERATURES AND PRESSURES 

Gotze and Schneider [ll] provide tables of excess molar volumes in the 
pressure range 0.1-250 MPa at both 50 and 75’C. Each of the data sets was 
analysed using the three-parameter model. The results of those analyses are 
given m Table 10. 

The sensitivity of the model parameters to pressure changes at 50 and 
75°C was investigated giving the results set out in Table 11. 

The molar volumes of normal water at elevated temperatures and pres- 
sures [16,17] were combined with the values obtained for Av$ to give 
estimates of the molar volumes of the hypothetrcal state. The results of 
analyses of those estimates are grven m Table 12. There appears to be a lack 

TABLE 11 

Pressure dependence of the parameters of the three-segment model for the excess molar 
volumes of acetomtnle-water rmxtures at 50 and 75“C (X, = 0 25, X,, = 0 70) 

Polynomial frts 
B (SO’C) = - 1.632 + 1.943( P/100) -0 912( P/1OO)2 +0.153( P/100)’ 

(75OC) = - 1.939 + 3 124 - 1.749 + 0.329 
Av, (SO’=(Z) = -0 355 +0 206 - 0.073 +0012 

(75OC) = -0 319+0.157 -0042 + 0.005 
Av- (50%) = 0 227-O 118 +0026 

(75OC) = 0.293 - 0.144 + 0.027 

Taat equatton parameters 
B,, (assumed) a B 

B (50°C) - 1.625 1384 1063 X 10’ Pa 
(75OC) - 2.015 1224 0.446 

AT; (SO’C) -0 358 1.077 1520 
(75OC) - 0.316 1.388 2.821 

Ari (SOOC) + 0.227 0.983 5.549 
(75OC) + 0.301 0.982 1.251 

Pressure dertoatrves at P = 0 (cm3 X IO- ‘/Pa) 
5o”c 

Polynonual Tat 

75OC 

Polynormal Trut 

(W/W, 1.943 x 10-3 2 116x1O-3 3.124x 1O-3 5 530x10-3 
(sAv$/ 

6% 0.206 x 1O-3 0.254x10-’ 0 157 x 10-3 0 155 x 10-3 
(SAvi;,o/ 

8% -0.118~10-~ -0.042x10-3 -0 144x10-3 -0.236~10-~ 
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TABLE 12 

Results of analyses of the pressure dependence of the molar volume of a hypothettcal state of 
water m its rmxtures with acetomtnle at 50 and 75’C 

T = 50°C 
Polynonual fi 1s 

v$ (Norwl) =18.234-0.8OO(P/lOO) +0 107(P/100)z -0.010(P/100)3 

vz (Hypothettcal) = 17.880 - 0.595 +0034 + 0.002 

Tart equation parameters 

Normal 
Hypothettcal 

V$ (0 atm) a 

18.234 0.308 
17 876 0 410 

B 

6.972 x 10s Pa 
12.264 

T = 75’C 
Polyrtomlal fits 

v&’ (Normal) =18482-0.832(P/lOO) +O.l13(P/lC@O* -0.010(P/100)3 
vz (Hypothetical) = 18.163 - 0.675 + 0.071 - 0.005 

Tart equatron parameters 

Normal 
Hypothettcal 

Vg (0 atm) a 

18.482 0.305 
18.166 0.269 

P 

6.740 x 10’ Pa 
6.863 

Pressure derwatwes at P = 0 (cm:’ x 10 - ‘/Pa) 
25’C 50°C 75°C 

(SV/SP), Normal Polynomial - 0.819 -0800 - 0.832 
Tan -0820 - 0.806 - 0.836 

Hypothetical Polynomial - 0.574 - 0.595 - 0.675 
Tait -0 581 -0 598 - 0.712 

of information about the molar volumes of pure acetomtrile at elevated 
temperatures and pressures. 

DISCUSSION OF RESULTS 

Curve fitting 

In the course of this work, an alternative, simpler version of the three-seg- 
ment model, described in ref. 1, has been introduced. From the expenence 
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gained in carrying out the analyses reported in this work and those involved 
in various other investigations, it has been possible to form some general 
conclusions about the relative merits of the three- and five-parameter ver- 
sions. 

(1) The three-parameter version has proved to be a fairly satisfactory 
curve-fitting tool for all of the excess volume data sets. 

(2) For sparse data sets, the three-parameter version is preferred over the 
five-parameter version and also over conventional contmuous function fits 
since it is far more resistant to the effects of modest data errors. This point is 
particularly well illustrated by the results of analyses of viscosity data [18]. 

(3) The use of the five-parameter version is only warranted for data sets 
with a uniformly high point density and a reasonably high level of precision, 
as exemplified by those reported in ref. 12. 

(4) The finding that there are small systematic differences between the 
excess volume data of ref. 12 and the optimised five-parameter model curves 
suggest that, for the water-rich segment at least, there is room for improve- 
ment in the model. Since the differences are very small, the excess molar 
volume data is not a suitable vehicle for further model elaboration. There 
are, however, other data accumulations for which the shortcomings of the 
five-parameter model as a curve-fitting tool are more pronounced and it is 
hoped that they will furmsh the basis for an improved model [19]. 

(5) The same combination of values for the segment Junctions X1 and X,, 
was used for all of the analyses. That combination was only adopted as 
being universally appropriate after it has been found to be very close to 
being optimal for all of the more substantial data sets. 

Structural information 

The central composition segment (X, f X, < Xi,) has been termed “mi- 
croheterogeneous” [2]. It is imphed that the spatial distribution of the 
component molecules is not random; there being a tendency towards the 
formation of small homogeneous aggregates or microphases. One possible 
arrangement, suggested in ref. 1, is that of inverted rmcelles with aqueous 
cores that are ensheathed by acetonitrile molecules which tend to be oriented 
with their polar groups in contact with the cores. 

It is appropriate to note, m this context, that the acetonitrile-water 
system has an upper critical solution temperature of - 1.05 * 0.15”C at 
x, = 0.38 + 0.02 [5]. 

The quantities Av.$ and Avi correspond to excess molar volumes of 
hypothetical standard states. If one accepts the general thesis of the existence 
of microphases, these two quantities may be presumed to represent informa- 
tion about microphase structure. It was the possibility that a consistent and 
plausible set of characteristics of the microphases might emerge that 
prompted the performance of many of the analyses reported in this work. 
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Much has been written about the structure of water both as a pure liquid 
and in the role of a solvent. Descriptive statements made in a recent review 
article [20] have been accepted as a basis for the followmg discussion. 

The structure of liquid water is described in terms of the existence of two 
types of local molecular grouping. In addition to the ice-like (hexagonal) 
pattern of aggregation, water molecules tend to organise in various other 
polyhedric geometries. An equilibrium is deemed to exist between hexagonal 
grouping, on the one hand, and the more compact alternative polyhednc 
groupings on the other. The equilibrium is shifted towards more abundant 
polyhedric grouping as either the temperature or the external pressure is 
increased. 

This model appears to account for the existence of the density maximum 
at 4°C and for the unusually high heat capacity. This structural equilibrium 
is regarded as being sensitive not only to changes in pressure and tempera- 
ture, but also to the presence of dissolved species. 

The finding that Av$ is negative is consistent with the idea that the 
presence of acetomtrile molecules tends to diminish the fraction of the water 
molecules involved in hexagonal aggregation. 

In the pure liquid, the transition from hexagonal to the alternative 
polyhedric groupings is endothermic. Three-segment model analyses of the 
heats of mixmg at 25°C indicate that, in acetonitrile-water mixtures, the 
change from normal water to the hypothetical microphase state is modestly 
exothermic [l]. This is consistent with the statement that the presence of a 
relatively inert solute increases the net hydrogen bonding of the nearest 
water molecules [20]. 

From the results given m Table 6, it is seen that the nncrophase state has a 
substantially higher coefficient of thermal expansion than does the normal 
liquid. Indeed, the microphase state lacks the 4°C density maximum of the 
normal liquid. It is rationalised that in normal water the natural tendency for 
a substance to expand on heatmg is offset by the conversion of hexagonal 
into more compact hexagonal groupings. That the microphase state should 
behave more conventionally, in this regard, is consistent with a relative lack 
of hexagonally grouped molecules. 

Av$ decreases significantly with increasing pressure. In the normal liquid, 
the elevation of external pressure would be expected to favor the conversion 
of hexagonal to the more compact polyhedric groupings in the same way that 
it favors the conversion of ice into liquid water. The results given in Table 
12, which describe the microphase state as being less compressible than the 
normal liquid, are consistent with the former having a substantially greater 
proportion of molecules in the more compact patterns of aggregation. 

One of the noteworthy properties of normal water is that its isothermal 
compressibility has a minimum value at 46°C. This is borne out by the 
pattern of (SV/GP), given for normal water in Table 12. Wlnle the informa- 
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tion about the microphase state at elevated temperatures and pressures is not 
as precise as one might wish, the indications are that it behaves more like a 
conventional liquid. 

Acetonitrile boils at 81.6”C and has a molar heat of vaporisation of 8.17 
kcal mole-’ [21]. It presumably qualifies for the description of a moderately 
structured liquid. Such distinctive aggregative patterns as exist are assumed 
to owe then origm to the attractions between the polar and polartsable CN 
groups. 

It is envisaged that in the transition from the normal liquid to the 
microphase state, contacts between pairs of polar groups are replaced by 
polar group contact with the aqueous rmcrophases. Thus the dormnant 
adhesive aspect of pure acetonitrile self-aggregation 1s reduced. This conlec- 
ture is consistent with the determinatton that both Ar: and AR: are positive 

PI. 
While there are marked differences between the responses of the molar 

volumes of normal and microphase water to changes in temperature and 
pressure, those of the two states of acetomtrile are quite similar. From Table 
6, tt is evtdent that the microphase state has a slightly higher expansivity 
than does the pure liqurd. From the manner m which Avi varies with 
external pressure (Tables 7 and lo), it 1s evident that the microphase state is 
more easily compressed than the pure liquid. Both responses to changes of 
condition are consistent with weaker intermolecular forces m the microphase 
state. 

B 
In some fashion, parameters of the type B represent the effects upon the 

molar properties of the interactions between unlike pairs of molecules. The 
values correspond to the mixing of components that are m then hypothetical 
rather than their normal liquid states. 

Any model of the structure of the interface between the two rmcrophases 
must reconcile the findmgs that, while B( Av) is quite large and negative, 
B( AH> is significantly positive [l]. A highly idealised representation of the 
suggested structure of the interface is shown in Fig. 1. 

In the context of this model, the quantity B( Av) is related to 2r, - (Ye + 
rw). Even m the microphase state, water molecules are arranged m a 
relatively open structure. The distance r, is thought to be typical of the 
relatively loose packing of hydrocarbons. Evidently the water and acetonitrlle 
molecules can pack together m a manner consistent with a relatively small 
distance rB. 

That the excess molar enthalpy component B(A@ is positive implies 
that, although the attractions between the nitnle groups and water molecules 
are strong enough for the two liquids to be miscible, they are not so strong as 
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Fig 1 Suggested mxrophase layenng pattern m the acetomtnle-water system 

to compensate for the net decrease in the number of hydrogen bonds. 
B( Ar) becomes more negative as the temperature increases. The magni- 

tude of the changes m B(Ap) are such as to suggest that while the 
microphases exhibit fairly significant thermal expansion, there is relatively 
little change m the dimensions of their interface. 

B( Av) becomes less negative as the external pressure is increased and 
even changes sign with the combination of htgh pressure and temperature 
(Table 10). This suggests that the interfacial dimensions are less sensitive to 
pressure than are the microphase volumes. In that context it is noted that 
acetonitrile is considerably more compressible than water. 

The water-nch segment 

In a detailed analysis of the physical properties of relatively dilute 
solutions of polar organic solvents m water, one might hope to find evidence 
of two distinct types of solute-solvent interaction: one involving the polar 
group, the other the hydrocarbon group or groups. 

Smce the three-parameter model appears to serve as well as the ftve- 
parameter model in reproducing the excess molar volume curves, one deduces 
that either (a) the volume changes are dominated by one type of mteraction, 
(b) the two interactions have comparable effects, or (c) there is little or no 
orientational preference of the acetomtnle molecules relative to neighboring 
water molecules. 

It has been found that the five-parameter model is significantly better 
than the three-parameter model m accountmg for the heats of mixing and 
excess heat capacities in the water-rich region [19]. It is by no means obvious 
what the significance of the parameter C, is. Efforts are bemg made to 
develop a more explicit model for the water-rich segment. It is suggested that 
the results of these analyses are inconsistent with the idea that, m the 
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water-rich segment, the acetonitrile molecules occupy cavities in an essen- 
tially unperturbed aqueous environment. 

The acetomtrde-rich segment 

The model proposed for this segment places the solute water molecules on 
the inside of inverted micellular aggregates. Analyses of the physical proper- 
ties of dilute solutions of water in acetonitrile might be hoped to furnish 
evidence of the nature of interactions between these micellular aggregates 
and aggregates of pure acetonitrile. That the three-parameter version serves 
as well as the five-parameter version in this segment seems to suggest that, 
insofar as the volume is concerned, there is little difference between the 
effects of interactions between the two dissimilar aggregates on the one hand 
and between pairs of n&cellular aggregates on the other. - 

SUMMARY 

Analyses have been performed on excess molar volume data for the 
acetonitrile-water system at various temperatures and pressures. As the 
name is intended to suggest, the three-segment analytic model incorporates 
the assumption that the total composition range of this system can be treated 
as having three distinct segments. In addition to the five-parameter version 
of this model, which has been described earlier [I], a modified three-parame- 
ter version was used. 

The combination of the segment junction values of X, (mole fraction of 
acetonitrile) equal to 0.25 and 0.70 was found to be close to the optimal 
combmatrons for the more extensive and precise of the individual data sets 
and was adopted as a fixed entity for the entire series of analyses. 

Most of the individual data sets are relatively sparse (less than 20 
independent measurements to cover the total composition range). In such 
cases, the three-parameter version is the preferred curve-fitting tool since the 
additional parameters are apt to give rise to undue sensitivity to even modest 
individual data errors. 

There is httle difference between the optimised model excess molar 
volume curves obtained for the three- and five-parameter analyses of the 
higher quality data sets. It is noted that for certain other types of data, there 
is a marked improvement m the quahty of fit in gomg from the three- to the 
five-parameter model, so the five-parameter version is by no means redun- 
dant. It is also noted that there appears to be room for improvement upon 
the five-parameter model as far as reproducing and interpreting excess 
properties in the water-rich segment is concerned. 

A natural consequence of assuming the exrstence of discrete composition 
segments is the appearance of hypothetical standard states of both water and 



acetonitnle. Associated with these states are the excess molar volumes AT; 
and ATi, which are parameters of the analytical models. From the results of 
the numerous analyses, it was possible to estimate the molar volumes of the 
hypothetical states and to compare their respective sensitivities to changes m 
temperature and pressure with those of the normal liquids. 

The hypothetical state of water is significantly more compact than the 
normal liquid and, unlike the latter, exhibits conventional patterns of 
thermal expansion and isothermal compression. The hypothetical state of 
acetonitrile is somewhat less compact than the normal liquid. 

The effects upon the molar volumes of acetonitrile-water contact within 
the central composition segment are represented by the parameter B. Argu- 
ments are presented to demonstrate that the combinations of Av$,, Avi and 
B are consistent with, but do not prove, the existence of inverted rmcellular 
aggregates within the central segment. This structural model is consistent 
with the use of the term microphases to describe the aqueous core and 
organic outer layer of the mixed aggregates. 

The lack of distinction between the results of the three- and five-parame- 
ter analyses leads to the conclusion that the excess molar volume data yield 
little in the way of information about the structural characteristics of either 
the water-rich or acetonitrile-rich segments. It is hoped that some such 
mformation will emerge from studies of other properties of the system [19]. 
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