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ABSTRAcr 

Structural effects in small molecule and polymer systems have been studied 

through heat capacity measurements (small molecule systems), phase diagrams and heat 

of mixing measurements (polymer systems). It has been found that structure due to 

molecular antipathy i.e. large HE and GE manifests itself through a W-shape C~ which 

is found to be a summation of two contributions to the thermodynau"àcs: random and 

non-random. An excellent correlation is made between ~ and the concentration

concentration correlation function (S ce)' The non-randomness effect increases 

drastieally as T moves towards the UCST. Non-randomness (Sec) and the effeet of 

non-randomness (C~) are Îound toward the middle of the concentration range. It has 

been found that the W -shape is not a wide-spread phenomenon for other second-order 

quantities such as d VEldT and d VE/dP, in spite of a certain similarity of the critical 

exponent for Cp' up and K.r. d VEldT results have been discussed in tenns of Flory 

theory. The difference between experimental and theoretical values provides a good 

estimation of the non-random d VEldT. 

Structure has aiso been studied through H-bonding interactions (self-association 

or complex formation) between me;thanol, butanol, decanoi in CCl4, acetonitrile or 

octanenitrile and dodecanenitrile in n-decane, CC14 or xylene. ~ are predicted using 

the Treszczanowicz-Kehiaian the ory . 

Structure in polymer solutIons has been associated with specific interactions 

which lead to a low temperature LCST. Arl extended Aory-Huggins-Prigogine theory 

ha:; been used to interpret the phase diagram of specifically interacting pol ymer 

systems. Compatibility between polymer pairs is also liniced to the presence of these 

specifie interactions which are associated with an exothermic heat of rnixing. ~ has 

been measured for ternary systems Le. two polymers and a mutual solve nt. Exothennic 

M\t is observed if the pair sttongly interacts while ~ is positive if the polymers are 
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incompatible or Ü they do not interact similarly with the solve nt, in which case 

non-randomness plays a major raIe. 
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RÉsuMÉ 

Les effets structuraux de liquiàes et de polymères en solution ont été étudiés par 

des mesures de chaleur spécifique (petites molécules), de diagramme de phase et des 

mesures de chaleur de mélange (polymères). Nous avons trouvé que la structure 

résultant "d'une antipathie moléculaire", c'est-à-dire HE et GE élevée, se traduit par 

une courbe de ~ ayant la fonne d'un W. Nous avons trouvé que l'allure de cette p 

courbe est due à deux contributions à la thennodynamique: Distribution aleiltoire 

(random) et non-aléatoire (non-random). Une excellente relation a été établie entre 

C~ et Sec (fonction de corrélation concentration-concentration). L'effet de distribution 

non-aléatoire des molécules aùgmente considérablement quand la température tend 

vers la température critique de dérruxtion supérieure (TCDS) (UCST). La distribunon 

non-aléatoire et son effet ont été observés dans les régions lnédianes de l'échelle de 

concentration. Considémnt d'autres quantités de second-ordre telles que dyE/dT et 

dVE/dP, nous avons 'J'ouvé que la forme W n'étaIt pas un phénomène aussi général que 

dans le cas de cE, quOI qu'on ait observé une certaine "singularité" (singularity) de 
p 

l'exposant critique de Cp' up et KT. Les résultats de dyE/dT ont été discutés à la 

lumière de la théorie de Flory. La différence entre les valeurs expérimentales et 

théoriques nous a permis d'estimer la contribution due à la distribution non-aléatoire à 

dyE/dT. 

Nous avons également étudié la structure de liquides pouvant fonner des 

ponts-hyd..ogène (auto-association ou fonnation de complexe) dans des solutions 

contenant du méthanol, du butanol, du décanol dans le CCI4, l'acétonitrile, ou 

l'octanenitrile et le dodécanenitrile dans le n-décane, le CCl4 ou le xylène. Les valeurs 

de ~ ont été prédites à l'aide de la théorie de Treszczanowicz-Kehiaian. 

La structure crée par des molécules de polymères en solution a été associée à des 

interactions spécifiques que fonnent ces polymères avec le milieu ambiant (solvant ou 
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un autre polymère). Nous avons prouvé que ces intéractions spécifiques sont à l'origine 

de la température critique de démixtion inférieure (TCDI) (LCST). Les diagrammes de 

phase de ces solutions ont été interprétés selon une nouvelle théorie combinant la 

théorie de Flory-Huggins à celle de Prigogine-Flory. La compatibilité entre deex 

molécules de polymères dépend aussi de ces intéractions spécifiques qui sont, dans ce 

cas, associées à une chaleur de mélange exothermique. Nous avons mesuré ~ pour 

des systèmes ternaires constitués de deux polymères et d'un solvant commun. ~ 

s'est révélée négative si les deux polymères font des interactions spécifiques. Par 

contre, ~ est positive si les polymères sont incompatibles ou s'ils interagissent 

differemment avec le solvant, dans un tel cas, la distribution des molécules dans le 

mélar,ge se fait de façon non--aléatoire. 
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In accordance with current regulations from the Faculty of Graduate Studies and 

Research, McGill University, the following text is cited: 

The Candidate has the option, subject to the approval of the 
Department, of including as part of the thesis the text of an original paper, 
or papers, suitable for submission to leamed journals for publication. In 
this case the thesis must still conform to aIl other requirements explained in 
Guideline Concernin~ Thesis P.·\(~aration (available at the Thesis Office). 
Additional materia! (experimental and design data as weIl as descriptions of 
equipment) must be provided in sufficient detail 10 allow a clear and 
precise judgement ta be made of the importance and originality of the 
rese~"'Ch reported. ~bstract, full introduction and conclusion must be 
included, and where more than one manuscript appears, connectmg texts 
and common abstracts, introduction al1d conclusions are required. A mere 
collection of manuscripts is not acceptable; nor can reprints of published 
papers be accepted. 

While the inclusion of manuscripts co-authored by the Candidate and 
others in not prohibited by McGill, the Candidate is warned to make an 
explicit statement, on who contributed to such work and 10 what extent, and 
Supervisors and others will have to bear witness to the accuracy of such 
claims before the Oral Cornmittee. It should be also noted that the task of 
the External Examiner is made r.1Uch more dIfficult in such cases, and it is 
in the Candidate's interest to make authorship responsabilities perfectly 
clear. 

The thesis is divided into three different pans, part Olle is composed of three 

chapters while pan two and three contain each two chapters. Chapter one has been 

published in Fluid Phase Equilibria, 35, 237, 1987, while the other chapters will 

subsequently be submitted to suitable joumals either in the present fonn or in slightly 

modified fonn. 
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The amount of heat supplied per unit rise of temperature to heat a unit of a 

material is called heat capacity. As shown by eqns. 1 and 2 respectively, the heat 

capacity at constant pressure, C , corresponds to the tcmperature dependence of the p 

enthalpy (H), the entropy (S) times T and to the curvature of the free energy at constant 

pressure rimes T. 

Cp = T [as] = [aH] = _ T [a2G] 
aT p àT p aT2 

p 

(1) 

Cv = T [as] = [~~L = - T [a 2A] 
aT v aT2 

v 

(2) 

Thennodynamic order or "structure" in a liquid should lower H and S of the 

liquid but must decrease with increase of T. For instance, molecular alignment must 

decrease with increase of T. Any such break-up of structure requires energy and hence 

Cp is enhanced. Therefore, heat capacity reveals itself to be a good indicator of 

structure. Structural effects are, however, rather difficult to detect in the pure 

components, since they are usually small compared WIth the internai heut capacmes of 

the molecules themselves. However, structure is usually affected If the liqUld lS mlxed 

with another. For mstance, the molecular alignment found in ch.un-molecule hqUlds IS 

destroyed by mixing with a sphencal rnolecule hqUld. We are therefare led to consider 

the change of C brought about by mixing two hquids. 
p 

While ~Cp (or L\C) of the solutlon lS the actual change abserved dunng the 

mixing of the components, expresst!d per mole, the excess heat capacity (CE) IS d~fined p 

as the difference between the malar Cp for the experimental solutlon and !ts value for 

an "idtal" solution formed through an Ideal mixing process. Since ê.Cp lS zero for an 

ideal so~ution, ê.Cp = C~, and one can thmk of C~ as just the change of Cp due to 

mixing. 
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A large body of excess heat capacity data at constant pressure (C~) have been 

reported in the last decade. The reason for this recent emergence of ~ results is the 

extreme difficulty faced in the past for the direct measurement of the heat c~p~city. 

Apart from very few exceptions, for instance, the pioneering work of Ziegler on 

alcohol mixtures l , data reported suffered from lack of precision and few direct 

measurements of Cp were mentioned. This function was usually obtained from HE 

measurements made at diffe:rent temperatures. However, the Picker flow 

microcalorimeter, now, enables direct measurements for Cp of both the solution and the 

pure components and ~ can be calculated from the se results. The principle and the 

procedure are simple and described in references 2 and 3. Very recently, Patrick Picker 

won the Manning A ward in recognition of his brilliant invention 4. 

Excess heat capacity at constant volume (C) could aIso be used as an indicator 

of structure. However, direct measurement of Cv is difficult since it is impossible to 

malee a vessel strong enough to confine the liquid to constant volume as the 

temperature is raised. 

We will study, in the next section, two kinds of structure: structure due to 

molecular association or due to molecular antipathy. 

Many C~ data reported in the last decade show these structural effects in 

different types of mixtures. In the next section, we will make a review of several ~ 

results in terms of structure . 
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1. STRUCTURE DUE TO ASSOCIATION 

Mixtures of non-electrolytes are often classified into two broad groups 

depending on whether the constituent molecules fOTIn or do not form hydrogen bonds. 

Alkane mixtures belong to the weakly associated, or unassociated group, while H-bond 

molecules (alcohols for instance), constitute strongly associated groups. 

1. Weak association 

Mixtures containing exclusively alkane molecules are governed mamly by 

dispersion forces or van der Waals forces. However, both thermodynamic and 

depolarized scattering measurements indicate that when components 1 and 2 are both 

n-alkanes the contact energy for the 1-1, 2-2 and 1-2 pairs are all affected by 

correlations of molecular orientation (CMO), i.e. intermolecular alignment. 

A. Destruction of order in n-alkanes 

If a long chain n-alkane is mixed with a quasi-spherical molecule, a 

"structure-breaker" sùch as cyclohexane or 2,2-dimethylbutane, the 1-2 pans are 

uncorrelated, i.e. there IS a destruction of CMO during the mixmg process. It has been 

~hown by calonmetnc and depolarized Rayleigh sca~tenng me:lsurements5- 8 that the 

n-alkane order decreases wah temperature. Therefore, C~ 1S not only a structure 

indicator but also provides information on lts tempe rature dependence. Mixtures 

comp<..sed of a long cham n-alkane such as n-C16 + CyC6, as shown in Fig. 1, exhlbit 

strongly negative C~ indicating a destruction of CMO in the pure n-C 16 when mixed 

with CyCl. However, as T increases, C~ becomes less negative indicating a rapid 
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Molar excess heat capacity as a function of mole fraction of cyclohexane for 

cyclohexane + normal hexadecane at 25 and 55°C. 

Data from ref. 9. 
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decrease in CMO in the pure n-alkane as T is increased. 

B. Creation of order in mixtures containinK alkane molecules 

Mixtures containing a highly branched and sterically hindered alkane + a 

"plate-like" molecule such as cyclopentane or + a short chain nonnal alkane (n ~ 10) 

show surprising results. For instance, 3,3-dimethylpentane + cyclopentane mixture 

h . HE d .. CE. di . th . f de' th" 10 s ows negatlve an posltpfe p m cat10g e creation 0 or r 10 IS nuxture . 

l--chloronaphthalene + n-Cn systems show again positive ~ 11. However, the same 

trend is not observed when 3,3-dimethylpentane is mixed with CyC6 or CyCg, HE is 

conversely positive and C~ negative10. Patterson et alJ2 suggested that a rotation al 

order was created associated with a hindrance of the rotation of the flat cyclopentane 

molecule by the flat or sterically-hindered Molecule. 

2. Stroni1y associated mixtures 

The associating forces are now mainly H-bonds, much stronger than the 

dispersion forces seen previously. In these systems structure is imposed through the 

H-bonds: H-bonds resulting from self-association of alcohol Molecules or from 

complex fonnation whp.n the alcohol Molecules are mixed with a proton-acceptor 

sol vent. Both types of association leaci. to the same C~ pattern. 

Both the concentration and the temperature dependences of C~ can be predicted 

and explained by a simple association theory such as the Treszczanowicz and Kehiaian 

(TK) model13. The apparent molar heat capacity (cj) c) is the heat capacity of the 

alcohol molecule itself in the solution (cpc = c;/x1 + C~), while C~ is the comparison 

between the cj)c in solution with the heat capacity of the Molecules in the pure alcohol 
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(C~). The limit of <Pc as x -l 0 gives the heat capacity of the isolated alcohol molecule, 

Le. without any association effects. Then, 

<pc(assoc) = ~c - lim <Pc 
X-iO 

<Pc is a more use fui quantity than Cp' since the associational pan of ~c can be deduced 

and hence the nature of the association process involved in both the pure state and the 

solution. 

In the TK model, two cnergy levels are assigned to each molecule: the 

dissociated and the associated states. Fig. 2 gives a schematlc representauon of the 

energy diagram for an alcohol molecule in the pme alcohol liquid and in solution at 

different concentrations. At very low temperature, the energy level is low 

corresponding to strong H--bonds between the alcûhol molecules. As T is increased, 

the energy of the alcohol molecule increases for both the pure alcohol and the 

solutions, indicating a breaking up of the H-bonds as T is raised. 

A similar analysis can be made for <pc(assoc) as a functlon of T and 

concentration. The slopes of the energy curves g~(assoc) correspond to <pc(assoc) ')f 

the solution. The schematic representations of iJ>c(assoc) vs T (Fig. 3) showing 

"Schottky peaks", are good indicators of structure, which is strongly concentratlOII 

dependent. At a given temperature, three different patterns can be deduced depending 

upon the concentration considered. At the ambient temperature, at extremely low 

concentration, the alcohol molecules are all almost completely dissoclated; there is no 

structure since no H-bond exists. 

As the concentration is mcreased, more H-bonds aœ fonned and the maximum 

of the Schottky peak at ambient T is blgger indicating that more structure has been 

formed. However, as the concentration of alcohol molecules increases further, fig. 3 
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Schematic representation of me energy diagram for an alcohol molecule in 

the pure alcohol (0) and in solution, at different concentrations III (low 

concentration, x < 0.01), II (intermediate, 0.01 < x < 0.1), 1 (high 

concentration, x > 0.1). 
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Fig. 3 Schematic representation of the Schottky peak heat capacity for an alcohol 

molecule as a function of T, at different concentrations: (0, pure), (li, low), 

(II, intennediate), 1 (high). 



1 ---

1 

-. 
....... 

.,..... 
u 
0 
tJ) 
tJ) 

tU~ 
"-' 1 

(.) 

Q 

-12-

m 

n 

1 

0 



c 

-13-

shows that ~C(assoc) decreases in spite of increasing H-bonding. This May be 

interpreted as cOITesponding to a decrease of "structure" or non-i'andomness since 

association of alcohol molecules now takes place over shorter distances in the solution. 

At a given T, ~ is obtained as the difference between the Schottky peak at a given 

concentration and the Schottky peak for the pure alcohol. According to the model, ~ 

has to be negative at low concentration indicating a breaking down of structure existing 

in the pure alcohol. As the concentration is increased, ~ becomes positi ve indicating 

that more structure is involved in the solution. 
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II. STRUcruRE DUE TO MOLECULAR ANTIPA THY 

Grolier et al 14 
have found an unusual concentration dependence of C~ called 

W-shape. Fig. (4) shows an example of a W-shape C~ for dioxane + n-alkanes. The 

W-shape C~ is usuaIly composed of a positIve maximum between two mInIma of 

opposite signs. Even without the maximum and the minima, two regions of positive 

curvature may occur separated by a region of negative curvature 

Very recently, a large body of W-shape CE data have been reported. Grolier et 
- p 

al studied several systems gOlng l'rom alkanones + n-alkanes 15, alkanoates + 

n-alkane 16 and very recentlv, alkanoates + cyclohexane or + branched alkanes 17. 

Other branched ethers or esters + normal or branched alkanes have also been reported 

by Benson et aI 18 and Kohler and collaborators 19. 

Grolier attributed the origin of the W -shape C~ ta confOffilauonal changes ln 

either of the two compone nt molecules. Compone nt 1 is usually polar, while 

component 2 may be a nomIal, branched or cyclic alkane. Indeed, the normal alkanes 

have the capability of undergOlng transitions between the trans and gauche conformers. 

However, no such comformers eXlst for the branched isomers; and cyclohex:me merely 

interconverts between two equivalent chrur conformations. 

Therefore the W-shrtpe observed for systems composed of a short molecule hke 

acetone or methylacetate + a sterically hindered branched alkane or + cyclohexane can 

be hardly attnbuted to conformational change, since neither of the two component 

molecules can undergo such tranSItions. 

Nevertheless, a common feature observed for aIl the se W -shapes IS that they aU 

exhibit large heat of mixing and large excess free energy. The present thesls will 

suggest that there are two main contributions to the the·.modynaITIlcs: 

.)ne is the usuai or nOffilal random contri:,ut!on whlch IS po~ltive on HE. It is 

found negative on C~ for weakly association However for strong aSSOCIation, the 



1 { 

-

-15-

Fig. 4 Molar excess heat capacity as a function of 1,4-dioxane mole fraction for 

dioxane + n-alkanes . .1., n = 7; ., n = 10; 0, n = 14. From ref. 14. 
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random contribution has been observed to be negative at low concentration and positive 

at higher concentration. 

The second contribution is attributed to non-randomness. Such 

non-randomness would be associated with large heat of mixing and large excess free 

energy. As the temperature increases, non-randomness should decrease rapidly, 

leading to more positive values of HE and SEo Therefore, the non-randomness 

contribution to ~ would be positive. and decreases as T increases, henc~ d C~/dT < O. 

According to the Quasî-Chtmical approximation of Guggenheim20, the non

randomness contribution to ~ is positive and vanishes at both ends of the 

concentration range, where only one component is at high dilution in the other one. 

Then the two components are completely randomly distributed. Non-randomness may 

then play a role in the concentration dependence of C~. 

We would like therefore to propose as an alternative to the conformational 

change explanation, the possibility that W -shape ~ is due to local composition 

non-randomness in solution associated with large HE and large GE. This local 

composition non-randomness is viewed as a manifestation of the critical state occuring 

far (- 100°C) from Tc. However the non-randomness contribution should go to 

infmityas the solution approaches the UCST or the LCST. 
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III. STRUcruRE IN POL YMER SYSTEMS 

As for small molecule systems, structural effects can be viewed for pol ymer 

molecules in both pure state and solution. Structure in polymer solution or polymer 

blends is imposed by two factors: (1) the free volume contribution arising when a 

dense liquid (polymer) is mixed with an expansible liquid (solvent). The solvent 

collapses around the polymer. ThIS contracUon of the solvent glves nse to 

thennodynamic effects represented schemaucally on FIg. 5. The contributIons to either 

volume, heat or entropy of mlxmg are neguuve, but the contnbuuùn to the free energy 

is positive21 . The free volume contributIon, mcreases wah mcrea~e of T and goes ta 

in finit y as T approaches the llqmd-vapour cnncal temperature of the solvent, (2) the 

second factor IS interactional and it IS due tr t:le antIpathy or dissimilarity between 

"unlike" contacts. The interactlOnal tenn has almost always a posltlve contnbution on 

HE except for strongly mteracting systems. Its effect on entropy IS small. Therefore, 

the contribution to the free energy is positive. The thermodynamlc effects of the 

interactional term are shown on FIg. 6. 

The contact dlsslmilanty and the free volume illfference lead to phase 

separation on elther lowenng the temperature ta a UeST or on raising the temperature 

to a LeST. Fig. (7) shows the usual phase dlagram for a polymer-solvent system. The 
")") 

stability of polymer solutions can be predlcted by the basic Flory-Huggll1~ theory--, 

and studied through the mteractIon parameter CX). The X parameter IS taken as the 

summation of enthalpy and entropy contnbutlons. ln other words, X should ret1ect the 

contributions commg from boU' .<le mteractIons and the free volume terms. 

Structure and LeST 

Structure is strongly temperature dependent. At high T, the free volume 
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Fig. 5 Schematic representation of the thermodynamic effects of the free volume 

{ ) 
contribution. 
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Schematic representatioll of the thennodynamic eÏfects of the interactional 

contribution . 
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Fig. 7 Schematic representation of the phase diagram for a polymer-solvent 

mixture . 
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contribution increases and becomes more positive. According to eqn. 1, 

~T 

llO = Jo - SdT > 0 (1) 

With llO due to free volume being zero at low T, hence the 0 being the lower limir for 

temperature. As T increases, llO becûmes more positive leading to an unstable 

solution, this instability yields an LCST at higher tempe rature which is a consequence 

of the free volume dissimllarity increasing with T and opposmg nuxmg. This 

mcreasing free volume structure at high T opposes the mlxmg process. 

However, polar molecules or molecules containing acceptor or donor groups 

yleld, on mixing, to relatlvely strong interactions. This is true for either small molecule 

mixtures or mixtures contammg at least one polymer molecule. Thermodynamic 

propertics of these mixtures reflect these specific interactions. For mstance, mIxtures 

of polyethylene oxide or ethylene oxide with chlorinated hydrocarbon (CCI4, CHC13) 

show negative heat of mixing and strongly negative free energy of mixing and therefore 

negative ~S~f Hence, specIfic mteractions between the chlorinated group and the free 

electron pair on oxygen lead to specifle mteractions between the components. 

Thermodynamic effeets of rhese specidc interactions are negative in both H and 

S. They are posltlve ln Cp' but reach a maxImum at low T and decrease as T 

increases. Henee specIfie mteractIons mvol ve structure to the mIxtures at low 

temperature. And structure decreases as T mcreases. Further, it can be seen from 

eqn. 2 
T 

tiO = J 00 - SdT < 0 (2) 

where here the structure is zero at high temperature, hence the lower limit of 00 for the 
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Fig. 8 "Closed immiscibility loop" phase diagram of iso-butyl ether in water. 

The inner curve is that of n-butylether; the outer is that of iso-butylether. 

--
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temperature that going from infinity to a given T, .10 becomes more and more 

negative. Lowering T confers stability to the systems. Indeed, structure at low T 

favors mixing. This low temperature structure is then directly related to the specifie 

interactions taking place in the mIxtures. As T increases a LeST is reached but which 

has a different origin from the usual free volume LCST. 

However, numerous aqueous systems (small molecules) have been reported, 

which show a so-<:alled "closed imnuscibility 100p,,23 (Fig 8). The solutLon shows a 

one-phase-region at low temperature up to a LCST, whIle a two-phase-regIOn is 

observed unul a UCST is reached as T lllcreases The solution IS then nm.clble again. 

This type of LeST lS observed for strongly lOteractlOg systenls. Apart l'rom very tew 

exceptions, the small molecule systems exh1bmng thlS low temperature LCST are aIl 

aqueous systems, suggesnng that "Iceberg" formatlon might be responslble for the 

LCST when water is the solve nt. 

It has been observed that almost aU the companble parr of polymers exhiba a 

LCST as T is raised. The ongin of LCST constltutes a controvefSlal matter. It was 

suggested that the LCST m polymer-polymer system was a free volume effect. But 

the free volume difference in these systems is almost neghglble Therefore, we would 

rather believe that thiS LeST IS œlated ta specIfie mteractions between the polymers 

The purpose of thlS part of the thesls IS to study thennodyn:.uTIlc effects of 

structure in different types of mIxtures. The thesls 1S dlvlded mto three dJ.fferent parts. 

Part One is coneemed WIth systems m WhiCh structure IS due to molecular 

antipathy, these systems almost aU show a UCST. Effeet of non--randomness m 

solution is studied, its contribution on seeond-order quantiues IS w1dely 1nvesngated, m 

Chapters 1 to 3. 

Chapter 1 deals with W-shape C~ for a homologous senes of ketones (Cl to 

CIO) in normal and branched aIkanes. These mixtures, where no confonnational 
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changes can be observed, were chosen to discuss the validity of this explanation of 

W -shape. Furthermore, the role of a local composition non-randomness on c~ shape 

is discussed. 

In Chapter 2, the role of non-randomness is further discussed. 

Non-randomness IS taken as a manifestatIon of the criucal state at tempe rature far 

removed from the critical point (- IOO°C). Mixtures containing different moderately 

associated components were investigated at different temperatures and specially in the 

vicinity of the UCST. Correspondence is made between C~ and Sec (concentration

concentratlon structunng factor) for several sysrems near thelr UCST. Sec lS shown to 

be also an lndicator of structure and a dIrect measurement of local composition 

non-randomness. 

In Chapter 3, the non-randomness effect is studied towards other second order 

quanmies such as excess thennai expansivity and excess compressibihty. It is 

discussed the eventual occurrence of vV-shape for the se quantities. 

Part Two deais WHh mIxtures ln which structure cornes from association: 

self-assocIation (inen solvents) or complex formatlon in active solvent. 

Chapter 4 treats the self-aSSOCIatlOn of butanol and decanol in acetonitnle and 

carbon tetrachlonde. CCl4 IS taken as active solve nt, conversely ta spectroscopicts 

who have always considered CCl4 as an inert solvent. The results are ruscllssed ln 

terms of the TK model. 

Chaprer 5 dlscusses the self-assocIation of dodecanenitnle in inert and actlve 

solvent. The results are discussed ln terms of the TK model. 

Part Three of the thesis IS concerned with structural effects involved in polymer 

systems. 

Chapter 6 deals with the controversial origin of the LCST observed ln pol ymer 
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mixtures. The Goldstein's approach based on the Flary-Huggins theory is adapted to 

polymer solvent and polymer-polymer mixtures. The model takes inte account not 

only the interactionaI tenn as in its previous forro, but aIso the free volume tenn which 

is important for polymer-solvent system. The new model which is well described in 

Chapter 6 gives excellent predictions for well-known pol ymer pairs. It is able to 

predict the specifie interaction LCST (low T), the UCST and the free volume LeST 

(high T) for systems exhibiting a closed-Ioop of immisribllity. Furthennore, the model 

predicts the specifie interaction LCST ln polyrner-polymer mixtures. It IS c1early 

shawn that the LCST observed In polymer-polymer mixtures or polymer blends IS due 

rather to specifie InteractIons than to free volume. 

In Chapter 7, t1e effect of solve nt on polymer compaubllity IS invesugated 

through calorimetrie studies in a ternary system where several parrs of compatible . 
polymers are used. Heat of rnixing and heat of dilution data are presented. 
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CHAPTER 1 

THE W-SHAPE CONCENTRATION DEPENDENCE OF C; 

AND SOLUTION NON-RANDOMNESS: 

KETONES + NORMAL AND BRANCHED ALKANES 
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ABSIRACI' 

The excess heat capacity (~) has been measured for acetone + 

° ° 2,2,4,4,6,8,8-heptamethylnonane (br-C16) (10 and 25 C), + n-C12 (15 and 25 C) + 

n-C6 (25°C). C~ is large and positive but becomes negative at both extremes of the 

concentration range, Le. it is W-shaped. It becomes rapidly more positive on lowering 

T, approaching phase separation at the UCST. br-C16 mixed with 2-butanone, 

3-hexanone, 4-heptanone and 5-nonanone aiso give W-shaped C=(x) curves aithough 

the negative ~ appearing at very high ketone mole fraction (0.95) are extremely small, 

less than 0.05 J K-1 moC 1. As the length of the ketone molecule is increased, the 

W-shape becomes less pronounced and has disappeared for br-C16 1- 4-decanone 

where ~ is negative throughout the composition range. The present systems, which 

show W-shape ~, and those in the literature, have large equimolar HE values, ~ 1000 

J mol-1 or larger, and often are close to phase separation. It is suggested that the 

W-shape arises from two ~ contributions. One is negative and of parabolic 

concentration dependence. The other, due to non-randomness and associated with 

extremely large HE and GE values, is shown by the Guggenheim quasi-chemical theory 

to be positive, concave downwards in the middle of the composition range, bui: concave 

upwards at the extremes, i.e. it has the correct concentration dependence to give 

W-shape. The excess volume has been measured for acetone + br-C16, + n-C12 and 

+ n-C6. It is large and positive while dyE/dT, for systems near the UCST, is more 

positive than predicted by the Flory Theory, Le. its behavior is analogous to CE. It is 
. p 

suggested that: (1) polar (but not _H-bonded) systems where HE is very large, ~1000 J 

mol-1 or larger should exhibit the W-shape C=, becoming more pronounced with 

decrease of temperature, and (2) the curvature of H E/x1x2 against x should be positive 

and large, increasing with decreasing T. 
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INTROOUCTIQN 

Groüer, Wilhelm and their collaborators have recently found many systems for 

which the com .. entration dependence of the excess heat capacity (~) has a "W-shape", 

Le. two minima occur, separated by a maximum. Even without the minima and 

maximum, two regions of positive c~ (x) curvature may occur, separated by a region of 

negative curvature. Both types of concentration dependence are shown schematically 

in Fig.1. The systems have usually comprised nonnal or cycloalkanes mixed with a 

chemically dissimilar liquid: 1,4-dioxane (Inglese and Grolier, 1984; Ingles~ et al., 

1984) and trioxanonane (Kimura et al., 1983), but not oxane (Inglese and Grolier, 

1984); 2-butanone and 3-pentanone (Grolier and Benson, 1984); 1,2-dichlorœthane 

(Lainez et al., 1985c); 1,1,2,1-tetrachloroethane (Lainez et aL, 1984); 

1,4-<lichlorobutane (Lainez et al., 1985d); 1,(5.--dichlorohexane (Lainez et al., 1985a), 

but not l-chlorobutane (Lainez et al., 1985d). Other systems have been 

2,2,4-trimethylpentane + bisdichloroethylether (Kalali et al., 1985), and methyl acetate 

+ I-decanol (Deshpande, unpublished results). Clearly this surprising concentration 

dependence of ~ is of widl! occurrence. It has been suggested (Grolier ct al., 1982: 

Lainez et al., 1985c,d; Wilhelm, 1985) that the phenomenon is associated with a 

component existing as conformers of different polarity. the relative proportions of 

which are changed through mixing with the other compone nt, e.g. the alkane, which 

itself is capable of conformational change. 
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EFFEcr OF SOLUTION NON-RANDOMNESS 

While agreeing that confonnational change may play an important role in the 

thermodynamics of mixtures, we would like nevertheless to propose another possibility 

for consideration, namely that the W-shape may be due to a deviation of local from 

bulk composition, Le. non-randomness in the solution. Such non-randomness would 

be associated with extremely large positive HE and GE values, occurring when a polar 

or associated liquid is mixed with an inert solvent. Values of HE are available for 

almost all the systems which show the W -shape ~ and at equimolar concentration are 

in the 1000-2000 J mol-1 range. Where equimolar GE are available they lie in the 

800-1200 J mol-1 range, and SE is typically positive in these mixtures. Thus. for 

1,4-dioxane + cyclohexane (Andrews and Morcom, 1971) at 25°C the equimolar HE 

and GE are, respectively, 1600 and 1000 J moCl while oxane + cyclohexane (Cabani 

and Ceccanti, 1973), which does not show the W-shape, has an equimolar HE of 

463 J moCl. Similarly, for 1,4-dichlorobutane + n-C7 (Grolier and Kehiaian, 1973), 

the equimolar HE is ~ 1500 J mol-I at 25°C while 1--chlorobutane + n-C7 (Grolier et 

al., 1973) where the C~ curve is normal has HE ~ 530 J moC 1. In a similar vein, 

Kala1i et al. (1985) calI attention to the proximity of the UCST in discussing the 

bisdiclùoroethylether + 2,2,4-trimethylpentane system. Grolier and collaborators 

(Lainez et al., 1985h; Wilhelm et al.. 1985) have aIso found large positive C~ for 

systems near a UCST, discussing the results in terms of confonnational change. 

Nicolaïdes and Eckert (1978) have measured HE for nitrobenzene + hexane, nitroethane 

+ hexane and aniline + cyclohexane at two or three temperatures lying from 5 to 30°C 

above the UCST. ~ values from dHE/dT are large and positive but for the frrst two 

systems, and perhaps for the third, ~ becomes negative at both extremes of 

concentration, Le. C~ is W-shaped. The above results support the conjecture that 

non-randomness may play a role in the concentration dependence Of~. 
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It is clear that relaxation toward non-randomness in the solution must lower HE 

and SE helow tileir vaIues for a completely random mixture. As the temperature is 

raised, non-randomness should decrease, falling asymptotically to zero so that HE and 

SE will he more positive, giving a p,>sitive contribution to ~ with negative dC~/dT. 

The following semi-quantitative argument indicates that this positive non-randomness 

contribution should have the right concentration dependencc to give the W-shape when 

combined with a negative ~ contribution of parabolic concentration de:pendence. The 

simple Guggenheim (1952) quasi~hemical the ory gives (his eqn.4.27.8) an expression 

for HE taking account of non-randomness. We !>plit HE mto random and non-random 

contributions 

RANDOM NON-RANDOM (1) 

Here w is the usual temperature-dependent cooperative free energy (Guggenheim, 

1952) and r 12' tenned 2/«(3 + 1) by Guggenheim is a non-randomness parame ter 

(Panayiotou and Vera, 1980) equal to unit y in a random solution. A consideration of 

Panayiotou and Vera (1980) shows quite generally that r 12 must tend to unit y at both 

ends of the concentration range where the non-randomness contributIon must faIl to 

zero compared with the random. This accords with the intuitive requirement that when 

either component is dispersed at high dilution in the other, it must tend ta be randomly 

dis tri bu ted. To illustrate this we take the quasi-chemical approximation where 

(2) 
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whence r 12 S 1 for w ~ 0 expressing the fact that, for a net repulsion between 

components, the neighbourhood of any component molecule is poorer in the other 

component than if the solution were random. Equation (1) becomes 

RANDOM NON-RANDOM (3) 

given by Guggenheim (1952). Thus the non-random term in HE should become 

apparent as a negative contribution manifested toward the middle of the concentration 

range. An indication of such a negative contribution would be a positive curvature of 

HE/x1x
2 

against x, Le. a positive value of a2 in the Redlich-Kister equation 

(4) 

According to eqn. (3), keeping higher terms from eqn. (2), both the second and fourth 

derivatives of lIE IX 1 x2 with x should be positive with the same sign for the 

corresponding coefficients, ~ and a4 in the Redlich-Kister representation of HE. 

These conjectures are borne out by experimental data when HE is very large, and in 

panicular for the W-shape systems. Furthennore the coefficients usually increase with 

decreasing T, i.e. increasing non-randomness. Indeed. it is known (Widom and 

Khosla, 1980) that HE itself and yE have zero curvature against x at the UCST. From 

eqn. (4) this would lead to a2 = aO at the UCST, Le. a2 should be large and positive. 

(In fact, a non-analytic composition dependence of HE and yE at the UCST (Widom 

and Khosla, 1980) indicates that results from eqn. (4) can only be approximate.) Other 

effects may contribute to the coeffif'lf' .lS. For instance if, as suggested l::.y Scatchard 

(1931), the random molar HE divided by volume is symmetrical in volume fraction 
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rather than mole fraction. then it is easily shown that 

= A __ V ..... l~V ... 2 __ (5) 

A being a constant with dimensions of J cm -3, with the Redlich-Kister coefficients ai 

given by 

(6) 

Here V 1 and V 2 are the molar volumes. For moderate size-differences between the 

components this contribution to ~ and a4 will be small compared with that arising 

from the non-:random contribution. 

Turning now to the temperature-derivative of eqn. (3) 

- Xl X2 T -- + (Xl xz) W - T - --d 
2 
W 2 [ dW]2 [2 ] 

dT2 dT zkT2 

RANDOM NON-RANDOM 

+ (Xl xi)2 T d 2 W (e2W/zkT - 1) 
dT2 

RANDOM 

(7) 

For the present systems where one compone nt is polar or weakly associated W should 

decrease with increasing temperature but with a positive curvature d2w/dT2 against T. 

A form 

W = Cl + 13fT (8) 



{ 

( .. 1 

( 

-

Fig. 1 

-41-

Schematic ~ against mole fraction curves. (a) non-random contribution; 

(b) random contribution; (c) total W-shape; (d) curve having two regions of 

positive curvature separated by one of negative curvature. 
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bas been suggested (Kalali et al., 1985) far polar + inert systems wbence the random 

term in C~ is negative as expected for a system wbere dipolar or weak association 

orcier not involving bydrogen bonds is being broken during mixing. On the other hand, 

the non-random contribution to ~ is positive, consistent with an increase of 

randomness on raising T. Furthennore, according to eqn. (7) this tenn bas a zero slope 

against x at both ends of the concentration range. The random and non-random 

contributions are shown schematically in Fig. 1 together with the W-shape total C~. 

According to eqn. (7) the non-f'andomness contribution and C~ itself in the middle of 

the concentration range should increase in magnitude with decrease of T, and 

panicularly so as phase separation at a UCST is approached. Equation (8) suggests that 

the randam contribution should also be enhanced as T is lowered making C~ more 

negative at the extremes of concentration. 

A rough approximation may be obtained for eqn. (7) by neglecting the second 

term of the non-random contribution. The quantity (w - T dw/dT) is then given by 

eqn. (3) neglecting the non-random contnbutIons in HE. Then 

(9) 

It must now be stressed that with reasonable values of HE and z in eqn. (9) the 

non-randamness contribution of C~ is small, ~ 1 J K-1 mol-1 or less. It is known, 

however, that the non-random contribution to C~ is severely underestimated by the 

quasi-chemical approximation and indeed ~ -; 00 at the UCST. However the 

quasi-chemical approximation may be used as a qualitative indicator of the shape of 

the ~ curve, and it does reproduce the essential features of the situation, namely 

C~(non-random) ~ 0, ~(randOm) ::; 0 and ~(non-randOm)/~(random) -; 0 as xl' 

x2 -+ O. 
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The purpose of our experimental work is to search for W -shape C~ amongst 

systems where conformational change should not be a factor and where HE is large. 

These conditions are met for acetone + the highly-branched 2,2,4,4,6,8,8-

heptamethylnonane (br-C16) where steric hindrance must impart conformational 

rigidity. The W-shaped c~ was found here, and similar results were found fOl acetone 

mixed with the flexible n-C12 and n-C6 so that flexibility does not seem critical. 

Finally, br-C16 was mixed with the series of alkanones: 2-butanone, 3-hexanone, 

4-heptanone, 5-nonanone and 4-decanone where HE becomes progressively smaller 

than with acetone. 
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EXPERUyIENTAL 

The alkanont::s and the normal and branched alkanes were "ùold Label" 

products from Aldrich Chemical Co. of at least 99% purity except for 3-hexanone, 

4-heptanone and 5-nonanone which were 98%. They were used withom treatment, the 

lower ketones being kept over molecular sieves. The heat capacities were measured 

using a Picker flow microcalorimeter (Sodev, Sherbrooke, Quebec, Canada) with 

procedures described in the literature (Picker et al., 1971; Fortier and Benson, 1976; 

Fortier et al., 1976). G:msiderable difficulty was encountered using the volatile 

acetone. However, the accuracy on C~ as detennined from repetition of runs and 

-1 -1 results with other systems should be ± 0.1 J K mol . Density measurements to 

transfonn volumetric Cp values into molar, and also to obtain yE itself were made 

using a flow densitometer from Sodev. The accuracy of the yE measurement is 

estimated as ± 0.01 cm3 mol-1 and for dyE/dT, ± 1 x 10-3 cm3 K-1 mOI-1. A 

Tian-Calvet mlcrocalorimeter (Setaram, Lyon, France) was used to measure sorne 

enthalpies of mixing at 25°C. A few visual determinations of the temperature of phase 

separation around the UCST were made using a water + ethylene glycol constant 

temperature bath. 
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RESUL TS AND DISCUSSION 

1. Excess heat capaciues 

Figure 2 and Table 1 show C~ for acetone + br-C16 at 25 and 10°C. It is 

positive and extremely large through most of the concentratlon range but becomes 

negative at the extremes of concentration, l.e. it 15 W-shaped and slmllar ta C~ of 

bisdichloroethylether + 2,2,4-trimethylpentane, mtrobenzene and mtroethane + hexane 

and nitrobenzene and benzomnik + n-alkanes, all systems clo~e to thelr CCSTs. 

Conformauonal changes ~hould not be Important 10 elther of the pre~ent components 

On the other hand, HE is large being ::: 1100 J mol-1 at 2S cC and equimolar 

composltlon, the maximum occumng at hlgher acetone concentratlons. The system IS 

in fact close ta phase separauon whlch was observed to occur at SoC for xI = 0.7. C~ 

increases as T decreases approachmg the UCST. However, ar the ends of the 

concentration range, where the random contribution to C~ should dominate, C~ 

becomes more posltlve rather than more negative ~s suggested byegns. (7) and (8) for 

the random contribution. Us mg the theory of Flory (1965), together \VIth li value of the 

X 12 parameter obtamed by fimng the theory ta the eqUlmolar HE, we calculated the 

E -1 
eqUlmolar Cp as - 0 29 J mol ThiS Incorrect result IS consistent \VIth the large 

Positive value of CE found expenmentally being due to a ~pecIaI effect not consldered p 

by the the ory . 

T'he UCST for acetone ... n-C 16 lies (Messow et aL, 1977) at 27°C and Fig. 3 

E ° and Table 2 show mstead C for the acetone + n-C l '1 system at 2S and 15 C close to 
p -

° E the UCST at 13 C. The Cp curves are agam W-shaped becommg neganve at both 

ends of the concentration range. At hlgh dcetone concentration, however, the negauve 

C~ is e>.tremely small and appears only at mole fractIon 0.99. For acetone + n-C
12

, 

E . -1 -1 ° -1 -1 Cp mcrea~es ta 9 J K mol at 15 C, hlgher than the maximum of 6.3 J K mol 
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Fig. 2 Excess molar heat capacities of acetone + 2,2,4,4,6,8,8-heptamethylnonane 

at 10 (1) and 2SoC (e). 
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(: 
TABLE 1 

Excess molar heat capacity at constant pressure of acetone + 2,2,4,4,6,8,8-
heptamethylnonane at 10°C and 2SoC (UCST: 5°C) 

Xl CE 
P Xl cE 

P Xl CE 
P 

(J K-I (J K-I (J K-l 

mol-l) mo}-l) mol-1) 

T = 10°C 
0.0039 -0.03 0.4574 4.70 0.9182 2.98 
0.0594 0.17 0.4785 4.87 0.9563 2.15 

0.0858 0.83 0.6154 6.09 0.9735 1.90 
0.2119 2.02 0.7569 5.95 0.9923 -0.09 

T = 25°C 

0.1053 -0.90 0.4782 4.20 0.8504 3.61 

0.l534 -0.35 0.5704 5.09 0.9471 -0.23 

( 0.1889 0.13 0.6880 5.59 0.9621 -0.41 
J 0.2955 1.84 0.6997 5.50 0.9657 -1.45 

0.3867 3.03 0.7400 5.62 0.9791 -1.37 

-
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Fig. 3 
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Excess molar heat capacities for acetone + dodecane at lSoC (.) and at 2SoC 

(Â); acetone + n-hexane at 2SoC (.) . 



10.0 
-51-

9.0 

8.0 

7.0 

6.0 

5.0 ... 
1 -( 0 e .. 

4.0 1 
~ .., 

'" 3.0 
W~ 

() 

2.0 

1.0 

( 
0.0 

-1.0 



-52-

~ TABLE 2 
~ 

Excess molar heat capacity at constant pressure of acetone + n-hexane -
at 25°C (UCST: -39°C) 

Xl CE 
P Xl CE 

p Xl CE 
P 

(J K-l (J K-l (J K-I 

mol-1) moI-l) mol-l) 

0.0611 0.31 0.1952 1.08 0.7949 1.76 

0.0667 0.41 0.4012 3.21 0.8033 2.43 

0.0747 0.51 0.4036 3.07 0.8925 1.01 

0.0749 0.57 0.6123 3.49 0.9371 0.87 

0.1240 1.04 0.6888 2.42 

.... 
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TABLE 3 

(~ Excess molar heat capacity at constant pressure of acetone + n-dodecane at 

15 and 25°C (UCST: 13°C) 

Xl CE 
P Xl CE 

P Xl CE 
p 

(J K-I (J K-I (J K-l 

mol-l ) mol-l) mol-l) 

T = 15°C 

0.0410 -0.25 0.4165 4.04 0.8997 1.70 

0.0741 -0.23 0.6124 7.09 0.9096 1.48 

0.1040 -0.13 0.6626 8.54 0.9581 0.28 

0.10540 0.07 0.7569 9.18 0.9804 0.02 

0.1925 0.95 0.8007 5.50 0.9950 -0.09 

T = 25°C 

0.0358 -0.17 0.3958 2.79 0.9357 0.43 

( 0.0699 -0.03 0.6096 4.72 0.9586 0.11 
0.1044 0.02 0.7975 3.53 0.9803 -0.02 

0.1820 0.07 0.8948 1.28 

( 

. 
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found with br--C
16 

at 10°C, and presumably associated with a closer approach ta the 

UCST for the system. The slmilanty of C~ when acetone is nuxed wah a nonnal or a 

branched alkane suggests that flexlbIlay and conformatIOn are not Important here. 

Very recently, however, Costas has found the W -shaped C~ for chloronaphthalene -

br-C16 (unpubhshed) whereas chloronaphthalene + n-C16 glves (Groher et al., 1981) 

a positIve C~ of normal concentratlOn ùepenùence. 

Figure 3 and Table 2 al~o glve C~ for the acetone + n-C
6 
~ystem at 25°C. The 

UCST of this system lIes at - 39°C (Rabton et al., 1944), conslùerably lower than for 

acetone + br-C 16 and + n-C 12 ~y~tems Con,>l~tent WIth lower non-ranùomne~,", In 

° E the solutIon at 25 C, C IS con~lderJbly ~maller .lI1U the W-~hape W.t~ nO! lound 
p 

although a change of sign of the curvature ùœs occur toward~ the ,~nd~ of the 

concentration range. Shafer and Rohr (1960) gl ve CE values tor the system obtamed 
~ p • 

from the temperature dependence of HE MJxlma of 4"+5, 5.25 and 6 () ] K-1 mol- 1 

° occur at +20, a and -20 C, respectlvely, eXhlbItll1g an 1l1crea~e a~ the LCST l~ 

apprcached. Furthennore, there IS a strong mdicauon from C~(X) that at the lowe~t 

temperatures CE becomes negatlve dt the extreme~ of the concentratIon range 
p 

E 
Figure 4 and Tables 4-8 glve Cp for a single hydrocarbon, br-C 1(, Imxeù dt 

25°C with a senes of alkdnone~ of mcrea~mg cham length Wah mcrea~mg alkane 

character of the alk.lnone, the eqUimolar HE rapldly fall~ Group theoreuc:.d 

calculations following Nguyen and R<ltchffe (1971) glve equlnlOlar Il valLle~ lor the 

series of alkanones mlxed WIth n-C16 They range from 2500 for acetone ilnd 1850 

E 
for 2-butanone ta 1100 for dccanone 1 n faer, H WIth br--C 16 wIll be les,", by severa! 

-1 hundred ] mol as :-,hown by the expenmcntal result~ 01 Pouchly et al (1978) for 

--1 
2-butanone + n-C

16 
(1915 J mol ) compared \V1lh 2-butanone + br-C

16 
(150'+ ] 

mol-1). However, the Lk'l'fease of HE WIth alkanone cham-length wIll be slmIlar for 

bath n-C
16 

and br-C
16

" '1 Ile UCSTs for aIl the systems ~ave that contlUning aœtone 

are below the freezing pomt of the solutlons, I.e. S - 70°C. ConsIstent with thlS, and 
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Excess molar heat capacities for alkanones + 2,2,4,4,6,8,8-heptamethyl

nonane at 25
0 
C; acetone (.); 2-butanone ( 0); 3-hexanone (Â); 

4-heptanone (L\); 5-nonanone (.); and 4-decanone (0). At high ketone 

concentration points have been omitted for clarity. The data are found in 

Tables 4 - 8. 
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TABLE 4 

Excess molar heat capacity at constant pressure of 2-butanone + 2,2,4,4,6,8,8-

heptamethylnonane at 25°C (UCST: < -57°C) 

0.0417 

0.1030 

0.1398 

0.2272 

0.2483 

0.4492 

0.4679 

CE 
p 

(J K-l 

mol-1) 

-0.03 

0.08 

0.40 

0.89 

0.87 

2.05 

2.05 

0.5887 

0.6495 

0.7980 

0.8000 

0.8937 

0.8998 

0.9198 

CE 
p 

(J K-l 

moI-l) 

2.22 

2.34 

1.59 

1.59 

1.07 

1.02 

0.62 

0.9494 

0.9559 

0.9861 

0.9929 

0.9978 

CE 
p 

(J K-l 

mol-1) 

0.31 

0.30 

0.13 

-0.06 

-0.07 
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TABLE 5 

Excess molar heat capacity at constant pressure of 3-hexanone + 2,2,4,4,6,8,8-

heptamethylnonane at 25°C euCST: < -70°C) 

0.1152 

0.1714 

0.3259 

CE 
p 

(J K-l 

mol-1) 

-0.28 

-0.18 

0.38 

0.6911 

0.8502 

0.9CD2 

CE 
p 

(J K-l 

mol-1) 

1.17 

0.86 

0.62 

0.9702 

0.9950 

CE 
p 

(J K-l 

mol-1) 

0.25 

0.01 
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TABLE 6 

(". Excess molar heat capacity at constant pressure of 4-heptanone + 2,2,4,4,6,8,8-
o 0 heptamethylnonane at 25 C (UCST: < -70 C) 

xl CE 
P Xl CE 

P Xl CE 
P 

(J K-I (J K-I (J K-I 

moI-l) mol-l) mol-l) 

0.0684 -0.58 0.3805 0.00 0.8060 0.53 

0.1411 -0.90 0.4587 0.12 0.8947 0.29 

0.1698 -0.69 0.4918 0.21 0.8973 0.51 

0.2334 -0.79 0.5963 0.46 0.9423 0.21 

0.3077 -0.38 0.6070 0.36 

0.3287 -0.27 0.7033 0.32 

( .. 

( 
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TABLE 7 

Excess molar heat capacity at constant pressure of 5-nonanone + 2,2,4,4,6,8,8-
"',... o 0 heptamethylnonane at 25 C (UCST: < -70 C) 

Xl CE 
P Xl cE 

P Xl cE p 

(J K-l (J K-I (J K-I 

mol-l) mol-l) mol-1) 

0.1737 -0.65 0.7512 0.11 0.9595 -0.03 

0.3194 -0.52 0.8602 0.13 0.9793 -0.06 

0.4046 -0.34 0.8920 0.08 0.9941 -0.02 

0.6085 -0.02 0.9201 0.05 
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TABLE 8 

Excess molar heat capacity at constant pressure of 4-decanone + 2,2,4,4,6,8,8-

heptamethylnonane at 25°C (UCST: < -70°C) 

0.1014 

0.1861 

0.2605 

0.3115 

0.4074 

CE 
p 

(1 K-l 

mol-1) 

-0.80 

-1.08 

-1.22 

-1.28 

-.126 

0.4519 

0.4534 

0.5065 

0.5573 

0.6056 

CE 
p 

(J K-l 

moI-l) 

-1.22 

-1.22 

-1.12 

-1.24 

-1.33 

0.7424 

0.7560 

0.9079 

0.9305 

CE 
p 

(J K-l 

mol-1) 

-u.75 

-0.95 

-0.45 

-0.16 
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with the decrease of HE, the maximum ~ values decreases and the W -shape is less 

pronounced. The negative ~ appearing at very high ketone mole fraction (> 0.95) are 

-1 -1 extremely small, less than 0.05 J K mol . Somewhat similarly, Grolier and Benson 

(1984) found a W-shape for 2-butanone + n-heptane while a less positive c~ of 

S-shape was found for 3-pentanone + n-heptane. 
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2. Excess volumes 

Table 9 gives Redlich-Kister coefficients (eqn. (4) with yE replacing HE) for 

acetone + br-C16, +n-C12 and +n-C6 at the temperatures indicated. The VE are 

positive and extremely large as expected for mixtures with such large HE values. 

Another interesting feature is the rapid increase of VE with T. The Flory theory has 

been used to predict VE at 2SoC with equation of state data for the pure components 

taken from the literature and with the X 12 parame ter fitted to HE values for the 

systems. The theoretical VE values are then much too large, by 0.5-1.0 cm3 mOl-l . 

This failure of the theory was encountered before (Costas and Patterson, 1982) with 

other systems containing a polar and a non-polar component. In the present work, the 

X 12 parameter was fitted to yE at equimolar concentration and using the Hory theory, 

dyE/dT was predicted at 2SoC. Values of dyE/dT have previously been found 

(Bhattacharyya and Patterson, 1985) to be reliable in the absence of special effects such 

as order in the solution or components. For acetone + br-C16, dyE/dT is predicted to 

be S x 10-3 cm3 K-1 mol-1 at 2SoC and would change only slightly with T. 

Experimental yE data at 15, 2S and 40°C give dyE/dT = 17 x 10-3 and 5 x 10-3 cm3 

-1 -1 32 Oc . . 1 Oc K mol at 17.5 and .5 . The strikingly large va ue at 17.5 wou Id seem to be 

due to the proximity of the UCST at SoC. The acetone +n-C12 system is similar. The 

predicted value is 7 x 10-3 cm3 K-1 mol-1 while the data at 15 and 25 give a value 

of 12.5 x 10-3 cm3 K-1 mol-1 at 20°C. Again, the large discrepancy may reasonably 

be associated with the proxinuty of the UCST, i.e. dyE/dT is similar to C~ JO 

containing a positive non-randomness contribution. It is known that as the UCST is 

approached both dY/dT and Cp of the solution diverge with the same cri tic al exponent 

(Klein and Woennann, 1978). However, acetone + n-C6 has a predicted value of 9.5 x 

10-3 which compares with an ex.perimental value of 10 x 10-3 cm3 K-1 moCI at 

20°C using VE data at 15 and 25°C. Here the UCST lies further below the 
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TABLE 9 

- Redlich-Kister coefficients (a~ and standard deviation for VB 

B (V = XIX2[ao + al(xl - xù + a2(xl - XÛ2 + a3(xl - x~3 + 84(Xl - xv4] 

T ao al a2 a3 s.d. 
(OC) 

Acetone 15 3.741 -0.548 1.270 ~.446 -1.170 0.006 

+n-hexane (n-C6) 25 4.204 -0.373 0.351 ~.980 0.558 0.016 

Acetone 15 4.479 0.202 0.620 1.509 1.713 0.006 

+dodecane (n-C12) 25 4.984 0.479 1.079 0.803 1.287 0.001 

Acetone 10 3.541 0.761 0.186 0.139 2.469 0.003 

+2,2,4,4,6,8,8- 25 4.556 0.996 0.942 0.341 ~.303 0.001 

heptamethylnonane 35 4.571 1.052 0.339 0.783 2.186 0.004 

(br-C16) 40 4.703 1.053 0.826 1.164 1.081 0.002 

, 
L ___ _ 
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experimental Tt at -39°C which may be the reason for good agreement between theory 

and experimcnt 

In conclusion we suggest that aIl polar or weakly associated systems without 

hydrogen bonds with large HE, i.e. 1000-2000 J mol-l, and hence large OE should. 

due to non-randomness, show the W -shape ~ curve becoming more pronounced on 

lowering the temperature. A further consequence of non-randomness should be a large 

positive value of the curvatur.! of HE/x1x2 against composition, Le. of the 

Redlich-Kister constant ~. and this should increase with decrease of T. 
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LIST OF SYMBOLS 

(~ 
a· 1 

Redlich-Kister coefficients 

Cp heat capaeity at constant pressure 

G Gibbs free enthalpy 

H enthalpy 

NO A vogadro's Number 

R gas constant 

S enttopy 

s.d. standard deviation 

w cooperative free energy interehange parame ter 

x mole fraction 

X12 enthalpie interchange parameter of Flory theory 

z lattice coordination number 

J ( 
GREEK LETIERS 

a,~ constants in eqn. (7) 

P Guggenheim non-i'andomness parame ter 

r 12 non-i'andomness parame ter (Panayiotou and Vera, 1980) 

SUBSCRIPrS 

1,2 components 

SUPERSCRIPTS 

E exeess 

-
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CHAPTER2 

W-SHAPE CONCENTRATION DEPENDENCE OF C~ AND 

SOLUTION NON-RANDOMNESS: 

SYSTEMS APPROACHING THE UCST 
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INTRODUCTION 

The excess heat capacity, C~, has been found to have a surprising W-shape 

concentration dependence in a wide variety of systems. Either two minima appear in 

C~(x) separated by a maXImum, as in Fig. 2 of this paper, or two regions of positive 

C~(x) curvature separated by a reglon of negative curvature. 

The W -shape has been lOterprered as due to the superposition of two 

contributlons 10 C~, (1), a "normal:", parabohc tenn of negative sIgn arising when polar 
E r. 

and non-polar components are mlxed, the correspondmg contnbutlons In Gand H'-' 

bemg positIve. Any other mlXwg process ln which order lS destroyed will glve slmllar 

slgns. (2) an "anomalous" posItlve contnbution assoclated \VIth local non-randC'mness 

in the ~olutlon eaused by values of GE and HE larger than ~ 800 and ~ 1000 Jlmol 

respectively. SInee non-randomness must disappear at the ends of the concenrraùon 

range, contnbutIon 2 wlth 1 can glve the W-shape. It has been suggested by Rubio et 

al2 that concentration fluctuations 10 solution or local composition non-randùmness 

can be studIed through the raillai distnbUtlon functlons G .. (r) or more specôcally 
IJ 

through the c0ncentratlOn-concentration COITe lauon funetion Sec' as suggested by 

Bathm and Thornton3. Sec is obtamaole through hght scattering2 or vapour pressure 

measurements and is glven by: 

= [[a2 (G/RT)] ]-1 
a x2 P,T 

(1) 

(2) 

The ore tic al values of Sec may be obtained through the use of the Rory-Huggins 

theory, in which GE is given by: 
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(3) 

where <Pl and <P2 are the volume fractions of components 1 and 2, r the ratio of molar 

volumes of the components and Xl' the interaction parameter given a:;: 

z6.W 
Xl = lIT" (4) 

Where z is the coordination number, !::. W the interchange free energy. Combining 

eqns. (1) and (3) 1eads to this expression of See 

= 1 + xl X2(r - 1)2 _ 2 Xl Xl X2 r2 
(5) 

(Xl + x2 r)2 (Xl + x2 r)3 

As suggested in ref. 2, if the interactlon parameter X, IS small, then See is mamly given 

by the frrst two tenns of eqn. 5. Therefore the maximum of Sec decrease as r mcreases 

and shifts to lower values of Xl' This wIll be tested in the dIscussIOn s\!ction below. 

However, if X IS large, the thlrd tem1 dommates in eqn. 5 and the maximum 0f 

Sec increases Wlth rand shl!'ts toward~ higher values of xl' unnl for sufficlently large 

Xl' Scc tend to mfimty at the cnucal pomt. 

. o2t G/RT) . 
It IS known that à x.! = 0 at the cntIcal pOInt. Theretore, accordll1g to eqn. 

1, Sec should go to IOftmty as T goes to lc' Smce non-randomness IS expressed as a 

~:1anifestation of the cntlcal state, even at T weil removed from Tc' Sec can then be 

taken as an Indicator of non-randomness. As T decreases toward Te' non

randomness increases and therefore Sec bec ornes m0re posltIve However. the Ideal 

value of Sec (S~~) where r = 1, X = 0 corresponding to a random solutlon is givt:n as 

Sid = x x 
cc l' 2' 
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We have suggested in a previous paper5 that the sharp increase observed in 

W-shape ~ when T approaches the UCST was due to non-;-andomness increasing a.s 

T goes to Tc. It seems evident as suggested by Rubio et a12 that a correlation exists 

between Scc and C~ although no singular critical exponent could be found for the se 

two quantities. 

Experiment suggests that C~ becomes W-shaped when Scc ~ 0.7 2. Lowering 

the temperature enhances Sec and W-shape. Approaching the UCST: 

2 2 
(0 GliJx )P,T --....-+-+ 0 as (T - T ) 1.24 e 

4 
. S (T T )-1.24 d C (T T )-{).125 . di . I.e. cc ----+ 00 as - e an p ----+ 00 as - e ln canng 

that the critical positive peak of C~ increases dramatically as the UCST is approached. 

This was found for acetone + hydrocarbons5 and in the present work W-shape 

is investigated for severa! systems within 50
0e of their UCST s and comparison is 

made with the behaviour of Sec' 
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EXPERIMENTAL 

The ehemieals are from Aldrieh Chemieal Co. and are at least of 99% of purity. 

They were used without further treatment. 

Heat capacity was measured using a Picker flow micro calorimeter from Sodev 

Ine. A densitometer (Sodev, Sherbrooke) was used to transfoml volumetrie heat 

eapaeity and to ealeulate ex{'~ss volumes. Procedures and instrumentation are 

deseribed elsewhere 6, 

Heat capaci~y measurements were made for mixtures of nitroethane + 

cyclohexane at 25, 27, 30, 35°C; nitropropane + cyclohexane at 25°C; propionitrile + 

cyclohexane at 1':, 25, 40°C; perfluoro n-heptane + iS(){lCtane at 30°C; ethylacetate + 

° n-C16 and brC16 at 25 C. 

Sec was ealeulated for the different systems using literature data of GE obtained 

either from light seattering or vapour pressure measurements. The computer program 

used to ealeulate Sec is provided in appendix 2. 
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RESULTS AND DISCUSSION 

1. Nitroethane and nitropropane + cyclohexane 

Marsh has made a thorough study of the composition dependence of GE at 

318.1S()K and of HE at borh 318.1SoK a.'1d 298.1SoK for both nitroethane + 

cyclohexane 7 and nitropropane + cyclohexane8 These data were used ta give 

aporoxlmate GE (x) at vanous temperatures I.e taking C~ to be an avcmge obtamed 

from the two temperatures HE measurements. Eqn. (1) then gues Scc(x,T) as seen in 

Fig. (1), where S ccCx) !~ glven at different temperatures for both nitroethane and 

nitropropane + cyclohexane mixtures. 

In ail cases, Sec of the solutIon 1S much greater than Sec idew indicating a 

non-randomness contributlon to these mixtures. As T approaches the UCST which 

lies at 23.3°C9, Sec diverges strongly from the ideal value indicating an insrease of the 

non-randomness associated with large values of GE and HE respectively 1413 and 

1687 J/rnole for thiS syst"'m. 

Sarnlar behaviour can be seen in Fig. 2 showmg the W-shape. C~ shows a 

positive max1mum and two negauve minima at the extrerruties of the concentration 

range. The W-shape mcrea~es as T decreases towards the UCST. At 25°C (within 

1.7°C from the UCST) bath C~ and Sec show sharp maxima indicating a rapid mcrease 

in the non-random contr..bution. 

The maxImum of the C~ curve occurs at a concentration lower than 0.5 for T 

relauvely far from UCST. But it moves toward the middle of the concentration range 

as T decreases and approaches the UCST. Nevertheless even at T dose to the UCST, 

the maximum lS still not 10 agreement wlth the Rory Theory which would predict a 

critical concentration near 0.50. This small discrepancy is probably due to the polar 

forces which are not taken mto account by the theory. 
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Concentration dependence of Sec as a function of mole fraction of 

nitroethane in cyclohexane at • 2SoC; ° 27°C; .1 30°C; .1 3SoC; 0 45°C and 

nitropropane in cyclohexane 0 at 25°C. 
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, .. 

Fig. 2 Excess molar heat capacities of nitroethane + cyclohexane at • 25°C; ° 

o 0 ° ° . ° 27 C; Ô 30 C; Ô 35 C; 0 45 C; and mtropropane + cyclohexane 0 at 25 C. 

-
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The critical concentration of S cc is 0.50 i.e in agreement with the 

Rory-Huggins Theory at 25°C while it is lower as T is removed from Tc' 

Fig 1 and 2 show also Scc and ~ results for nitropropane + CyC6 at 25°C. 

The UCST for this system is weIl below the experimental temperature « -70°C). 

Scc max = 2 while ~ max = 2.7 J/K. mol. 

The equimolar values of aE and HE for this system are large (respectively 1160 

and 1507 Jlmol at 25°C) 10, but not as large as for nitroethane (1413 and 1687 Jlmol at 

25°C). The difference in excess quantities reflects the smaller fraction of the 

nitropropane molecnle which is of N02 character. Correspondingly, Scc for 

nitropropane is smaller at 25°C than for nitroeiliane and ~, although W-shaped, is 

nevertheless not so pronounced. 

Here again a correlation can be made between the lower non-randomness 

indicated by a lower value of S cc and the smaller maximum observed for c~. S cc is 

just above the limit of 0.7 suggested by Rubio et al for the observation of a W-shape. 

2. Pro.,pionitrile + CyC6 

Fig. 3 shows ~ results for propionitrile + CyC6 mixtures at 15,25, 40°C. The 

UCST is observed at 12.2°C8 and the mixture is largely endothermic (HE ~ 1500 

J/mol). Propionitrile + CyC6 behaves similarly to nitropropane + CyC
6

. Both systems 

are close to their UCST and both exhibit a large and positive W -shape which is very 

sharp as T approaches the UCST. No reliable values of OE(x) could be found in the 

literature, but Scc should show the same picture as nitroethane + CyC6 . 
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Fig. 3 Excess molar heat capacity of propionitrile + cyclohexane at x lSoC, .2SoC, 

+, 40°C (UCST = 12.2°C). 
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3. Perf1uoro n-heptane + 2,2,4-trimethylpentane (brCS) 

Fig. 4 shows ~ for perfluoro n-heptar.e + 2,2,4-trimethylpentane at 30°C. 

The proximity of the UCST (23°C) and the large and positive values observed14 for 

both HE (- 2100 J/mol) and aE (- 1362 J/mol) predict large W-shape. Indeed, 

experiment reveals a large and sharp W -shape whose maximum occors at - 0.4 mole 

fraction. 

Conversely to the previous components, perfluoro n-heptane is not a strictly 

polar compound. Hence W -shape is observed, due to a large non-randomness 

contribution to~. This non-randomness contribution can be more or less quantified 

through the See curve which also reveal a sharp peak as T approaches the UCST. The 

critical concentration of See -! 0.5 as T -j Te' Values of OE(x) used to calculate Sec 

were obtained from Scott 14, Sec ca1culations are shown in fig. 5. 

4. Ethylacetate + n-C16 and brC16 

Fig. 6, however, shows W-shape C~ ~Ol ethylacetate mixed with n-C16 and 

brC16. Although the large values of HE (- 1750 J/mol)12 for these mixtures no UCST 

has been observed, meaning that T may be - 100°C away from the UCST. Then, the 

non-randomness effect would oe srr,all compared to <{. lndeed, c~ shows a negative 

W-shape in both n-C16 and brC16 cases. n--C16 solutions show a much larger 

negative ~ than brC16, due ta the negative contribution implemented in C~ and 

coming from the destruction of correlation of molecular orientation going from the pure 

n--C16 to the solution. 

Fig. 7 shows an extremely small value of See for ethylacetate + n-C7 which is 

the only system in this series for which (OE(x) was available13. The curve is just 

Aboye the limit value of Sec for the observation of a w-shape~. Sec should be a 



....... 

-

-85-

Fig. 4 Excess molar heat capacity of perfluoro n-heptane + 2,2,4-tri

methylpentane at 30°C. 
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Fig. 5 Concentration dependence of S cc for perfluoro n-heptane + 2,2,4-tri-

00000 0 methylpentane at 0 25 C; * 27 C; + 30 C; x 67 C; • 92 C; V 177 C. 
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Excess molar heat capacity of ethylacetate + n-hexadecane at • 25°C; and 

o 2,2,4,4,6,8,8-heptamethylnonane x at 25 C. 
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Fig. 7 Conce~tration dependence of Sec for ethylacetate + n-heptane at 25°C. 
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Comparison between Set vs log (T - Tc) for x nitroethane + CyC
6
; • 

acetone + n-C6; 0 acetone + n-C 10; 0 nitrobenzene + n-CT 
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little bit larger for a longer chain alkane such as hexadecane. But, still 

non-randomness will be small compared to any system close to its UCST, and that 

explains the negative W-shape ~ observed. 

Fig. 8 shows the variation of S~~ against log (T - Tc) for several systems 

showing W-shape~. As Sec goes to infinity, a certain singularity is observed for the 

critical exponent of (T - Tc) (-1.2) which converges to the expected (- 1.24) value, 

alÙlough it is evident that in order ta observe this value one has to be extremely close 

ta the critical point. The different systems lie on different curves which are, however, 

parallel. This deviation must be explained by the dependence of Sec on the ratio of the 

molar volume of the components (r). As r decreases, the curves move to the left, 

indicating a lower value of Sec for the same value of (T - Te)' 

that: 

(1) 

(2) 

In aIl the systems studied, the similarity of C~ and Sec is striking and confmns 

non-i"andomness increasing with decreasing T toward the UCST 

In bath ~ and Sec cases, concentration dependence gives curves concave 

downward, i.e. non-randomness (Sec) and the effect of non-randomness 

(central peak of ~) is found mainly toward the middle of the concentration 

range. 
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TABLE 1 

Excess molar heat capacities as a function of mole fraction of 

nitroethane + cyc10hexane at 25°C 

0.0310 

0.0902 

0.2212 

0.2220 

0.3491 

0.4598 

0.4664 

0.5658 

0.6436 

0.7197 

0.8968 

CE 
p 

J/K mol 

0.04 

1.17 

4.72 

5.10 

12.54 

13.88 

14.09 

9.07 

7.04 

5.17 

--0.23 
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TABLE 2 

Excess molar heat capacities as a function of mole fraction of 
nitroethane + cyclohexane at 27°C 

0.0012 

0.1272 

0.1794 

0.3087 

0.5043 

0.5939 

0.5980 

0.7435 

0.7533 

0.8688 

0.8906 

0.9492 

CE 
P 

J/K mol 

0.03 

2.46 

3.50 

15.28 

10.55 

6.91 

7.31 

1.64 

2.45 

0.84 

-0.09 

-0.16 
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TABLE 3 

Excess molar heat capacities as a function of mole fraction of 

nitroethane + cyclohexane at 30°C 

0.0658 

0.3196 

0.4116 

0.6009 

0.7443 

0.8893 

0.9438 

CE 
P 

J/K mol 

0.58 

2.61 

7.91 

5.38 

1.65 

0.05 

-0.07 
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TABLE 4 

Excess molar heat capacities as a function of mole fraction of 

nitroethane + cyclohexane at 35°C 

0.2234 

0.3638 

0.5208 

0.6026 

0.7536 

0.8955 

CE 
p 

J/K mol 

4.08 

5.65 

4.76 

3.48 

0.94 

-D.12 
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TABLE 5 

Excess molar heat capacities as a function of mole fraction of 

nitropropane + cyclohexane at 10°C 

0.0181 

0.0370 

0.3594 

0.4638 

0.6049 

0.7540 

0.9034 

0.9483 

CE 
P 

J/K mol 

-0.06 

0.09 

3.96 

3.51 

2.18 

0.83 

-0.02 

-0.001 
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TABLE 6 

Excess molar heat capacities as a function of mole fraction of 
nitropropane + cyclohexane at 25°C 

0.0678 

0.1534 

0.3039 

r 4438 

0.5795 

0.7422 

0.8912 

0.9368 

0.9654 

CE 
p 

J/K mol 

0.42 

1.60 

2.62 

2.58 

1.84 

0.93 

0.05 

-0.05 

-0.08 
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TABLE 7 

Excess molar heat capacities as a function of mole fraction of 

propionitrile + cyclohexane at 15°C 

0.0525 

0.0972 

0.1352 

0.2013 

0.2244 

0.3260 

0.3940 

0.4471 

0.6196 

0.6961 

0.7541 

0.8423 

0.9576 

CE 
p 

J/K. mol 

0.81 

1.87 

2.85 

4.84 

5.37 

8.63 

10.38 

9.76 

4.75 

2.69 

1.62 

0.59 

-Q.Ol 
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TABLE 8 

Excess molar heat capacities as a function of mole fraction of 
propionitrile + cyclohexane at 25 0 C 

0.0249 0.18 

0.0993 1.71 

0.0998 1.67 

0.1519 2.76 

0.2639 4.82 

0.2663 4.81 

0.3501 5.75 

0.3952 5.89 

0.4430 5.78 

0.5448 4.72 

0.5530 4.53 

0.6936 2.29 

0.6949 2.13 

0.8408 0.66 

0.8417 0.49 

0.9321 0.22 

0.9413 0.15 
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TABLE 9 

Excess molar heat capacities as a function of mole fraction of 

propionitrile + cyclohexane at 40°C 

0.1013 

0.2634 

0.4002 

0.5462 

0.6990 

0.8461 

0.9443 

CE 
p 

J/K. mol 

1.36 

3.45 

4.04 

3.32 

1.81 

0.60 

0.14 
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TABLE 10 

Excess molar heat capacities as a function of mole fraction of 

perfluoro n-heptane + 2,2,4-trimethylpentane at 30°C 

0.0236 

0.0434 

0.0895 

0.1545 

0.3133 

0.4492 

0.6053 

0.7838 

CE 
P 

J/K mol 

-0.01 

-0.05 

-0.51 

-0.76 

14.94 

16.02 

12.21 

5.99 
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TABLE 11 

Excess molar heat capacities as a function of mole fraction of 
o ethylacetate + nonnal hexadecane at 25 C 

CE 
p 

J/K mol 

0.0881 -2.08 

0.1768 -3.14 

0.2693 -3.53 

0.3919 -3.50 

0.4700 -3.16 

0.6562 -1.80 

0.7427 -1.28 

0.8565 -0.80 

0.9459 -0.59 
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TABLE 12 

Excess molar heat capacities as a function of mole fraction of 
o 

ethylacetate + 2,2,4,4,6,8,8-heptamethylnonane at 25 C 

0.2861 

0.4277 

0.5550 

0.7029 

0.8726 

CE 
p 

J/K mol 

-0.51 

-0.30 

-0.39 

-0.63 

-0.51 
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sec PROGRAM 

'THIS PROGRAM eALeULATES sec FROM THE SECOND DERIVATIVE OF 
GE.THE PROGRAM 

'WILL BE USING PARAMETERS FOR REDLISH-Y.ISTER EClUATION FOR 
GE. 

DEFSNG A-Z 
DEFSTR C 
DIM A(100) 

INPUT "COMPONENT 1 fi; COMPONSNTl 
INPUT "COMPONENT2"; COMPONENT2 
INPUT "PRINT ?"; ANSWER$ 
INPUT "ALFA"; ALFA 
INPUT "BETA"; BETA 
INPUT "T(K)"; T 
IF ANSWER$ -= "y" THEN 

LPRINT 
ff _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ " 

----------- .. ------------------------------------._. ------
LPRINT TAB(5); COMPONENT1, "+", COMPONENT2 
LPRINT 

ft _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .. _ _ _ _ _ _ _ _ _ " 

LPRINT 
LPRINT "T:"; T 

END IF 
FOR 1 -= 1 TO '5 

INPUT liA"; A(I 1) 

IF ANSWER$ -= "Y" THEN 
LPRINT "A("; r 1; 

ELSE PRINT "A("; l 
END IF 

NE:<T l 
IF ANSWER$ -= "y" THEN 

LPRINT "ALFA"; ALFA 
LPRINT "BETAil; BETA 
LPRINT 
LPRINT 

"):"; A(I 1 ) 
1; "):"; A(I 1 \ 

u==::::::::::::====:::==:::::::::::::::::::::.:::=::::::-:==:::" 

LPRINT 

LPRINT 

T AB(5); 
d2GE / 

"X1"; 
d2x1"; 

TAB(15); 
TAB(42), 

" GE"; TAB(2ô), 
"sec" 

ft _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .. _ _ _ _ .._ 

-----------------------------------------------
LPRINT 

ELSE 
PRINT "ALF' A:"; ALFA 
PRINT "BETA:"; BETA 

END IF 

_ _ _ _ _ _ _ ft 

'COMPUTE PARAMETER VALUE FOR X:O AND NOT GR~ATE\ THAN t IF 
X ) 1 THEN STOPS 

xi : 495 
WHILE Xl <= .52 

'IF x1 '): .4 AND ;..:1 <-= .6 THEN Jo: 1 = ;.:: + (12 
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NUM! : xl • (1 - xl) 
DENO! : ALFA + SETA Il xl 
P! :. NUM / DENO 
'PRINT "NUM:"; NUM; "DEHO:"; DENO, "P:": P 
'II .. U 

'INITIALIZATION OF Q,DQ,DaQ THAT WILL BE USING FOR THE 
SUMMATION 'MNIII 

QI : O! 
dG! : O! 
d2Q! : O! 
'UII COMPUTE THE VALUES OF Q, dQ, d2Q THROUGH A 

SUMMATION OF POWER '1- MU 

PROD! : 1 - 2 Il xl 
FOR II : 1 TO 5 

NEXT II 

1 ; II - 1 
PRODU! : PROD A 1 
'PRINT "PROD:"; PROD, IIPRODU:"; PRODU 
QUU! : ACI) Il PRODU 
'PRIHT "1:"; l, "ACI):": AU) 
Q! : Q + QUU 
'PRINT ItQUU:"; QUU, "Q:1t 
PRODl! : PROD ,. (II - 1) 
SUM! : Il Il A(Il) Il PRODI 
'PRINT ItPROD~="; PROD1, IfS VM:"; SUM 
dQ! : dQ + SUM 
HI! : II + 1 
BB! : PROD " CMI - 2) 
SOMM! : BB Il ACMI) Il MI • (MI - 1) 
daœ : daQ + SOMM 
'PRINT "dQa:"; dQ; "BB:": BB, "SOMM:"; SOMM; 

"d2Qa:"j d20 

dQ : -(2 • dQ) 
d2Q : Il Il d2G 
'PRINT "dO:-": dG, "d2Q:": d2Q 
' ... COMPUTE THE VALUES OF dP AND d2P l1li11 

' .... 
NUME! : DENO • PROD - HUM • SETA 
DE NOM! : DENO A 2 
d~ : HUME / DENOM 
'PRINT "NUME:"; NUME; "DENOli:"; DENOM, "dP:"; dP 
'UluCOMPUTE THE DIFFERENT TERMS IN THE EXPRESSION OF 

d2Q 'nu 
TERM~ : BETA .. PROD / DENO 
Ha! : BE'1'A ,. 2 • NUH 
TERH~ : H2 / DENOH 
TERH~ : 2 / DENO 
TERH4! : TERH2 - TERMI - 1 
d2~ : TERl13 • TERl14 
'PRINT "TERM1:"; TER Hl: "1'12:": HZ; "TERM3:"; TERH3; 

"TERHIl:": TERH4 
'RIHT "d2P;"; d2P 
'1 ... 'u.... COMPUTE d2PQ/dx2 
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',,*,,* 
PA! = P * Q 
GE! = PA * 8.3143 Il T 
d2PQ! = P * d2Q + 2 " dP " dQ + Q * d2P 
x2! = 1 - Xl 
d2G! = 1 + xl Il x2 * d2PQ 
'RINT "d2PQ="; d2PQ; "d2G="; d2G 

'**** 
I****"COMPUTE V AL UE OF SCC!f*** 
',,*,,* 
SCC! = xl * x2 " (1 / d2G) 
'RINT "d2G="; d2G; "SCC:"; SCC 

'**** 
'''MuPRINT THE RESULTS FOR EACH VALUE OF X **11** 

',,**** 
xl = INT((xl * 1000) + .5) / 1000 
SCC = INT((SCC " 10000) + .5) / 10000 
GE = INT((GE * 10000) + .5) / 10000 
d2PQ = INT((d2PQ * 100000~ + .5) / 100000 

IF ANSWER$ = "y" THEN 
LPRINT TAB(4); X1; TAB(15); GE; TAB(30); d2PQ; 

T AB( 40); SCC 
LPRINT 

ELSE 
PRINT X1, GE, d2PQ, SCC 

END IF 
'uuINCREMENT xl BY 0.05 u** 

'**** 
IF xi >= .4 AND Xl <= .6 THEN xi = xl + .02 
xi = xi + .001 
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CHAYI'ER 3 

LOCAL NON-RANDOMNESS AND EXCESS SECOND - ORDER 

TIlERMODYNAMIC QUANTITIES 
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INTRODUCTION 

In recent publications 1 a W -shape concentration dependence of C~ has been 

ascribed to the presence in C~ of two contributions: (1) a "nonnal", parabolic curve of 

negative sign arising when polar and non-polar components are mixed, or more 

generally when order IS destroyed during the mlx10g process and (2) an anomalous 

positive contribution associated wah local non-randomness 10 the solutIon WhlCh 

appears tawards the mlddle of the concentration range. A measure of non-randamness, 

the cancentratlon-concentratlon correlauon fU'1ctlOn, Sec' IS defmed bl 

= [[82(O/RT)] j-1 
ôx 2 P,T 

and a minimum value of Sec:>: 0.7 corresponding ta GE "" 800 J mol-1 has been 

suggested2 for the appearance of the W -shape. 

Bath Sec and Cp tend ta infinit? at the critIcal point, the fonner as 

-124 -125 
(T -Tc) . and the latter as (T -Tc)' . Lowenng the temperature toward the 

UCST thus mcreases Sec and the central maXImum of the W-shape. For example, at 

40, 25 and 15°C approaching the UCST at 13°e, ln the proplomtnle-cyclohexane 

system, the central maXImum of CE at x '" 0.5 IS 3, 6 and 10 J K-1mo!-1 I.e. alre.tdv p • 

large at 40°C and becoming rapldly larger as T is lowered. It is argued4 that the 

° W-shape IS a mamfestauon of the cnncal state WhlCh contmues '" 100 C above Tc 

there being no essentlal \1 ·fference between criucal and non-randomness contributlOns 

ta c~. The excess quannty C; IS much more senSItIve to the cnncal contributlun than 

Cp d the solution itself because ln CE the vanous background contrIbutIons ta C of p p 

the solution have been mainly ellrmnated through subtractlon of the pure component 

Cp'S. Ahhough the critical contrIbution ta Cp of the solution may be small 50 - IC OOC 
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from Tc perhaps 1 - 3 J K mol-l, it is nevertheless discernible in ~ because the 

"normal" contribution to ~ is of the same arder, and is of opposite sign with a 

different concentration dependence 1. 

Other second order thermodynamic quantities, i.e. the thermal expansion 

coefficient, <Xp and the isothermal compressibility, K.r' aJso tend to infmity at Tc with 

the same critical exponent 0.1255 as Cp' In the present work we consider the 

possibility of discerning the non-random or critical contribution in dVE /dP and dyE/dT 

after first considering ~ approaching the LeST rather than the UCST. 



-{; 

...... 

-------------------------------------------

-117 -

C~ AT THE LCST: 

As the UCST or LeST is approached and non-randomness is increased, HE is 

redueed in magnitude eausing the non-random or eritical contribution to C~. 

Approaching the LCST, where HE is negative, the non-random cOlltnbutIon to 

dHE/dT = C~ is therefore positive. Two types of LCST are known: (1) in aqueous 

systems at low temperatures where the "normal" C~ is also positIve. Here the critical 

contribution will not appear as a W-shape, but as an enhancement and change of 

concentration dependence of an already posltlve C~ Tins may well be dJ.scermble but 

only relatively close to the LeST. (2) In systems where a large dlfference in free 

volume exists between the two components, as in a polymer-solvent system or one 

composed of two hydrocarbons of wldely dIfferent carbon number, e.g. methane + 

6 E 2-methylpentane . The normal Cp must be strongly negative and henee these systems 

are candidates for observation of the W -shape . 

rU" y)E ~dVE /dP) ~ =::1 

The critical contrIbutions to Cp' KT and <xp of the solutions are closely related. 

Thus Griffith and Wheeler7 give for the solution in the critical reglOn 

2 

[
dV] = (Cp) crit [dTc l 

= - dP ent Tc dP J 
(1) 

'.ve take the same relation te ho Id at temperatures more removed from Tc and 

correspondingly the same equation is followed by the excess quantities. SineeS, 
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(2) 

We have 

(3) 

The negative sign of (dVE/dP)crit is consistent with Lechatelier's Principle or with the 

tollowing argument based on the displacement of Tc by pressure. The effect of 

non-randomness is to reduce the magnitude of VE, e.g. if VE is +( -), VE due to 

non-randomne~:; t'r (VE)crit is -(+). From eq. (2), the effect of pressure for VE +(-) is 

to increase (decrease) Tc so that at T > UCST, the magnitude of the critical 

contribution to yE will be increased (decreased) by pressure. Thus dV~ri/d.P is 

negative for both signs of VE. The sign of -(dVE/dP)crit is positive and could be 

expected to give the W -shape if the nonnal contribution to -<iVE /dP were negative. 

The Flory theory8 shows this sign is attained when VE is negative and although this 

sign is rarer than positive, it is found for systems which combine a component of high 

thermal pressure coefficient 'Y and low (Xp with one of low 'Y and high (Xp' Other model 

calculations using the Flory theory suggest that when VE < 0 

dVE 
--::::: (4) 

dP 

Putting yE ::::: -1 cm3 moC1, HE ::::: 1500 J moC1 and comparing eqns. (3) and (4) the 

value (C~)Crit which would give critical and random contributions of equal magnitude 

in (dVE/dP), is 100 J K-lmoCl . Such a large value of (~>Crit would only be 

achieved at an experimental temperature a fraction of degree from Tc. We conclud.e 
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that the W-shape in -(dyB /dP) cannot be a wide-spread phenomenon as for~. This 

conclusion is consistent with previous work9 where the Flory theory gave good 

predictions for -<iVB /dP in systems where ~ and dVE /dT were sensitive tn effects of 

structure in solution Le. in dVE/dP the "nonnal" contribuLlon is toc large to allow :my 

effects of structure to be discemed. 
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According ta the Prigogine-Flory theorylO, yE is composed of three terms: 

interactional, P * and V curvature. dyE/dT may be considered as the sum of three 

corresponding tenns which may be shawn ta be almost directly proportion al ta the yE 

terms. Thus, the total dyE/dT and yE must be almost proportion al, i.e. 

(5) 

Furthennore, the critical contribution ta dVE /dT is given by6 

(6) 

(7) 

Thus, approaching the UCST both nonnal and critical contributions to dyE/dT 

will be of the same sign, Le. t"'at of yE, and the conditions for the occurrence of the 

W-shape are not met in the case of dyE/dT. Furthermore, the critical contribution to 

dyE IdT is small. From eq. (5) and (6) this contribution becomes equal ta the normal 

when ~ "" 20 J K-1 mol-1 which corresponds to the experimental iempemture being 

only a few degrees from Tc' Thus although dVE IdT near the UeST is a more sensitive 

indicator of non-randomness thtln dyE /dP, its observation will still require special 

conditions of temperature close to Tc' Nevertheless, it seems worthwhile to compare 

Flory theory predictions with experimental values of dyE/dT near the UCST to 

determine if a discrepancy between the two can be associated with a critical 

contribution ta dyE/dT . 
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Befme doing this we consider dyE/dT approaching the two types of LeST 

mentioned above. Aqueous systemsll exhibit negative VE and positive dyE/dT 

approaching the LeST. Since HE is negative (or if S-shaped, g~W is positive) while 

(~)crit is positive. Eqn. (6) shows that (dyE/dT)crit is aIso positive. Thus both 

normal and critical contributions ta dyE/dT are again of the same sign as they are when 

approaching th~ UCST and the W-shape will not arise. 

However, as with ~, the second type of LeST caused by a l:rrge free volume 

difference between the components has yE and dyE IdT negative while (dyE/dT)crit is 

positive. Systems approaching sufficiently close ta this type of LeST should show a 

W-shape concentration dependence of dyE/dT. A possible such system is methane + 

2-methylpentane where volume changes have been detennined6 approaching the LeST 

of 194.7°K, without however any obvious W-shape being discemible. 
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EXPERIMENTAL 

The chemicals were from star.dard sources and were of high purity label, at 

least 99%. They were used without dfly further treatment. 

Excess volumes data were obtained through density measurements using a flow 

densitometer from Sodev. Measurements were carried out as described in the 

literature12. VE data were fiued ta Redlich-Kister equations for each temperature. 

Equimolar values of yE were then used ta calculate dyE/dT at different temperatures. 

* * * Reduction parameters, P , y , T required by the Prigogine-Flory theory were taken 

from the literature 13,14. State equation parameters are given in Table 1. 

yE measurements were carried out for mixtures of: nitroethane + cyc10hexane 

at 25, 27. 30. 35. SOoC; nitropropane + cyc10hexane at 10, 25°C; propionitrile + CyC6 

° ° at 15,25, 40 C; butanone + hexadecane (n-C16) at 25, 30,40 C, + 2,2,4-heptamethyl 

nonane (brC16) at 25, 40
c

C; hexanone + n-C16 at 25, 30, 40°C; benzonitrile + n-C6, 

n--Cg at 25, 30
c
C + n-C16 at 30, 40°C and brC16 at 40, 50

c
C; nitrobenzene + brC16 

at 40, 50ce. yE results are given as a function of concentration of component 1 in 

Appendix 3. 

The accuracy of the yE measurement depends on the system studied i.e. it is 

greater for the nitriles or nitro compounè t than for the ketones for instance, but in any 

case it is estimated as being not less than ± 0.01 cm3 mol-1 for yE and not less than 

±l * 1O-3cm3 K-1 mol-1 for dyE/dT. 
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TABLE 1 

0 
Parameters for pure components at 25 C 

* P Cl 
x 10-3 

J cm-3 (K-1) 

acetone 589.6 1.42 

2-butanone 582 1.29 

propioni tri le 675 1.119 

nitroethane 682 1.1l7 

nitropropane 675 1.119 

benzonitrile 728 0.884 

ni trobenzene 710.67 0.825 

n-hexane (n-C
6
) 423 1.384 

n-octane (n-C8) 439 1.165 

n-hexadecane (n-C16) 463 0.884 

2,2,4,46,8,8-heptamethyl-

nonane (br-C 16) 399 0.872 

cyclohexane (CyC
6

) 530 1.217 

P s 

gcm-3 (A 0)_1 

0.78502 0.85 

0.7999 0.89 

0.9953 1.0 

1.0446 1 07 

0.9953 1.0 

1.00053 1.0 

1 1977 1.04 

0.6554 1.04 

0.6983 0.99 

0.7699 0.90 

0.7856 0.77 

0.7739 0.93 
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RESULIS AND PISCUSSION 

Tables (2-4) give for the different systems studied the experimental temperature 

for dyE/dT, equimolar values of experimental and theoretical dyE/dT, values of yE 

measured at 2SoC and values of the interaction parame ter (X12) titted ta yE. 

For most of the systems investigated VE is positive (except for mixtures of 

benzonitrile and nitrobenzene with low alkanes (n smaller or equal to 8); dyE/dT is 

a1ways proportion al to yE and of the same sign. Equation (5) is satisfied for any 

E 
system taken in the vicinity of the UCST, i.e. ~ ~ ~ 10.0. 

Y 
An attempt has been made ta evaluate the critical part of dyE/dT. Since the 

Flory theory has successfully predicted dyE/dT for mixtures of alkanes where the 

components are believed to be randomly mixed, taking then the predicted value to be 

approximately the random contribution, the discrepancy between experimental and 

predicted values for each system wIll give the sign of the critical or non-random 

dyE/dT and a crude approximation of ils magnitude. 

It is observed in the tables that this difference is temperature dependent and 

increases faster as T is closer to the cri tic al point. At any temperature farther than a 

few degrees from Tc' this differenee vanishes, and the theory correetly predicts the 

results. Contrary to C~ where the cffeet of the critical state is still discemible at 

"" 100°C from Tc, the effeet of the critical state on dyE/dT is perceptible only within a 

few degrees from Tc. 

Mixtures of acetone + normal or branched alkanes, nitroethane and propionitrile 

+ CyC
6 

all satisfy Eqn. (5) and the critical dyE/dT shows the same sign as yE. It 

decreases rapidly with increase of T and vanishes, leading to good agreement with 

Flory theory's prediction. Mixtures of butanone, hexanone with normal and brC16, 

nitropropane + CyC6 are all far from their UCST and the results all agree with the 
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TABLE 2 

Thennodynamic quantities for ketones in normal and branched alkanes 

(1) 

acetone + 

2-butanone + 

3-hexanone + 

(2) UCST 
(oC) 

n-C6 -39 

n-C16 13 

brC16 5 

n-C16 <m.p. 

brC16 <m.p. 

n-C16 <m.p. 

Ile E 
with X12 fitted to V 

T yE 

(oC) 
cm3mol-1 

20 1.025 

20 1.255 

17.5 1.155 

32.5 1.08 

32.5 0.85 

32.5 0.79 

dyE/dT 

cm3mol-1 

Exp. 

10.5 

12.6 

17.0 

5.0 

5.54 

2.7 

dyE/dT * 
cm3mol-1 

Theor. 

9.7 

8.2 

6.98 

4.9 

4.1 

X12 

45.2 

55.9 

32.5 

35.00 

12.85 
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theoretical predictions. 

Benzonitrile was mixed with differcnt alkanes (n = 6, 8, 10, 16, brC16). VB has 

been observed to be positive, negative or S-shaped15. dyE/dT takes the sign of yE in 

each case. The calculated non-random dyE/dT aiso shows the same sign as yE. 

Thereby, it can be concluded that the non-random contribution may be either positive 

or negative. The critical dyE/dT calculated for the n-C6 mixture is negative and large, 

it is '" 0 fOl n-Cg and positive for n-C16 and brC16. brC16 mixtures exhibit a large 

discrepancy between experimental and theoretical values, as expected because of the 

proximity of the UCST, while surprisingly n-C16 mixtures show good agreement with 

Flory's theory predktions, even though the system is near the UCST. The existence of 

correlation of molecular orientations (CMO) in alkane liquids such as n-C16 has been 

suggested by Tancrede et al16. (CMO) during mixing is manifested by a negative 

comribution to dyE/dT 17. It can then be suggested that dyE/dT for benzonitrile + 

n-C16 contains a negative contnbution caused by the destruction of CMO in n-C16 

and that could probably counterbalance the positive contribution coming from 

non-randomness in solution. Hence the observed value of dyE/dT should only reflect 

the random or "normal" contribution which is weIl predicted by Flory's theory. 

However, it has been shawn 17 that orientanonal order decreases with the degree of 

branching of alkane molecules, leading to an absence of any CMO in the highly 

branched hexadecane (brC 1 ()- The large cri tic al or non-random part should then be 

responsible for this large dlscrepancy between expenmental and theoretIcal values of 

dyE/dT. 

C~ and yE of Nitrobenzene mixtures 15 reveal similar results with benzonitrile 

and a similar conclusion can be reached for dyE/dT results. However, Table 4 shows 

mixtures containing cyclohexane. One shl'uld note that despite of the proximity of the 

UCST, no discrepancy has been observed between experimental and theoretical values 

of dyE/dT for propionitrile + CyC
6 

systems. Flory's theory agrees well at aU 



....,.. 

-

-127 -

TABLE 3 

Thennodynamic quantities for benzonitrile and nitrobenzene in severa! alkanes 

(1) (2) UCST 
(oC) 

benzonitrile + 

n-C6 

n-Cs 

n-C16 

br-C16 

nitrobenzene + 

20.3 

* with X 12 fitted to VB 

T VB dyE/dT 

(oC) cm3mol-1 

cm3mol-1 Exp. 

27.5 -.775 -15.0 

27.5 -.310 -1.1 

35 .265 5.0 

45 .435 10.15 

23 

45 

-.99 -17.0 

.07 -6.2 

dyE/dT * 

cm3mol-1 

Theor. 

-8.44 

-3.16 

2.9 

1.76 

-10.5 

0.65 

X12 

44.5 

32.4 

23.4 

11.2 

45.5 

16.7 
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TABLE 4 

Thermodynamic quantities for propionitrile. nittoethane. nitropropane + cyclohexane 

(1) (2) UCST T v E 

(oC) (oC) 
cm3mol-1 

propionitrile + 

CyC6 12.2 20 0.70 

nitroethane + 

26 0.8 

37.S 

nitropropane + 

CyC6 <m.p. 20 0.72 

* E with X12 fitted to Y 

dyE/dT 

cm3mol-1 

Exp. 

5.0 

10 

4.0 

3.67 

dyE/dT * X12 
cm3mol-1 

The or. 

6.13 50 

6.53 73.0 

5.63 57.0 
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temperatures studied, regardless of the flatness observed as T approaehes the UCST, 

indieating a large non-random contribution. Furthennore, ~ for the se systems shows 

a large and positive W-shape4 even at T::=" 40°C away from UCST. 

The W -shape concentraùon dependence is definitely a more general 

phenomenon for ~ than it is for dyE/dT. However, if approaching the UCST the 

W-shape dyE/dT seems to be an extremely rare phenomenon, its observation should be 

possible for certain systems (large free volume difference) as T approaches the LeST, 

sinee in those particular cases, the "nonnal" and the critical contributions to dyE/dT are 

expeeted to be of opposite signs. 
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TABLE 5 

Excess volumes as a function of mole fraction of nitroethane for 

nitroethane + cyclohexane at 25,27, 30, 3SoC 
1 2 

T = 25°C 

0.0309 

0.0902 

0.2220 

0.4664 

0.6990 

T = 27°C 

0.1271 

0.3087 

0.4634 

0.5043 

0.5980 

0.7533 

0.8688 

T = 30°C 

0.0657 

0.1682 

0.3196 

0.4115 

0.6008 

0.7443 

0.8893 

0.9438 

(cm3/mol) 

0.1647 

0.4198 

0.6500 

0.7910 

0.6701 

0.5211 

0.8283 

1.0466 

0.9370 

0.9384 

0.8211 

0.6185 

0.3083 

0.4356 

0.7646 

0.8561 

0.7758 

0.6198 

0.3253 

0.1763 



T = 35°C 

0.0384 

0.0571 

0.0776 

0.0901 

0.1108 

0.1972 

0.4008 

0.6044 

0.7901 

0.9427 

. 
" 
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TABLE 5 (continued) 

vE 

(cm3/mol) 

0.2111 

0.2867 

0.3617 

0.4096 

0.4625 

0,6485 

0.8344 

0.8078 

0.5574 

0.1814 
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TABLE 6 

Excess volumes as a function of mole fraction of nitropropane for 

nitropropane + CyC6 at 10 and 2Soe 

T = 100 e 
0.0181 

0.0370 

0.3594 

0.4638 

0.6049 

0.7540 
0.9034 

0.9483 

T = 25°C 

0.0176 

0.0678 

0.1534 

0.3039 

0.4438 

0.5795 

0.7422 

0.8912 

0.9368 

0.9654 

1 2 

yB 

(cm3/mol) 

0.0778 

0.1322 

0.6206 

0.6425 

0.5997 

0.4598 
0.2122 

0.1122 

0.0833 

0.2721 

0.4515 

0.6537 

0.7017 

0.6596 

0.7553 

0.2471 

0.1513 

0.0856 
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TABLE 7 
Excess volumes as a function of mole fraction of propionitrile for 

propionitrile + CyC6 at 15, 25, 40°C 

T = 15°C 

0.0525 

0.0972 

0.1352 

0.2013 

0.3260 

0.3940 

0.4471 

0.6196 

0.6961 

0.7541 

0.8423 

0.9576 

T = 2SoC 

0.0993 

0.2663 

0.3952 

0.5448 

0.6936 

0.8408 

0.9413 

1 2 

yB 

(cm3{mol) 

0.2028 

0.3193 

0.4018 

0.5131 

0.6167 

0.6504 
0.6616 

0.6431 

0.5875 

0.5207 

0.3781 

0.1212 

0.3498 
0.6186 

0.7030 

0.7117 

0.6142 

0.3864 

0.1568 



( 

T = 40°C 

0.10l3 

0.2634 

0.4002 

0.5462 

0.6990 

0.8461 

0.9443 

( 
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TABLE 7 (continued) 

yE 

(cm3jmol) 

0.3890 

0.6844 

0.7846 

0.7832 

0.6570 

0.4014 

0.1582 
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TABLE 8 

Excess volumes as a function of mole fraction of nitrobenzene for 

nitrobenzene + brC16 at 40 and 500e 
1 2 

vE 

(cm3/mol) 

40°C 500e 

0.0549 0.0992 0.1088 

0.2874 0.1468 0.1321 
0.4028 0.1072 0.0540 

0.5453 0.1166 0.0524 
0.5749 0.1823 

0.6731 0.0157 0.0053 

0.8040 -Q.0516 

0.9480 -{)'0307 -Q.0626 

--------------------------------------------------------------
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TABLE 9 

( Excess volumes as a function of mole franction of benzonitrile for 

benzonitrile + n-C6 at 25 and 30
0e 

1 2 

Xl 
yE 

(cm3/mol) 

25°C 30
0e 

0.0565 -0.0773 -Q.0842 

0.1072 -0.1907 -0.2064 

0.2053 -0.3811 -Q.4185 

0.2969 -0.5563 -Q.6062 

0.3933 -0.6874 -0.7557 

0.4975 -0.7562 -Q.8283 

0.5828 -0.7985 -Q.8895 

{ 
0.7149 -0.7393 -0.8130 

0.8788 -0.4223 -Q.4730 

( 



-139-

TABLE 10 
~ ... 

Excess volumes as a function of mole fraction of benzonitri1e for ...... 
benzonitrile + n-C8 at 25 and 30°C 

1 2 

Xl yE 

(cm3/mol) 

25°C 30°C 

0.0535 0.0264 0.0272 

0.1017 0.0138 0.0158 

0.2420 -0.1024 -0.1013 

0.3248 -0.1674 -0.1672 

0.4057 -0.2320 -0.2335 

05025 -0.3115 -0.3166 

0.6012 -0.3535 --0.3594 

, ' 0.7342 -0.3744 -0.3794 

<4~ 0.9287 -0.1663 -0.1704 



-140-

TABLE 11 

(' Excess volumes as a function of mole fraction of benzonitrile for 

benzonitrile + n-C 16 at 30 and 40°C 
l 2 

Xl 
yE 

(cm3/mol) 

30°C 40°C 

0.0567 0.1348 0.1618 

0.1051 0.2166 -.2327 

0.2064 0.3057 0.3418 

0.3093 0.3902 0.4303 

0.4355 0.2234 0.2791 

0.5126 0.3807 0.4150 

0.6229 0.2176 

( 
0.7633 0.2129 

0.8867 0.0525 0.0832 

-
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TABLE 12 

Excess volumes as a function of mole fraction of benzonitrile for 

benzonitrile + brC16 at 40 and 500e 

0.0566 

0.1081 

0.3576 

0.4554 

0.5452 

0.6983 

0.8890 

1 2 

40°C 

0.1396 

0.2397 

0.3087 

0.2865 

0.2408 

0.1404 

0.0549 

vE 

(cm3/mol) 

500 e 

0.1390 

0.2442 

0.3761 

0.3373 

0.3431 

0.2511 

0.0575 
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TABLE 13 

Excess volumes as a function of mole fraction of acetone for 
o acetone + n-C6 at 10, 15. 25 e 

T = 100 e 

0.2731 

0.6522 

0.6942 

0.8280 
0.9186 

T = 15°e 

0.1594 

0.3563 

0.5730 

0.7277 

0.8348 

0.9051 

0.9346 

1 2 

(cm3/mol) 

0.8245 

0.8790 

0.8305 

0.5874 

0.3418 

0.6172 

0.9185 

0.9074 

0.7180 

0.4949 
0.2922 

0.1977 
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TABLE 13 (continued) 

, , 
VE t 

~,... 

t 
xl 

(cm3/mol) f 
b 
~, 

f 
T = 25°C f 

t 0.0405 0.3073 
~ 

0.0611 0.4144 

0.0667 0.3580 

0.0747 0.3921 

0.1240 0.5776 
~ 0.1820 0.7391 

0.1823 0.7188 

l, 0.3950 1.18405 

l' 0.4036 1.0631 

0.6055 0.9639 

0.6888 0.8616 

0.7823 0.6860 

0.7949 0.6358 

0.8925 0.3634 

0.3694 

0.9371 0.2511 
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TABLE 14 

(", Excess volumes as a function of mole fraction of 2-butar.one for 
° 2-butanone + n-C16 at 25,30,40 C 

1 2 

Xl yE 

(cm3/mol) 

2SoC 30°C 40°C 

0.0031 0.0230 0.0158 

0.0071 0.0468 0.0482 

0.0118 0.0697 0.0701 

0.0566 0.2436 0.2487 

0.0586 0.2288 0.2308 0.2300 

0.1107 0.4017 0.4087 0.4226 

0.2086 0.6674 0.6822 0.7134 

0.4698 1.0488 1.0751 1.1202 

( 0.6090 1.0614 1.0888 1.1391 

0.7957 0.8434 0.8656 0.9039 

0.9374 0.3801 0.3993 

0.9488 0.3278 0.3343 0.3460 

0.9755 0.1717 0.1795 

0.9945 0.0395 0.0416 

0.9972 0.02307 0.0244 

0.9990 0.0069 0.0079 
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TABLE 15 
Excess volumes as a function of mole fraction of 2-butanone for 

2-butanone + brC16 at 25 and 40°C 

T = 2SoC 

0.0417 

0.1031 

0,2483 

0.4492 

0.6495 

0.8000 

0.9494 

T = 40°C 

0.1360 

0.2259 

0.2830 

0.3895 

0.5125 

0.5898 

0.6951 

0.8016 

0.9000 

1 2 

vE 

(cm3/mol) 

0.1286 

0.2972 

0.5957 

0.8141 

0.8140 

0.6414 

0.2344 

0.4034 

0.6082 

0.7122 

0.8467 

0.9202 

0.9217 

0.8554 

0.6993 

0.4425 
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TABLE 16 

(~ Excess volumes as a function of mole fraction of hexanone for 
° hexanone + n-C16 at 25,30,40 C 

1 2 

Xl VE 

(cm3 mol-1) 

25°C 30°C 40°C 

0.00932 0.0366 0.0304 0.0310 

0.0576 0.1747 0.1733 0.1784 
0.1672 0.4337 0.4370 0.4472 
0.2284 0.5470 0.5517 0.5672 
0.4247 0.7614 0.7591 0.7945 
0.5912 0.7849 0.7957 0.8208 
0.7079 0.7057 0.7080 0.7387 

{ 
0.8880 0.3846 0.4032 
0.9378 0.2366 0.2389 0.2448 
0.9400 0.2322 0.2412 
0.9809 0.0801 0.0827 
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CHAPTER4 

THERMODYNAMIC STUDIES OF ALCOHOL SELF-ASSOCIATION 

IN PROTON ACCEPTOR SOL VENTS 
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INTRODUCTION 

H--bonding in alcohols has been the subject of numerous investi!?;ations carried 

out with classical physico-chemica. methods, such as vapor pressure 1, spectroscopie 

techniques, principally infrared and NMR2, and ealorimeu-y3 including, very recently, 

heat capacity meaSluements. Much of the literature on hydrogen bon ding of alcohols is 

concemed with self-association of alcohols in inert solvents. We will foeus our 

attention on heat capacity. As a good structure indieatar Cp turns out ta be one of the 

most useful quantiti~s for the study of H-bonding 4. 

Fig. la shows a sehematic representation of the energy diagram for an alcohol 

in the pure state and in an mert solvent. Two levels of energy are represented. The 

lower corresponds ta the state of association of the alcohol molecules through H-bonds 

and the higher is assigned to the state where all the alcohol molecules are completely 

dissociated. Curve 0 refers to the pure aleohol. At low T, the alcohol molecules are aU 

associated and as the tempcrature lS increased, the energy WIll n~e ta the level of 

complete dissociation. Curves 1 to III currespond to solùtions at different 

concenrrations, going towards higher dilution of alcohol in an inert solvent. At high 

dilution, x ~ 0.01, the H-bonds break up at a lower T afid the molecuJ's leach the 

dissociation state the faster, the more dilute the solutIOn. The slopes of the energy 

curves give Cp(T) or the apparent heat eapaclty (</le) of the alcohol at different 

concentrations as shown In fie. 1 b. They are called "Schottky peaks". 

The exeess heat capacIty of the solutIon, CE, i~ given as the dlffercnce between p 

the apparent molar heat capaclty, <\>C' WhlCh 1S the heal capaclty of the alcohol in the 

solution, and the heat capacity of the pure component. Therefore C~ compares two 

curves: 

~= 
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Fig. la Energy diagram of aJl alcohol in inen solvent. 
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Fig. lb Schottky peaks for an alcohol in inert solvent. 
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Thus, at a given temperature T', subtracting for instance curve 0 from curve 1, 

leads to cE > 0 while the subtraction of curve 0 from III leads to CE < O. 
P P 

From fig. 1 b, the following qualitatl v~ deduction can be made: at extremely 

low alcohol concentration, curve Ill, structure IS broken up, the molecules are I .. uldomly 

isolated in the solvent and C~ :-.hows a negatIve value (curve III lower than curve 0 at 

this temperature) correspondmg to a decrctlse of structure compm'cd to the pure :llcohol 

molecules. As the concentratlon IS lncre.l:-..~d, curve II, the alcohol molecules are 

brought together from over large dbtances to form higher ~pe('le:" mŒtly tetramers (<1>c 

of the alcohol in the solullon highcr than ln the pure hquid). Structurt' IS then enhanced 

10 the solutIon ta a higher dcgree than In the purc alcohal where strUCtlh .g takes place 

over small dI:-.tances A~ the conCC'1!TallOn I~ further l!1crca~ed (curve 0, the molecules 

are cIoser and more tetramcrs are for .. 1Cd. Howevcr, at thlS stage the moJecules come 

together from a smalkr dl~tL\nCe, thercfore structure ln the solutlon IS less (4)c for curve 

1 lower than 4>c of curve II, for lIl"tance). 

If now the mert ::,olvelll i:, replaced by a proton acceptor solvent, such as an 

alkylnitrilc or a chlonnuted solve nt, "tructure in solutIon :,hould be created ta a lesser 

extem SInce the alcohol moJecllle~ can now oe assoclated through hydrogen bond::, WIth 

theJr ImmedIate nelghboul~ l'on:-..tltuteJ by the proton acceptar solvent They may, 

howevel. also fonn H -bond:-, through "e 1 f-assocl auan Th cre fore , t\\lf) types of 

H-bonds are pO::'~lbie But. dept.:I1dlI1g on the ~trength or the proton acc~ptor (PA), 

structure WIll be domlllated by the complex fonnatlon between the OH-j,'Toup of the 

alcohol and the polar &rroup ot the PA rather than by the ~elf -aSSOCIatlOn process. 

The bchavlOUf ot .llcohol molecules call be lllterpreted through aSSOCIatIon 

theory. Among several of these theane\, Treszczanowlcz and KehIaIUn (TK) theory5 is 

successfully u~ed ln alcohol + men solvem rrnxtures. Thl: TK theory lS bùsed on a 

consecutive self- ,ISSOCIatIon reaCllon model, where an alcohol molecule attaches itself 

onto a multuner contaInl!1g 1 moleculcs WhlCh becornes i + 1 mer. The eqUlhbnum 
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constant for this reaction is expressed in tenns of volume fractions of the components 

in the chemical equation, i.e. 

(1) 

for A + Ai = \+ 1" It, in fact, corresponds ta the free energy of localizmg the 

monomer in the neighbourhood of the growing multimer chain. Similarly for the 

formation of an i-mer from i monomers. 

K,q> 
1 

(2) 

The K.q>'+1 and K,q> have been interpreted using the Flory latrice theory. It has been 
l , 1 1 

suggested in ref. (6) that the fonnation of an H-bond proceeds In two steps according 

ta fig, 2: The frrst one correspond') to the locallzanon of the new hydroxyl !:,lTOUp at the 

growing chain of hydroxyls; the second step com~)ponds to the onentatlOn of the CO 

group in the proper directIon to be incorporated into the chain The overall process can 

be represented through the expr~ssion of the eqUllibnum constant 

- [:.1 [~l (3) 

The locali7.ation of the new hydroxyl is represented by lirA' with rA corresponding ta 

the number of segments ln the alcohol chain, Thus, the longer the alcohol molecule, 

the sm aller is the eqUlhbrium constant because the greater IS the 10ss of entropy 10 

order to localize the new hydroxyl group into the growing cham. The orientanon of the 
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Fig. 2 Schematic representation of the fonnation of an H-bond. 
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co group is represented by l/z where z is the coordination number. Again, the larger 

is z, the bigger is the entropie driving force, thus the smaller is K(j). cr's are the 

symmetry numbers. fis an expression for the flexibility of the chain. 

Equation (3) !eads to a corresponding expression for the equilibrium constant, 

Ki 'P, which is independent of the solvent and depends only upon the number of alcohol 

segments: 

q> [Ki] i-l K. '" -1 -
rA 

(4) 

Here the factors z, (1-f), etc. are not written. It is founé that tetrarners are the 

dominant species, i.e. K4 is large corresponding to especially strong H-bondmg. Eq. 4 

becomes 

The excess heat (HE) and the associational apparent heat capacity (<!>c(assoc» 

are given by eqns. 5 and 6 

(5) 

where q> ~i refers to the pure alcohol. 
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cl>c(assoc) = 

i 

r 
L i-1 K. <P CPA [ i-1 + L (i-j) Ker cpj-1ll 

[~a] 2 ! .J.....i_=2=--=--_1 _cp.....:1--'_~_--'JL..·'#~1 ___ J __ A __ L..J_ 

1 + L j K<P cp j-1 
j =2 J A 

(6) 

The fitting of eqns. 5 and 6 ta experimental data leads ta the energy diagram and the 

Schattky peaks as seen in fig. 1. 

If now the alcohol molecules are mixed with a proton acceptor solve nt rather 

than an inert solvent, the complex formation obeys an equilibrium constant for dîmer 

formation K
AB

• Since there exist two types of H-bonds for the se mixtures, two 

different types of eq. constants should be introduced in the TK model: (1) (IS, K3, 

K4) which refer to the eq. constants for the self-association of alcahol molecules into 

dimers, trimers, although almost exclusively tetramers (!S and K3 are slgmficantly 

small compared to K4) and (2) K
AB 

which is the eq. constant for the complex 

formation. In the model will be also introduced a value for the enthalpy change M1
AB 

OCCUrillg during the fonnation of the complex. The TK model has been extended in 

ref. (7) to fulfill these reqUlrements and 1l0W the associational part of q,c is given by 

eqn. 7 taken from ref. (7) 

{ [ 
1 [ 1 MIo 2 1 i-l cp A. <p x 

cp ( ) = [-] - L - K.CP - [(1-1) l + 1 + 
c assoc T R '-2' 1 en 

1- l 't"1 r 

1 
0 0 r 1 . Mf Mi 2cp x . 

L (i-j) K.CP <pJ -1] - AB ~ L (i-l) K. <p <pl 
j:;:i J A RT2 l r(j>l i=2 1 A 
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+ [Mi~B12 .!. [~[cp + I: i K.<P cpi]l}/[l +.1:j K.CP q>j-l + ~2Xl 
T R r'Pl A r=2 1 A J=2 JAr 

(7) 

where 

(r /r+ l) KTB xl 
X = 2 and <Pl = ------

[Cr / r+1) K~B CPA + 1] x1+ r x2 + r 1x3 

(8) 

MiO represents the change of enthalpy associated with the self-association leading to 

the fonnation of one mole of hydrogen-bond. MIo is negative. Ki cp are the eq. 

constants for every species Ai in solution, CP1 is the volume fraction of component 1 in 

solution and cp A is the volume fraction of the monomer 1 in solution. KTs and M<.~B 

are the equilibrium constant and enthalpy change for the formation of the complex. 

In eqn. 7, the first term represents the associational part of the apparent heat 

capacity of the alcohol due to the self-association process, the third corresponds to the 

formation of the species AB in solution, while the second is tl cross-term. 

The eq. constant KTB is given by eqn. 9: 

cp <PAB 
K =--= 

AB cp cp 
A B 

(9) 

rA and f
B 

are rclated to the chain lengths of alcohol and PA. If the length of either the 

alcohol or PA increases, the entropie driving force for dissociation of H-bond between 

the OH and CO groups will be mcreased and KTB decreases. However, at low alcohol 

concentratlon and large KAB , eqs. 7-9 can be simplified ta eqn. 10. 
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q,c [MiAB] 2 r B 
-~ -- -
R RT KAB 

(10) 

From eqn. (10), it is shown that the heat capacity is independent of alcohol and 

depends only upon the PA strength. At low concentration, alcohol molecules are 

surrounded by PA molecules. It is then obvious that the longer the PA chain, the 

weaker the PA and the larger will be the heat capacit)'. This seemingly paradoxical 

result reflects KAB being large. The highest ~c is found for intennediate PA strength. 

The aim of this work is to study through C~ measurements, structural effects 

due to interactions between alcohol and proton acceptor solvents. Spectroscopists have 

used, for decades, CC14 as an inert solve nt for alcohols for various studies such as IR, 

NMR, etc. This study will show that alcohol + CC14 behaviour deviates from the 

results obtained in inert solvents. lndeed CC14 should be taken as a very mild proton 

acceptor solve nt, but it is definitely not an inert environment for alcohols. 
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EXPERIMENTAL 

Volumetrie heat capaeities were measured using the Picker flow 

mierocalorimeter from Sodev Ine., for mixtures of Methanol + acetonitrile; butanol + 

CCI4, + acetonitrile, + octane nitrile and decanol + CCI4. 

The method and principles are described in ref. 8. A vibrating~ell densimeter 

(Sodev, Sherbrooke, P.Q.) was used for the measurements of density data necessary to 

transfonn volumetrie heat capacity into molar heat capacity and also to obtain exeess 

volume data. 

The Chemicals from Aldrich were used as obtained without any further 

purification. They were at least of 99% of purity. 
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RESUL TS AND DISCUSSION 

1. Butanol + Acetonitrile 

Energy diagrams and Schottky peaks are calculated using the TK model. The 

fitting of the experimental cpc(assoc) and limit (~c(assoc)) was made using the 

association parameters listed il, Table 1. 

Figs. 3a and 3b show respectively the energy diagram and Schottky peaks for 

butanol + acetonitrile and + n-CT In fig. 3a, three energy levels should be considered. 

The lowest level corresponds to the associated state (self-association of alcohol 

molecules into tetramers). The second level corresponds to the A-B complex and the 

third is for the complete dissociation of the molecules into monomers. Curve 0 

corresponds to the pure alcohoI, while the other curves correspond to solu~ions at 

different concentrations. There is a remarkable difference with the inert case. In the 

inert solvent, the te tramer dissociates into monomers directly, while here the break up 

of H-bonds is followed by the formation of a complex between alcohol molecule and 

the PA solvent. A further increase of T will be followed by the complete dissociation 

of H-bonds into monomers. This must be more evident at low concentration of 

alcohol, where it is easier to break up the H-bonds since few alcohol molecules are 

present in the solution. Yet at extremely low T, for x $; 0.01, at m O = -15800 J/mol 

(the energy necessary to form one mole of complex), the te tramer species (due to 

self-association) are dissociated and replaced by dimers resulting from the complex 

formed between butanol and acetonitrile. A plateau is observed in a given range of T. 

As T is further increased, the complex starts to dissociate up to a temperature where 

complete dissociation leads to rnonomer species and another plateau is reached. Fig 3a 

shows also the comparison between the inert n-C7 and acetonitrile cases at the 

diffr:rent concentrations, the curves shifting to lower T in the case of the PA. The 
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Energy diagram for butanol + acetonitrile for the pure butanol and for the 

solutions at different concentrations and butanol + n-C7 at different 

concentrations. 
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Fig.3b Schottky peaks for butanol + acetonitrile at different concentrations. 
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TABLE 1 

Association parameters for Butanol in CC14, acetonitrile, octanitrile at 25°C 

CC14 Acetonitrile Octanenitrile 

.Mio -287000 -28700 -28700 

IS 0.115 0.115 0.115 

self-association 

IS 871 871 871 

K4 1666500 1666500 1666500 

.Mi
AB 

-8800 -15800 -15800 

K AB complex formation 1.9 29 25 

r 1.74 0.95 0.59 

'JO 

-f -.... 



( 

IL _____ _ 

-169 -

shifting is remarkable at high dilution (x = 0.01). The rise of energy slows down 

because of the fonnation of the complex. 

Fig. 3b reI- 'esents the Schottky peaks for butanol + acetonitrile. Here the 

<l>c(assoc) maximum is much lower compared with the inert. The sharp maximum, 

observed with n-C7 and even with CC14, at low concentration (x ~ 0.01), has now 

complt:tely disappeared. Two mb. .• lma can be observed corresponding respectively to 

self-assocIation and the complex. Even at extremely low concentration, monomer 

specles cau not be found. The isolated alcohol molecule resultmg from the breaking up 

of H-bands fmds a malecule of acetannrile ta fultill 11s H-bond reqU1rements. 

Therefare the extent of structure IS hlgher than If it was an men solvent, at thIs 

extremely low concentratIon. Furthermore, conversely to the prevlOUS cases ut any 

concentration cansldered here, the Schottky peaks are always lower than for the pure 

o 
alcohol. However, the maXlmum accurs at lower T. Nevertheless at 25 C, <l>c(assoc) 

of the solutions at any concentratIon IS larger than the value observed for the pure 

alcohol, as seen m fig. 4. 

Fig. 4 shows a companson between experimental and theoretical curve:;, of 

<l>c(assoc) for butanol + acetomtrile. The fitting of the theory to the experimental 

results gives Mf AB = - 15800 J/mole WhlCh is much bigger (m absolute value) than 

M1
AB 

for CCl4 mixture. The equilibrium constant K
AB 

is 29 while it was 1.9 for CC1
4 

(Table 1). These parametcrs mdicate that a stronger complex IS fonned with 

acetomtrile. 

2. Butanoi +.J:Q4 

Figs. 5a and 5b show respectively the energy diagram and the Schottky peaks 

for butanol + CCI4. Here again, three energy levels should be considered: the 

self-association energy, the second energy level corresponds to the AB complex 
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Comparison between experimental and theoretical <l>c(assoc) for butanol + 

acetonitrile at 2SoC. x experimental;. the ore tic al. 
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Energy diagram for butanol + CC14 for X = 0.00001, 0.00005, 0.01, 0.1, 

o 0.3 (e) for the pure butanol and for butanol + n-C7 (x) at 25 C. 
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Fig. Sb Schottky peaks for butanol + CCl4 at different concentrations. 
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between butanol and CCl4 and the third level is the energy of complete dissociation 

into monomers. 

As for acetonitrile, the curves are shifted to the left and the temperature at 

which dissociation occur is lower than for the inert case. But, since CC14 is an 

extremely mild PA compare ta acetonitrile, the observation of the complex is more 

difficult and it occurs at extremely low concentration and temperature. It is more 

difficult to isolate the dissociation of the tetramers from that of the complex, although 

at x = 1 O-S, a plateau seems to mdicate the formation of the complex. This 

concentration is perhaps beyond the limit of any experiment. 

Fig. Sb shows the Schottky dIagram for butanol + CCI4. Desplte a certain 

similarity with the inert case, dissociauon of the alcohol tetramers occurs at a lower 

temperature for any concentration, i.e. it is easier to break up the H-bond in CCl4 than 

in n-C
7

, for instance. The maXIma of the Schottky peaks move toward lower T and 

are smaller. However, at a given temperature, 2SoC for instance, it can be observed 

that <pc(assoc) for CC14 mixtures is higher than the inert, but becomes smaller at low 

concentration; speclally at about 0.01 where the maXImum of <pc(assoc) occurs. 

The comparison between expenmental and theoretical <PCI )1S shown in fig. ,as soc 

6. The TK model predicts successfully the expenmental trend for thiS system. The 

change of enthalpy and the equihbnum constant for the complex formation were fitted 

as respectively -8800 J/mol and 1.9. Those values indicate the weakness of the AB 

complex formed. Despite a perfect agreement between the experimental data and the 

TK prediction at low concentration, the expenmental curve IS higher than the preciicted 

values at higher concentration. Physical contributions which are not taken into account 

by the theory might be responsible for this difference . 
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Comparison between experimental and theoretical <pc(assoc) for butanol + 

CC14 as a function of concentration of concentration of hydroxyl group in 

solution at 25°C. 
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3. Butanol + differem PA 

a. Apparent molar heat capacity 

Fig. 7a shows the comparison between Schottky peaks at x = 0.1 for butanol in 

the pure state and different proton acceptor sol vents. Going from the inert to the PA, 

the maximum of the curve moves towards lower T and it is smaller as the strength of 

the PA increases. 

Fig. 7b shows a comparison between experimental results, at 2SoC, of c!>c(assoc) 

for butanol mixed with nonnal alkanes and proton acceptor solvents. c!>c(assoc) is 

given as a function of the concentration of hydroxyl groups ('JI) in solution. Nonnal 

alkanols (C = 6 to 16) show a single curve for $c(assoc) when the effective 

concentration of hydroxyl groups is considered instead of the global concentration of 

the alcohol molecules. c!>c(assoc) is then independent of the length of th~ alcohol 

molecules. In an inert solvent, $c(assoc) increases slowly at extremely low 

concentration, then a rapid increase is observed as the concentration is about 0.1 * 
10-2, where a maximum is observed (G>c(assocf 270 Jlmol K) and decreases slowly as 

the concentration is further increased. 

If, however, the mert solvent is replaced by a mild PA such as CCI4, at 

extremely low concentration, G>c(assoc) is higher than in the mert. As the concentration 

is increased, there is a rapid increase of G>c(assoc) but slower than for the inert and the 

maximum is moved towards higher concentration of butanol. It is also observed that 

the maximum of c!>c(assoc) takes the value of ~ 200 J/K mol which is smaller than the 

value observed with the inert sol vent. As the concentration ;s further increased, 

<l>c(assoc) d.ecreases, but more slowly than for the inert. Therefore another cross-over 

is observed for the two curves at high concentration. The value of cl>c(assoc) is higher 

for CC14 than for the inert at high concentration. 
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Schottky peaks for butanol in n-C7, CCI4, acetonitrile and octanenitrile for 

x = 0.1. x n-C7; ~ CCI4; • pure; 0 acetonitrile; 0 octanenitrile. 
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Experimental cl>c(assoc) as a function of hydroxyl concentration for butanol 

in inert and proton acceptor solvents at 25°C. 

inert: full line; x CC14, Il benzene;. octanenitrile; 0 acetonitrile; 0 

methyl acetate. 
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While self-association leads to te tramer species, complex formation gives 

dimers. It is known that the higher the species, the bigger is its contribution to the heat 

capacity. Therefore, the structure created in solution by the fonnation of tetramers is 

larger. Hence <pc(assoc) should be higher for a solution of alcohol + inen than for 

alcohol + PA, since in the latter case, two kinds of H-bonds are observed: 

self-association which gives tetramers and AB complex which leads to dimers. The 

competition between tetramers and dimers depends upon the strength of the PA. 

Now, if a stronger PA is used, more dimers should be produced meaning that 

the contribution to Cp will be smaller than previously and therefore <pc(assoc) should be 

much smaller. This can be observed for acetonitrile or octanenitrile mixtures. At low 

concentration and in the entire concentration range <pc(assoc) is always lower than the 

value observed for the inert. No evident maximum has been observed. The decrease in 

<PC(assoc) is related to the strength of the PA. As can be seen in fig. 7b, <l>c(assoc) is 

lower for acetonitrile than for CC14 or octanenitrile where the alkane chain of the 

nitrile might dilute the OH groups present in the solution. 

b. Excess heat capacity (~) 

Excess heat capacity (C~) can be obtained from eqn. Il: 

(11) 

It is given as the difference between the molar apparent heat capacity (<Pc) of 

the solution and the molar heat capacity of the pure component (1), at a given 

concentration of compone nt (1). Fig. Ra shows experimental results for C~ against 

concentration (mole fraction) of butanol in various solvents: n-C7, CCI4, octanenitrile, 
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Experimental results of excess heat capacity c~ as a function of mole 

fraction of butanol for butanol + acetonitrile x; CC14 .; and octanenitrile 0 

at 25°C. 
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Experimental ~ as a function of mole fraction of butanol at high dilution 

o of butanol + CCl4 at 25 C. 
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acetonitrile at 25°C. n-<; exhibits the largest value Of~. C~ shows a slightly 

negative minimum at high dilution, indicating a decrease of structure in solution 

compared to the structure existing in the pure components. Then, as the concentration 

is increased, C~ increases and reaches a maximum of ~ 13.6 at 0.3 mole fraction of 

butanol and decreases as the concentration is further increased. 

However, ~ for CC14 mixture does not show any dependence upon 

concentration for x > 0.01, as shown in fig. 8b. ~ increases slowly and shows a 

maximum value of 13.4 J/K mol slightly lower than the: inert. As the PA is stronger, 

C~ is smaller. Acetonitrile shows a maximum of 8.9 J/K mol. However, as the inert 

tail of the PA increases, C~ increases and exhibits a maximum of 10.5 J/K mol for 

octanenitrile, for instance. 

It is also known that the length of the inert tail of the alcohol molecule affects 

the structure in solution. lJ1 the next section, we will study the effect created by a 

longer and a shorter alcohol than butanol such as decanol in CCl4 and methanol in 

acetonitrile. 

4. Decanol + CCl4 

Fig. 9 shows experimental results for $c(assoc) of decanol in CCl4 and in n-C7 

at 25°C as a function of mole fraction of decanol. $c(assoc) shows a large and sharp 

maximum of 205 J/K mol at around x = 0.05 for the CCl4 solution while the n-C7 

solution exhibits a maximum of 211 J/K mol. 

The particularity of the CCl4 system is that $C(2 'ne) is negative at high 

dilution (x < 0.01). The limit of $c(assoc) takes the value of -13 J/K mol. The 

limiting value represents the contribution to the heat capacity of the alcohol in the 

absence of any association. This negative value is peculiar and it is not observed for 

lower alcohols. For instance, butanol + CCl4 shows a limit of 28 J/K mol. The 
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Fig. 9 Experimental cpc(assoc) for decanol + CCl4 and + n-C7 at 2SoC . 

x CCI4; • n-C7' 
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intercert for decanol or butanol in decane was used to obtain <pc(assoc)' Conversely to 

butanol, decanol is a long chain alkanol where it is reasonable that a correlation of 

molecular order (CMO) takes place9. The thermodynamic properties of the solutions 

are affected by the presence of orientation al order in the pure state of a long chain 

alKane. Tbis order is equivalent to a molecular cohesion which lowers H, S and V and 

since it is found to faIl off rapid1y with T, the order makes a positive contribution to 

Cp' While these changes are difficult to isolate in the pure state, they manifest 

themselves in the mixing process. In the same way, mixing a long chain alkanol 

molecule (n ~ 10) with a short or order-breaker molecule such as CC14, results in a 

destruction of this CMO which, as a consequence, gives a negative contribution to ~. 

The intercept of <Pc for decanol in a long chain alkane such as decane was used 

to obtain <pc(assoc)' Therefore, the value of the intercept (which is the contribution to 

Cp in absence of ally association) is increased by CMO. However, if decane is 

replaced by CCl4 a pseudo-spherical or order breaker molecule, the value of <l>c(assoc) 

obtained by comparing the value in CCl4 to the limiting value in decane shows a 

negative limit of <pc(assoc)' The intercept is not raised by CMO in this case. 

Furthermore, 'Î>c(assoc) of CCl4 mixture is lower than the value observed for mixture in 

a short alkane, like n~. Conversely for butanol, decanol shows at high concentration 

a smaller <pc(assoc) for CCl4 than for the inert solvent. 

Fig. 10 shows experimental results of C~ for decanol in CC14 at 25°C. At !ow 

concentration (x ~ O.Ol), C~ is negative and shows a minimum value of - 0.06 J/K 

mol, while no concentration dependence has been observed for the butanol mixture at 

this range of concentration. It can therefore be suggested that two contributions arise in 

C~ of decanol + CCl4 solutions: Firstly, at low concentration, one is due to the 

breaking up of H-bonds and the second cornes from the destruction of CMO by the 

mixing process. Both contributions are negative in ~, indicating that decanol should 

show a more negative value than butanol at very low concentration, since no CMO is 

, 
, 
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Fig. 10 Experimental ~ results for decanol + CCl4 at 2SoC. 

x n-C7; • CCl4, 
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possible in butanol. Secondly, at high concentration (x > 0.01), while the contribution 

from destruction of CMO still arises and is negative, another contribution takes place 

coming from the self-association of decanol molecules and this contribution is positive. 

Therefore, ~ at high concentration should be a resultant of these 2 contributions which 

are of opposite signs. Therefore, ~ for decanol at high concentration (x > 0.01) 

should be smaller than cE for butanol. In fact, decanol shows a maximum of cE of 8.5 
p p 

J/K mol compared to 13.5 J/K mol for butano!. 

5. Methanol + acetonitrile 

Fig. Il shows experimental C~ results for methanol in acetonitrile at 25°C. As 

for butanol + ace tonitrile , ~ is positive but with a slight negative minimum at high 

dilution. However C~'s maximum is considerably smaller, 5 J/K mol compared to 8.9 

J/K mol for butano!. This lower value of C~ can be explained by the formation of a 

stronger complex between methanol-acetonitrile than between butanol-acetonitrile. 

This argument is weIl supported by excess volume results for those systems. 

Figs. 12 and 13 show experimental yE results for respectively butanol + acetonitrile 

and methanol + acetonitrile. Whlle the former shows a positive yE with a slight 

negative minimum at high concentration of alcohol, the latter exhibits rather negative 

yE with a very small positive maximum at low concentration of alcoho!. These results 

reveal the existence of a competition between two different processes: self-association 

and complex formation. In the case of butanol, at 10w concentration, the 

self-association process overlaps the complex formation. 

However, methanol + acetonitrile reveals a different behaviour, At extremely 

low concentration, there is an expansion due to the breaking up of the H-bonds. But 

as the concentration increases (x > 0.02), yE decreases and becomes more and more 
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Fig. Il Experimental ~ for methanol + acetonitrile at 2SoC (e) and 40°C (x). 
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negative until a minimum value of -{).16 cm3/mol, indicating the presence of a 

stronger complex between methanol and acetonitrile than butanol and acetonitrile. 

Flory's theory has been used to interpret the yE results. The predictions shown 

in Figs. 12 and 13 are much too large. Because of a large endothermic heat, X12 is 

large and positive. However, when titted to the equimolar experimental value, X12 

turns out to be nl~g8tive. 

It has been found that the theory fails to predict yE for most of systems 

containing associated molecules. As suggested in ref. 10, the discrepancy between 

experimental and predicted values is an indicator of association which is not taken into 

account by the theory. In ref. 10, it is aiso suggested that yE can be split ioto two 

contributions: V~hys and y~hem· V~hys is given by Flory theory while y~hem is the 

associational contribution. yE can he estimated using a modified version of the theory, 

Le. introducing association parameters (&fo, Mf AB' K and K AB) into the theory. Once 

again negative value of X 12 is required to fit the data. The trend of yE is weIl 

predicted. 
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Theoretical and experimental VE results for butanol + acetonitrile at 25°C. 

Broken Line: theoretical. X12 = -13.75. 
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Theoretical and experirrental VE results for methanol + acetonitrile at 

25°C. Broken !ine: theoretical. X12 = -27.9. 
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TABLE 2 

Excess heat capacities and excess volumes as a function of mole fraction of 

butanol in acetonitrile at 25°C 

CE 
p 

J/K mol 

0.01992 0.08 

0.0490 0.41 

0.1087 1.63 

0.2582 5.35 

0.3895 7.78 

0.5663 9.05 

0.7093 9.21 

0.7642 5.26 

0.8312 4.84 

0.8763 3.59 

0.9214 2.46 

0.9502 0.91 

0.9905 0.35 

yE 

cm3mol-1 

0.0171 

0.0370 

0.0576 

0.0996 

0.l108 

0.0969 

0.0668 

0.0550 

0.0383 

0.0254 

0.0141 

0.0177 

0.0151 

~-- ~~~--~---------------
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TABLE 3 

Excess heat capacities and excess volumes as a function of mole fraction of 

butanol in CC14 at 25°C 

CE 
p 

JfK mol 

0.00130 0.02 

0.00244 0.05 

0.0078 0.56 

0.0170 2.85 

0.0291 5.00 

0.0695 8.52 

0.1116 . 10.37 

0.1683 11.91 

0.2097 12.64 

0.4595 12.39 

0.5998 10.82 

0.7375 7.90 

0.8334 5.47 

0.9486 1.59 

0.9780 0.58 

yE 

cm3mol-1 

0.0111 

0.0166 

0.0187 

0.0487 

0.0535 

0.0794 

0.0758 

0.0765 

0.0676 

-0.0158 

-0.0768 

-0.1100 

-0.0985 

-0.0337 

-0.0082 
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TABLE 4 

Excess heat capacities and excess volumes as a function of mole fraction of 

decanol in CC14 at 25°C 

CE 
p 

J/K mol 

0.0005 -0.03 -4 x 10-3 

0.0006 -0.03 -0.003 

0.0009 -0.05 -0.0070 

0.0026 -0.06 0.0012 

0.0048 0.32 0.0111 

0.0054 0.07 0.0119 

0.0102 1.18 0.0250 

0.0197 3.35 0.1076 

0.0845 7.06 

0.1100 8.03 0.1336 

0.1504 8.21 0.1431 

0.3011 7.17 0.1868 

0.4469 6.89 0.1707 

0.7242 6.24 

0.7778 4.43 0.1595 

0.8969 2.99 

0.8974 2.69 
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TABLE 5 

Excess heat capacities and excess volumes as a functioll of mole fraction of 

methanol 10 acetonitrile al 25°C 

CE 
p 

J/K mol 

0.0687 0.58 

0.1151 1.27 

0.2616 3.44 

0.3949 4.61 

U.5530 4.90 

0.6951 4.22 

0.8365 2.70 

0.9402 1.05 

vE 

cm3mol-1 

-D.0228 

-D.0382 

-D.0867 

-D.1236 

-D.1518 

-D.1553 

-D.1234 

-D.0614 
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TABLE 6 

Excess heat capacities and excess volumes as a function of mole fraction of 

metlJano! 111 acetonitrile at 15°C 

0.0126 

0.0676 

0.1112 

0.2743 

0.4188 

0.5679 

0.7012 

0.8413 

0.9528 

0.9718 

CE 
P 

J/K mol 

0.22 

0.98 

1.71 

4.01 

5.00 

4.90 

4.00 

2.22 

0.29 

0.09 

yE 

cm3mol-1 

-0.0064 

-0.0271 

-0.0432 

-0.0985 

-0.1349 

-0.1571 

-0.1563 

-0.1156 

-0.0453 

-0.0332 
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TABLE 7 

Excess heat capacities and excess volumes as a function of mole fraction of 

butanol in octane nitrile at 25°C 

0.0529 

0.1006 

0.2748 

0.4110 

0.5539 

0.6944 

0.8415 

0.9414 

CE 
P 

J/K mol 

1.22 

2.86 

7.81 

9.73 

9.93 

8.57 

5.39 

2.33 

vB 

cm3mol-1 

0.0176 

0.0524 

0.1003 

0.1342 

0.1503 

0.1434 

0.830 

0.0504 

1 
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CHAPTERS 

THERMODYNAMIC STUDIES OF THE SELF-ASSOCIATION OF 

ALKYLNITRll...ES IN INERT AND PROTON ACCEPTOR SOL VENTS 
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INTRODUCTION 

A number of recent stuilles attest to the growing interest in thermodynamics of 

molecular association. The most obvious examples of associated systems are those 

which contain a hydrogen bond. However, molecules containing nitrile, nitro or ester 

groups also show association effects. 

A few studies have been reported on the self-association of nitrile components. 

Spectroscopie studies of Saito et al2 and Fujiwara et al3 on nuclear magnetic resonance 

of nitriles suggested the formation of dipole-illpole association. Excess volume 

measurements by Trejo et al4 and Prausnitz et al5 etc. give evidence of association 

taking place in both the pure state and in solution. VE shows an S-shape i.e. positive 

at low concentration suggesting an exp:uslOn of the solution due to the breaking of 

nitrile self-association. Blander et ru 6,7 study the self-association of various 

components using pressure and temperature dependence of thermal conductivity. It 

was suggested that nitriles in general exist as dimers, all these studies agree on the 

existence and the nature of the assocIation taking place in the nitrile compounds. Thus 

structure as a manifestation of this self-association should be observed in both the pure 

state and solution. Heat capacity, as a good structure indicator, has revealed interesting 

features in the determination of various association processes, for instance 

self-association of alcohols. The change occuring in the heat capacity during the 

mixing process, the excess heat capacity, ~, is positive over almost an of the 

concentration range, but negative in extremely dilute solution which is characteristic of 

self-association. Furthermore, the apparent heat capadty, <l>c' provides a valuable 

guide to the nature of the self-association process involved. 

Severa! theories and theoretical models have been applied to explain the 

behavioW' of associated components. Among them, the Treszczanowicz and Kehiaian 

(TK) theory8 successfully treated the self-association of alcohols where the 
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predominant species are tetramers9, dimers being almost absent. It is believed, 

however, that dimers should be the predominant species in moderately associated 

components. The aim of this work is to study the self-association of dodecanenitrile in 

decane, CC14 and xylene and the self-association of acetonitrile in CCl4 using excess 

heat capacity and excess volume measurements. The TK model is used to predict the 

nature of the self-association process involved. The experimental results are 

interpreted through the TK mode!. 
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EXPERIMENTAL 

The chemicals are from Aldrich and are of at least 99% of purity. They were 

used as received, no further purification was mad(,. 

Excess heat capacities were measured using a Picker flow microcalorimeter 

(Sodev, Sherbrooke, Quebec, Canada). Methods and procedures have been deseribed in 

the literature lO. Apparent heat capacity and its associational part were obtained using 

Cp values. 

A flow densitometer from Sodev was used to measure densities of both pure 

components and solutions. Density data were used to transfonn volumetrie heat 

capacity into molar and also to calculate excess volumes of the solutions. Densities of 

the pure components are shown in Table 1. 

Excess heat capacity (~), apparent heat capacity (4)c) and excess volumes (VE
) 

have been measured or calculated for mixtures of: dodecanenitrile (CIl CN) + decane 

(n-ClO) at 2SoC; + carbon tetrachloride (CC14) at 2SoC; + xylene at 2SoC; 

octanenitrile (C7CN) + n-C10 at 2SoC; acetonitrile + CC14 at 2SoC and 40°C. 

The apparent heat capacity (4)c) and association al apparent heat capacity 

(4)c(assoc)) of component 1 have been calculated using the following equations: 

(1) 

where Cp' C~,2 are the molar heat capacities of the solution and the pure component 2, 

and Xl and x2 are mole fractions. The associational part of 4>c is obtained through 

4>c(assoc) = q>c -lim q>c 
x-+O 

(2) 
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( 
TABLE 1 

Density and heat capacity of the pure components at 25 and 40°C 

Density Cp 
(glcm3) (JIK mol) 

25°C 40°C 25°C 40°C 

CH3CN 0.7766 0.7546 90.69 91.96 

C7CN 0.809·. 264.45 396.99 

C 11H23 CN 0.8204 0.8098 386.72 323.53 

ClOH22 0.7262 0.7150 312.95 323.53 

CC4 1.5844 1.5558 132.99 133.08 
Xy]~ne 0.8570 183.65 

( 
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Measurements at high dilution of nitriles were used to calculate the limit of cpc' 

Since dimer fonnation starts in an early stage of the dilution process, 1.t requires 

extremely dilute solutions in order to evaluate the limit of CPc in the eventual existence 

of dimers. Therefore, an extrapolation of CPc to infinite dilution can be inaccurate. To 

counter these difticulties, we have estimated the limit of CPc in the following way. It is 

assumed that the pure nitrile is partially dimerized and that the heat capacity of the 

pure state follows the TK Madel. This gives a value of C~(assoc) for the pure nitrile, 

which then allows a detennination of !~rc CPc = C~ - C~(assoc)' 

Furthermore, we know from reference 1 that the maximum value of <pc(assoc) is given 

by: 

cp [ 0] 2 c(a s soc) = 0.0858 ~H 
R RT 

(3) 

Knowing the <pc(assoc) and using the following equation, we obtain the limit: 

<p(assoc) = ~ 
~(assoc)max 

(4) 

The maximum of cpc(x) was titted to the reduced CSC obtained from reference 

9. ~ is extrapolated from the reduced curve at \fi 

xlmu lie 40.7 
\'Ii being equal to -----.---

Xlmax lie VI + x2max lie V2 

(5) 
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RESULIS AND DISCUSSION 

1. Alkane nitrile + inert solvent 

A. Heat Capacity 

Fig. 1 shows experimental results of the apparent molar heat capacity <l>c and the 

TK predictions for Cn CN + n-ClO at 25°C. The association parameters used for the 

fitting of the experimental values are given in Table 2. <Pc shows a maximum at about 

Xl = 0.2 and decreases as Xl increases. Both experimental and theoretical <Pc exhibit a 

maximum displaced towards high concentration of CIl CN, as compared with alcohol 

molecules. The larger concentration of nitrile ffi\llecules needed to promote structure in 

solution indicates that a low degree of association is involved in these solutions 

compared with alcohol systems. 

Fig. 2 shows experimental and theoretical values of <pc(assoc) for Cu CN + 

n-C IO at 25°C. There is a good agreement between experimental and predicted 

curves. The calculations were 11 ade assuming that the species formed are exclu si vely 

dimers, with an equilibrium constant !S v~ 5.56, IS and K4 being kept zero. The 

enthalpy of fonnation of the dimers is MIo = -12953 7 J/rnole. 

As it can be seen, experimental data agree perfectly with the prediction for 

dimers. The results not only bring evidence of the dimerization of dodecancnitrile in 

inert solvent, but aiso show the usefulness of this reduced CSC curve9 which was 

originally made for alcohol mixtures and now revealed to be capable of predicting the 

type of association involving in any system. 

Fig. 3 shows experimental ~ results of dodecanenitrile (CIl CN) + n-decane as 

a function of concentration of nitrile at 25 and 4QoC. ~ exhibits a negative minimum 

at low concentration of Cu CN: Xl < 0.02. As Xl increases, ~ becomes positive and 
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Theoretical and experimental <Pc for CIl eN + n-{::10 at 2SoC: e; and 40°C: 

x; broken lines: theoretical. 
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Theoretical and experimental q,c(assoc) for Cu eN + n-C10 at 25: ° and 

40°c: x; broken Unes: theoretical. 
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TABLE 2 

TI{ Model Parameters for Solutions of cueN at 2Soc 

MiO Min HE K2 Ku 

- 13100 0.00 869.5 5.56 0.00 

- 13100 - 1000 5.56 0.50 
- 13100 -12000 5.56 0.18 
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goes through a maximum at xl = 0.4. The shape of C~ is typical of associated 

components i.e. S-shape. But it is extremely small compared to C~ observed for 

alcohol mixtures. Further, the maximum occurs at higher concentration indlcatmg that 

more C 11 CN molecules ar~ needed to "structure" the solutions. At high dilution, C~ is 

neganve, correspondmg to a breakmg of structure eXlsting m the pure molecules. At 

high dilution, the solutIOn tS less structured than the pure, the isolated molecules being 

too far apart to fcm1 new specles. 

B. Excess Volumes 

FIg ..J. shows expenm~ntal yE for dodecanemtnle mlxed WIth dec4tne at 25°C 

and 40°C. VE ~xhlblt~ an S-~hape curve. At low concentration of dodecanemmle yE 

IS posltlve and lt 15 negauvc at hlgha concentration. yE resu1ts are m harmony with 

those of C~, In showmg ~elf-as~oclatlOn: The positive value of yE at low 

concentration anses from an expanslOn of the solution caused by a breaking of structure 

(self-assoclatlOn) during the nuxmg proce~s. 

The TK modd ln !ts ongInal form can not be used to predict yE, since the 

the ory assumes yE = 0 Hence we use Flory's theory ta explalO yE curves. Equation 

Il E of state parameter~ are glven ln Table 3. Accordmg ta thlS latter theory ,Y 15 a 

resultant of ma contnbutlon~ Interactlonal and free volume. The mteractlonal term is 

given by the interactIOn parameter (X 12) com1l1g from HE It almost always 

E conmbutcs posltlvely ta Y However the t'ree volume term IS a summation of two 

tenns: the first one bemg related to the dü'ference between the degrees of expansIOn of 

the two componcrm. and the ~econd 15 a functIon of the dJfference of mternal pressures 

of the two components. The t'rce volume tem1 has a negative effect on yE. It has been 

shown that yE resLllung from those three terms may be posltlve, negauve or S-shaped. 
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Experimental VE for CIl eN + n-C lO at 25: e; 40°C: +; and octanenitrile 

at 25°c: o. 
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TABLE 3 
o * Equation of State Parameters for the Pure Components at 25 C 

11.4 

4.6 

*103 
K-l 

0.875 

1.055 

1.219 

p* 

Jtem3 

477 

441 

561 

* data from ref. (4). 

S 

A-l 

0.93 

0.95 

1.00 



J ,( 

--~~---

-229-

And these predictions are well titted by experimental data Il for mixtures of alkane 

molecules. However, structural effects due to association and order in general, are not 

taken into account in Flory's theory. It is then not surprising that the theory is not in 

good agreement with the experimental data. yE(theoretical) is predicted to be small 

and negative towards the concentration range, and dyE/dT theoretical is negative. 

However, yE(experimental) shows an S-shape (Fig. 4), Le., positive at low 

concentration of CIl CN, undoubted1y due ta an expansion of the solution resulting 

from a breaking down of self-association and negauve at higher concentratIon, due ta 

an mcrease of molecular coheslOn as the concentratlOn of CIl CN 1S mcreased. 

Obviously, a third tenu has ta be added to the Flory theory in order to predict the 

structural effect in yE 

However, if the alkane chain of the nitrile is decreased. thus lowering the 

associational tenn compared to the interactional, yE becomes entirely positive and 

leading to a good agreement with the Flory predictions. yE for octanemtrile (C7CN) is 

* shown aIso on Fig. (4). Furthermore, the difference in inte1nal pressures (the P term) 

is lower leading to a lower free volume contribution. The overah yE 1S then more 

positive than yE for CIl CN mixtures. The Flory theory shows the qualitative trend 

even though a quantitative agreement is not observed. 

2. Alkanenitrile + actlve solve nt 

A. Dodecanenitnle + CC14 and + Xylene 

Figs. 5 and Sa show respectively <l>c(assoc) for dodecanenitrile rnixed with 

xylene and CCl4 at 2SoC and C~ for CllCN + CCl4, The respective maxima have 

moved up and down compared to the mert. The maximum in the case of CCl4 as 

solvent is just slightly lower than with the inert, while a remarkable increase 

_ .. L..-_________ ~ ____ _ 
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Comparison between <l>C(assoc) for CIl CN + xylene: 0; and + CC14 at 
o 2S C: x; 4- n-CIO: e. 
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Experimental ~ for Cu CN + CC14 at 2SoC. Lower curve: dilute 

concentration. 
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characterizes the maximum for xylene solutions. The theory gives fairly good 

predictions in both cases. The values of the parameters are representative of the 

strength of the interactions. A unique value of IS (equilibrium constant for the 

self-association) is used for all of the systems while respective values of K
AB 

(complex 

fonnation equilibrium constant) are 0.5 and 0.18 for CCl4 and xylene. The heat of 

complex formation L\H
AB 

is - 1000 and - 12000 J/mole for respectively CC14 and 

xylene. It is then obvious from these values that xylene is a much srronger proton 

acceptor than CC14, therefore the CN-xylene complex should be stronger than the 

CN-Clone. A tentative explanation of the nature of the process involved can be made 

in the following way: It is believed to proceed in two steps. (1) Associatiop of 

CN-CN bonds at extremely low concentration. The isolated CN molecules are 

associated ipso facto with the medium. (2) As the concentratIon of CN molecules is 

increased, CN-CN dimers are formed as weil as the CN-xylene or CN-CI dimers. 

The fitting of the theory reveals very similar values of L\H
AB 

for both CN-CN and 

CN-xylene, therefore, the competition should lead to the formauon of both specles. 

Hence, structure should be enhanced and <l>c(assoc) should be rnuch higher than for the 

inert solvent. On the other hand, CN-Cl mixtures show a mur.h weaker Ml
AB 

than for 

self-associa don (-1000 compare to -12900 J/mole). The competition should then 

favor the CN-CN specles. Therefore, CC14 wIll behave mostly as a "structure 

breaker". Structure should then break up slightly and this agrees wnh the values 

observed for both experimental and theoretical <l>c(assoc) which lie slightly below the 

curve of the inert. 

Marsh et al (12) have compared heat of mixing results for nirrocompounds 

mixed with alkanes, CC14 and aromatic solvents. The equimolar HE for 2-

nitropropane mixed with hexane, CC14 and benzene are respectively 1459,415 and 65 

J/mole. HE decreases considerably as we go from hexane to CCl4 and the decrease is 

smaller going from CC14 to benzene. The authors suggested the fonnation of a 
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complex between nitropropane and CCl4 and benzene, However, the species formed 

with benzene are stronger than with CCl4, Indeed, their conclusion is in agreement 

with ours, 

B, Acetronitrile + CC14 

Figs, 6 and 7 show ~ and yB at 2SoC and 40
0
e for acetonitrile + CCI4, with 

C~ maxima at respectively 4.05 and 4.80 J/K moC
1
, d~/dT is therefore very small. 

Furthermore, e~ values are rather larger than values observed for C11 eN + eC14 

whose maximum C~ is of 2.1 J/K mol. C~ is positive over aU of the concentration 

range, even at high dilution. ThIS seems to suggest that the destruction of CN-CN 

bonds at very low concentration is compensated by the formation of a CN-CI bond and 

indeed, structure is enhanced. As the concentration Increases both CN-CN and CN-CI 

dimers are fOffiled leading to cE values higher than in the inert solve nt. Structure in 
p 

this case is a resultant of both self-aSSOCIatIon and complex fonnauon. Acetonitrile
6 

has been suggested to form dl mers in the pure state. <Pc exhibits almcst a flat curve 

with a small maximum at low concentration. The sharp peak currently ohserved for <Pc 

at low concentration for assocIated systems has disappeared. This flatness of <Pc should 

be due to mteractions taking place between the CN and Cl groups and this suggests that 

CCl
4 

interacts better with a shorter nItrIle than a longer one where the long alkyl chain 

attached to the polar group ffilght lower the donating capabùity of the nItrIle or simply 

by diluting the A-B mteraction. 

yE exhlbits a positive maximum at vt!ry low concentration, due to 

self-association but as the concentration increases yE becomes more and more 

negative which could be attributed to the complex formt",d between acetonitrile and 

CC1
4

, The Flory theory predicts this negative V E at high conc~ntration, if a negative 

X12 is fitted, reflecting in fact the formation of a complex. Nevertheless, the theory 
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does not reproduce the positive VE observed at low concentration. This is not 

surprising, since as pointed earlier, the the ory does not take account of self-association 

effect. 

----------------------~~-~ 
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Fig. 6 Experimental ~ for acetonitrile + CCl4 at 25: e; and 40°C: +. 
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Fig. 7 Experimental yE for acetonitrile + CC14 at 25: e; and 40°C: +. 
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( 
TABLE 4 

Excess heat capacities and excess volumes of dodecanenitrile + 
1 

0 n-{Ïecane at T = 25 C 
2 

Xl CE 
p 

yE 

(J/K mol) (cm3/mol) 

0.0010 -0.01 0.0031 

0.0020 -0.03 0.0009 

0.0051 -0.06 0.0005 

0.0069 -0.08 

0.0093 -0.11 0.0186 

0.0097 -0.09 0.0020 

0.0173 -0.11 0.0158 

0.0437 -0.01 0.0337 

0.1590 0.70 0.0206 

( 
0.1440 0.58 0.018 

0.4023 1.33 -0.0434 

0.4891 1.26 -0.0531 

0.5873 1.10 -0.0655 

0.7240 0.83 -0.632 

0.8750 0.38 -0.0369 
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Ü 
TABLE 5 

Excess heat capacities and excess volumes of 

dodecanenitrile + n-decane at T = 40°C 
l 2 

Xl CE 
P 

VE 

(J/K mol) (cm3/mol) 

0.002 -0.03 0.0216 

0.0051 -0.06 0.0223 

0.0070 -0.07 0.0220 

0.009 -0.07 0.0218 

0.0129 -0.08 0.0208 

0.0205 -0.08 0.0240 

0.0398 -0.03 0.0429 

0.0673 0.10 0.0580 

0.1700 0.72 0.0472 

0.2565 1.17 0.0214 ...... 
0.3991 1.42 -0.0141 - 0.5304 1.35 -0.0439 

0.7223 0.94 -0.552 

0.8833 0.53 -0.0376 
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( 
TABLE 6 

Excess heat capacities and excess volumes of dodecanenitrile + CC14 at 2Soc 
1 2 

CE 
P 

VE 

(J/K mol) (cm3/mol) 

0.001 -1.59 -0.0034 

0.0024 -0.03 -0.0032 

0.0046 -0.05 

0.0064 -0.07 -0.002 

0.0093 -0.07 0.0127 

0.0209 -0.02 0.0184 

0.0603 0.17 0.0797 

0.1994 0.92 0.1849 

0.3811 1.72 0.3221 

0.5723 2.13 0.5021 

( 

ft 
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....,. TABLE 7 

Heat capacities and excess volumes of dodecanenitrile + xylene at 25°C 
1 2 

Xl CE 
P 

VE 

(J/K mol) (cm3/mol) 

0.0007 -0.0019 

0.0010 -0.0024 

0.0026 -0.001 -0.0071 

0.0046 0.01 -0.0109 

0.0067 0.03 -0.0153 

0.0104 0.08 -0.0236 

0.0105 -0.0235 

0.0246 0.23 -0.0471 

0.0710 0.76 -0.1289 

-
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TABLE g c. Excess heat capacities and excess volumes of octane nitrile + n-decane at 25°C 
l 2 

( 

0.0436 

0.0770 

0.1698 

0.2601 

0.3958 

0.5338 

0.7957 

0.9150 

--------------------

CE 
P 

(J!K mol) 

0.06 

0.47 

1.40 

1.81 

3.53 

2.28 

1.24 

0.51 

yE 

(cm3/mo1) 

0.0811 

0.1203 

0.1906 

0.7991 

0.2115 

0.1098 

0.0426 
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.... ,. TABLE 9 
; 

Excess heat capacities and excess volumes of acetonitrile + CCl4 at 25°C ..... 
1 2 

Xl CE 
p 

yE 

(I/K mol) (cm3/mol) 

0.0042 0.08 0.0045 

0.0134 0.31 0.0106 

0.0240 0.53 0.0009 

0.0327 0.73 0.0060 

0.0467 1.83 0.252~ 

0.4288 1.03 -D.0038 

0.0498 1.21 -D.0067 

0.0892 2.03 -D.0237 

0.1822 3.43 -0.0583 

0.3264 4.54 -0.1275 

0.4070 4.80 -0.1278 

0.5936 4.49 -0.1329 
..... 

0.8045 2.76 -0.0913 

0.8841 1.82 -0.0543 

0.9706 0.47 -0.0180 
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(, 
TABLE 10 

Excess heat capacities and exces~ volumes for acetonitrile + CCl4 at 40°C 
1 2 

Xl CE 
P 

yE 

(J/K ï.1:Jl) (cm3jmol) 

0.0042 0.0066 

0.0078 0.15 -0.0008 

0.2261 3.79 -0.0921 

0.4009 4.77 -0.1566 

05946 4.43 -0.1796 

0.7871 2.87 -0.1425 

( 

( 
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CHAPTER6 

LCST AND SPECIFIC INTERACTIONS IN POL YMER-SOL VENT AND 

POLYMER-POLYMER MIXTURES 
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INTRODuCtION 

As commercial synthetic polymers continue to grow both in numbers and in 

variety, new applications are constantly appearing. Synthetic polymers find their main 

uses in various fields such as fibers, films, surface coatings, model objects, construction 

materials, adhesives etc. Growth in these fields is associated with a need of better 

understanding of the physical properties of mixtures cœnaining such materials. 

The last decades have seen a remarkable development in the study of the 

physical properties of polymers in both the pure state and solution 1. Increased interest 

has been promoted not solely by the wide range of applications but also by the 

availability of new theone~ such as Flory-Huggins2 or Pngogme--Flory theory3 which 

interpret either the nature of the interactions mvolved when a polymer molecule is 

mixed with a solve nt or wlth another polymer. At least three effect~ are known to 

detenrune the stability of a polymer solution: (1) an energetlc term arismg from any 

differences in contact energy or intermolecular forces between the lwo speCles; (2) a 

combinatorial entropy of mixmg; (3) a third effcct due to the solvent liqUlds; (4) a 

fourth effect probably exists arising from the correlation of orientational order (CMO) 

between the polymer segments in the pure- stJ.l·~. 

Accormng to the second law of thermodynamics any process lhat proceeds 

:;pontaneously must lower the Gibbs free energy of the system. Thus, a negative ilG
M 

favours a homogeneous solUtlon (stable), whlle a po~lt1ve value or negatlve curvature 

of ÔG
M 

against composit~on indicates an unstable solution which tends to phase 

separate. 

Many binary liquid mIxtures which form a single homogeneous phase at high 

temperature possess an upper ('!'incal solution temperature (UCST) below which phase 

separation occurs. 

In simple binary mixture, the UCST results from a competition between the 

--------- - -----------~---------
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interparticle interactions acting against mixing and the entropy of mixing which favours 

mixing. As T is lowered the effect of entropy decreases and the UCST occurs. 

However, mIxtures contammg highly cilrectlonally specIfie, attracuve mterparucle 

forces (such as hydrogen-bonds or illpolar forces) can exhiba ffilSClblhty at low 

temperatuœ. ThIS leads to a closed-loop tempcraturc--composltlon (T -x) phase 

diagram (FIg. 1) and an assocIated lower cntlcal solution temperature (LCST) below 

WhlCh a smgle homogeneous pha~e eXlsts. FIg. 1 shows a typical phase diagram 

ob~erved when \Vatel' 1~ the .'loi vent. Aqucous systems often exhiblt an LCST at low 

temperature anù a~ the tcmperaturt :'\ n.med a CCST 13 observed and the solution IS 

homogcneom aga1l1. Th~ LCST 111 Jqueou~ ~y~telm may be due tCJ specific mteractIons 

. d J 1.:1." b "t' l'h UCST or assoclate wlt 1 water ~tructure ln SOlUtlOn , I.e. to lce erg OffilutlOn. e 

and LCST are not contineù to mIxtures of .'lmall molecules. They JIe even more 

wldely observeù for polymcr mIxtures, although the typlcal LCST Hl polymer solutions 

IS usually observed at extremely l11gh temperature. lt has been observed4 that all 

polymer solution3 can phase separate eIther by lowenng the temperature unnl a UCST 

is reached or by raismg T up ta an LeST which occurs usually Jbove the boilmg point 

of the 'IL'l vent. FIg. 2 ::.hows schematlcally the typic.ll pha~e dnlgram of a 

polymer-solwnt mixture, where a reglOn or mIsclblllty is compnsed between two 

reglOns of lmmlscIbllny It ha::. been ..,l1own5 that the LCST, In thl~ case. l~ due to free 

vu; .1 me dlsslmLlanly bem·cen th<: polymer ,wù the solvent ivlo:eover, the LeST IS also 

often observed ll1 a polymcr-po!ymer Il1Ixtuie. FIg 3 show~ the typical pha~ , cüagram 

of a polymer-polymer nm.tlllc A one-phase reglOn IS observed aL 10w T and at the 

LCST, the solutlon pha:,\: ~ep,tr,lte, Into twn dIfferent phases. The LeST v~ùue varies 

wlth the slrength of tne 1I1leracttom, lllvoived. 

Sever,li ')ysrcm.'l have been rcponcd III the hterature show mg an LeST, which 

occurs at a low tcmperature but where ule pol ymer (H-bonded or polar) IS In solutlon 

in non--aqueous media. A fcw sy.'ltems are rcportèd ll1 Table 1 rhey all exhIba a low 

~-----------------------------------------------------------
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Fig. 1 Closed-loop temperature-composition (T -x) phase diagram. 
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Fig. 2 Schematic phase diagram for a pol ymer-solve nt system. 
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Fig. 3 Schematic representation of a typical phase dagram of a polymer-polymer 
A ..... 

system. 
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temperature LeST. The pol ymer is usually a polar or H-bonded component. 

The purpose of this work is to study the kind of structure created by specifie 

interactions in polvmer systems, either polymer-solvent or polymer-polymer, when the 

solvent is either a small molecule or another polymer. Structure will be associated to 

the occurrence of an LeST in the solution. Through this work, the origin of the low 

temperature LeST will be discussed in both polymer-solvent and polymer-polymer 

mixtures. A mathematical model will be suggested for the interpretation of the raIe of 

the LeST in polymer-polymer compatibility and polymer-solvent interactions. 



r-
l ' 

-261. -

TABLE 1 

Severa! systems exhibiting low temperature LeST 

Components LCST 

Poly(ether sulfone) + CHC13 
_lOoCa 

Poly(ether sulfone) + ~C12 200 Ca 

Poly(methacrylonitrile) + butanone 70 Cb 

Poly(acrylic acid) + dioxane 29°Cb 

Poly(acrylonitrile) + toluene < OOcc 

a From D.A. Blackadder and H. Ghavamikia, Polymer 19, 255, 1978. 
b From A.R. Schultz and P.J. Flory, J. Polym. Sei. 15,231, 1955. 
c From Banderet, private communication 
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THEORETICAL MODEL FOR THE PREDICfION OF THE LeST 

Several theories or rnathernatical rnodels6 have been proposf,d for the 

interpretation of polyrne~ solution stability and the LCST occurring at bath low and 

high temperatures. While sorne theories are very sophisticated and mathematically 

complex, most of them, however, are based on the Flory-Huggins or Flory-Prigogme 

theories of polymer solution. Although quite simple, the Flory or extended Flory 

theory provlde yet a good interpretauon of simple systems such as those governed by 

dispersion forces only. Improvement of the theories is required, however, for more 

cornplicated mIxtures i.e strongly interacting components. The theories fail ta predict 

the low LeST typical of specifie interactions. The interactional term, in this case, 

favors rruxing and the X parameter should be modified in arder to take into account this 

new contribution. 

Recently Goldstein 7 has proposed a simple ap?roach which includes the 

possibility of hydrogen-bonding interactions. The mode 1 is based on the 

Flory-Huggins theory I.e. it is only interactional. The model suffers of the same 

restrictions as the Flory-Huggins theory and therefore the predictions are only 

qualitative. 

1. Goldstem model 

Two different energy levels of interactions are considered: The bonded and 

non-bonded states. The free energy X parame ter is the summation of the free energy 

associated wlth both states. Based on the Flory-Huggins theory, the model ev,presses 

X 12 as W /k:
B 
T where W is the exchange mteraction energy and is T -dependent. The 

free energy of interaction is given as: 
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(1) 

where (2) 

F* and FO represent the free energies associated with the bonded and non-bonded 

1 confiburations; B being equal to Kr Taking into account eqn. 2, the exchange 

interaction energy, W is rewritten as follows: 

Where E~ 1 and E~2 represent the standard state of energy associated Wlth these 

respective 1-1 and 2-2 pair contacts; S~ 1 and S~2 are standard state entropy 

associated with 1-1 and 2-2 pairs; Z12 being the partItion functlon. 

The entropy tenn (S~ 1 + S~2 - 2S~2) is negligible. The critical X12 as given 

by Goldstein can be expressed by eqn. 4 

1 c Xcnt = x -In (1 + exp(y + Z)) (4) 

where C is the coordination number, 

B o 0 0 (5) x = (Ell + E22 - 2E 12) 
2 

Y = o * B (E12 - E12) (6) 

z * 0 (7) = (S12 - S12) / ~ 
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and ,., = (1 + N 112)2j 2N 
"'crit (8) 

This model presents interesting features by allowing specifie interactions in the 

X parame ter. But, it does not take into account the free volume dissimilarity 

contribution which is an important contribution in a polymer-sol vent mixture. 

However, more realistic results may be expected, if the Goldstein approach of a 

T dependent and different-configuration-energy W is used with the possibility of a 

free volume change Le. using the Prigogine-Flory theory. 

2. New model for LeST in hydrogen:=bondin~ polymer solutions 

The X parameter is considered as a free energy interaction parameter i.e. 

= XG(interac) + XG(FV) (9) 

A. The interactional tenn 

The free energy of mixing is given as the difference between the free energy of 

the bonded and the non-bonded configurations: 

~GM 0 0 - a'" 
--= 

= (E0 - E"') _ (So - s "') 
(10) 

RT RT RT R 

Different states of energy can be considered depending upon the configuration of the 

comoonents. On fig. 4, the lowest energy level corresponds to the energy of pure 
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Sche,natic representation of the energy diagram of the pure components and 

their mixtures. 
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lie 
component 2 while the highest level refel's to the energy of pure component 1. E12 

repre"ents the bonde.d energy ("good interaction") while E~2 refers to the non-bonded 

energy ("bad interaction"). The interchange energy IJ. W is the energy change necessary 

to break 1-1 and 2-2 contacts and fonn 1-2 contacts 

IJ.W (11) 

Four adjustable parameters are considered: 

1. The rust one, K, which has the dimension of T, is mainly the interchange 

parameter. It is given as: 

2. 

K = ilWIR (12) 

Where R is the gas constant. 

The second parame ter, À, is characteristic of the specifie interaction. Â.. is given 

as the ratio of the difference between the bonded and non-bonded energy over 

the interchange energy 

Â.. = (13) 
ilW 

Â.. can be simplified to eqn. 14, taking into account eq. 13 

Â.. = (14) 
RK 

Where R is the gas constant. The bigger Â., the higher the specifie interaction. 
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Bath Â. and K are energetie tenns. 

3. The third parameter, z, is an entropie tenn. It is given as the non~mensional 

differenee between the entropy of the bonded and non-bonded eomponent 

configurations 

-z= (15) 
R 

4. The founh parameter, Ta, is the ratio between energetic and entropie tenns 

O Eo - E* 
T = 

SO - S* 
(16) 

TO is a fixed parameter for a given system. z can aIso be caIculated from eqn. 

(16). In this case, it is given as: 

(17) 

and therefore z is considered as a characteristic temperature. 

At the critical conditions, Xc interactionaI can be given by equation 4. 

However. the number of possible sues of interactions on each molecule lS tuken 

into account and equation 4 becomes equation 18, where C is the coordination 

number and:: being ~ or simply x ;;:~. The global interactional part of the 

free energy is given as 

Xc = x _ In(l +eÀx + z) + ln 2 
C 

(18) 
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Where C ln 2 is the entropy contribution to the Xo (free energy (interactionaI». 

C ln 2 takes into account the nurnber of possible sites ot interaction on each rnolecule, 

where C is the coordination number. 

From eqn. 18, XH and Xs can be derived since (Xo = XH + x's)' XH is aIso given 

by 

therefore, 

= !::t.W [1 _ 1 
R 1 + e -(K '}JT 

Xs(int) = XG(int) - XH(int) 

Xs (int) 

C 

r K Â. + z] 
= - ln l1 + e -,.-

+ KÀT +12 
1 + e -(KXrr + z) n 

(19) 

(21) 

(22) 

Fig. 5 shows XO(int)' XH(int) and XS(int) as a function of T, with the adjuswble 

parameters K, À, z, TO having the respective values of: 400, 1.45, -l, 600. 

B. The free volume tenn 

Given by Bardin et aIS, the free volume terrn is defined by eqn. 23, according to 
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Theoretical interactional parameter: 0 total Xa(int): 0 XH(int); • Xs(int) as a 

function of T. 
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the Prigogine-Flory theory 

(23) 

Where Cp is the reduced heat capacity or configurational Cp of the solvent; t 2, a 

temperature independent parameter, characteristic of the free volume difference which 
1/1 

is detennined from the temperature reduction parameter Ti of component 1 and 2 

2 [ Tt]2 
1: = 1-1? (24) 

The Cl parameter of the solvent is defmed according to eqn. 25, based on the equation 

of state parameters of the solvent 

(25) 

* 1/1 * The equations of state parameters, P , V , T are calculated as following 

y* = M [1+_Cl_T __ j-3 
P 3 (1 + aT) 

(26) 

Where M is the molecular weight of the solvent, p the density of the solvent, and a the 

thennal expansion coefficient of the solve nt. P * is usually obtainerl from the 

isothennal compressibility J3
T 

which is, in turn, calculated from J3s obtained from 

velocity of sound measurement 
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(27) 

where (28) 

where ex is the expansion coefficient, V the molar volume of the pure compone nt, Cp 

its molar heat capacity, J3s the isentropic compressibility and given as u~p' u being the 

velocity of sound, and p the density of the solve nt. 

Ile V4/3 
T = TI 173 1 V -

Where V is the reduced volume given by eqn. 30 

V _ [ 1 + nT ]3 
3(1 + nT) 

Combining eqns. 23 to 30, CPl may be expressed as follows: 

(29) 

(30) 

(31) 

The expression of the free volume contribution to the X parametc.:r then becomes: 

vl/3 May be obtained from 



( 

---- - --- ---- -----------------

-274-

(33) 

The free volume contribution is split into t\\'o contributions: energetic and entropie. 

Knowing that XH = - -rOaf and Xs = Xa - Xs or Xs = a~,T), expressions for 

XH(FV), and XS(FV) can be derived: 

(34) 

(35) 

Fig. 6 shows the variation of Xa(FV)' XH(FV) and XS(FV) as a function of T. 

Combining eqns. 22 and 35, the expression for th~ total free energy X parame ter 

then becomes: 

Xc = x -ln (1 + e(~x + z) + ln 2 
C 

interaction al 

Free volume 

Fig. 7 shows the variation of the Xtotal' X(int)total and X(FV)total with T. 

(36) 

The intersection of X with the critical line gives the low T LeST, then the 

UCST as T increases. As T increases forther the free volume LeST is reached. 
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Theoretical free volume X parameter: - Xa(FV); 0 XH(FV); • XS(FV) as a 

function of T. 
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Theoretical curve for polymer-solvent system: • X(total); Â Xïnt(total); 

.XpV(total) as a function of T. 
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EXPERIMENTAL 

1. MethoP.d 

Several systems have \)een investigated in the search of a low temperature 

LeST and a cksed-immiscibility l')op. Among them, only a few showed, in fact, the 

expected results. For instance. polyeth:'lene oxide (PEO) shows an immiscibility loop 

in aqueous systems i.e. a LCST followed by an UCST at higher T. However, in 

non-aqueous systems, the concentrated phase precipita tes above the LCST. 

Crystallization on heating is rather peculiar. This phenomenon justifies the choice of 

visual observations of the T of the phast.. separation instead of light scattering or optical 

methods. Although visual observation is the simple st and oidest method, in spite of the 

primitiveness of the method, the accuracy of the cloud point tempf,rature detennined is 

not lower than 0.20e. 

2. Apparatus 

A silicone oil bath (polydimethylsiloxane, from Dow Corning) was used. The 

heating elements were two immersion heaters of 300 and 200 watts. A Quartz 

thennometer (Hewlett Packard) indicated the temperature of the bath while the 

tempe rature was set up by a T control. The homogendty of the bath temperature was 

maintained through the movement of a 360° rotator. 

The solutiorï were made and kept in sealed glass tubes which were constantly 

stirred by a 360° rotating side-arm connected to a mechanical pump. 

With this device, accumulation of the concentrated phase at the bottoIn of the 

tube and temperature gradient in the tubes were avoided. Many runs of observations 

were done to verify the reproducibility of the cloud point temperature. 
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3. Materials 

The Chemicals are from Aldrich Chemical Company and were used without any 

further treatment. The solvents were al least of 98% of purity. 

Observations were made for polyethylene oxide, (M.W.: 4000, 14000, 100000, 

300000, 600000) in water and in chlorinated solvents such as dichloromethane, 

trichloroethylene, chloroform and CC14; polyacrylic acid (M.W.: 32000, 180000, 

250000) in p-dioxane and poly(p-phenylene ether sulfone) in dichloromethane. 



-281-

RESUL TS AND DISCUSSION 

LCST and specifie interactions in polymer-solvent mixtures 

1. Polyethylene oxide + water 

Table 2 gives the critical ternperature values as a function of rnolecular we1ght 

and concentration of solutions of polyethylene oxide in water. The irnmisc1b1lity loop 

has been reported for this system in the literature9, and Table 2 shows an Immisciblhty 

° 0 loop for the 4000 M.W. sample wlth a LCST at - 145 C and an UCST at - 162 C. 

The higher molecular we1ght samples show a LCST at respectlvely 110, 100°C for 

14000 and 100000 M.W., while the 600000 M.W. is insoluble at room ternperature 

indicating that the LCST 1S < 2S°C. 

One notes the strong dependence of the critIcal temperature on the molecular 

weight of the samples. The highest M.W. shows the lowest LCST, but also the highest 

UCST. As the M.W. Inereases the UCST increases and it IS hlgher than 180°C for any 

M.W. higher than 14000. 

2. Polyethylene oxide + chlorinated solvents 

Polyethylene oxide behavlOur was also studied in non-aqueous sol vents such as 

chlorinated solvents. 

Table 3 shows the criucal temperature as a functlOn of M.W. of PEO in 

different solvents at a glven concentration. Here one observes that the cnncal T 

increascs as we go from trichloroethylene (56°C) ta CCl
4 

(120oC), while 

dichloromethane and chloroform system ly~' in the middle and show respectlve critical 

temperatures of ïOoC and 100
oe. The value of the LeST depends on the strength of 
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TABLE 2 

( qritical temperatures of Polyethylene mode + water as a function of M. W. 

Heating rate: !O°Cl5.7 min 

M.W.ofPEO conc LeST ueST 

W% TOe TOe 
starting T of T of complete 

turbidity turbidity 

4000 13.6 145 150 162 

14000 11.6 110 118 

100000 13.6 100 

600000 1.9 < 25 
(limit of solubility) 

( 

( 
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.- TABLE3 

U Critieal temperatures for polyethylene oxide + ehlorinated solvents 

as a function of M. W. Heating rate: lQoC/min 

M.W. of Solvent cone critical T 

PEO W% Oc 

600000 Dichloromethane 1.2 70 

300000 2.0 114 

600000 
Trichloroethylene 

2.03 56 

600000 Chloroform 1.0 100 

600000 CC14 0.6 120 

f\ • 1 

-------------------------------------------------- - ----
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the interactions. The better the interaction, the higher the LCST. 

a. Heat precipitation of PEO solutions 

Solutions of PEO in aIl the chlorinated solvents listed in Table 3 show a 

peculiar behaviour. Above the critical temperature, the polymer precipitates from the 

concentrated phase. Morawetz lO has pointed out that whenever the dissolution of a 

pol ymer is exothermic, the driving force toward the dissolution will decrease with 

rising temperMure and the polymer may precipitate. 

Solutions of PEO in CC14 for instance, exhibit a large and exothennic ~ at 

high concentration of PEO (M\ = - 1343 KIl mol for M.W. = 654 at 300°C) and the 

heat is more negative as the M.W. increases. In the same vein, multifunctional 

polymers lead after phase separation to a highly viscous and concentrated phase which 

tums to a gel. 

3. PolyCp-phenylene=ether sulfone) -1- dichloromethane 

Highly diluted solutions of low M.W. poly(p-phenylene ether sulfone) (PPES) 

+ dichloromethane show an LeST at about 32°C. As the concentration of PPES 

increases, fig. 8 shown, in a relatively low Trange, two regions of immiscibility 

separated by a narrow region of miscibility, i.e. the solutions phase separate until a 

UCST is reached. They are homogeneous over an extremely small T range and phase 

separate again (LCST) a few degrees from the UCST. An extremely low heating rate 

had to be used in order to observe this miscibility region. Otherwise, the solutions 

remain turbid at any temperature. 

However, fig. 9 shows for a very high M.W. s ample , a LCST at about 22°C in 

the dilute region. But at higher concentration, the solutions show instead the typical 
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(T-x) phase diagram for mixture of low M.W. poly(p-phenylene ether 

sulfone) + dichloromethane. 
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Fig. 9 (T-x) phase diagram for mixture of high M.W. poly(p-phenylene ether 

sulfone) + dichloromethane). 
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"hour-glass" boundary phase reported for severa! polymer-solvent mixtures. 

Ghavamikia et al l1 have reported LCST values of - 10 and 20°C for infinite M.W. 

PPES in respectively CHCl3 and C:~CI2 at infimte dilution. 

The phase diagrams for this system look rather peculiar. Nevertheless, they are 

the results of many observations. Furthermore, there is a certain correlation between 

the diagrams for the two M.W. samples. The region of miscibility diminishes with 

increase of M.W., and finally for a very high M.W. sample, the UCST and LCST 

collapse and lead to the "hour-glass" shape observed. 

4. Polyacrylic acid + p-dioxane 

Fig. 10 shows the T vs composition (W%) phase diagram for solutIons of 

polyacrylic acid (PA) and dioxane. Diagrams l, II, and III refer to different molecular 

weight samples respectively 32000, 180000, 250000. As expected Tc 15 strongly 

dependent on the molecular welght of the polymer. The LeST decreases as the M.W. 

increases, while the USCT Increases with any mcrease of the M.W. The value of the 

LCST for the 250000 sample (32°C) agrees wlth the value extrapolated at Infinite 

1? 0 M. W. proposed by Flory et al - (LCST: 29 C). 

One should note that the shape of the T -x diagram is affected by the molecular 

he teroge neit y of the polymer. The effect of the polydl~perSlty of PA lS responslble for 

the cross-{)vel' observed between the diagram of dIfferent M. W. samples. ThIS 

polydispersity has also a cntica! effect on the cntlcal pOInt and specifically the UCST. 

The highest M.W. shows the lowest LCST, but aiso the highest UCST ln fact, 

it does not show any funhcr homogenelty in the range of temperature stud1ed. No free 

volume LeST could be observed for either sample, since the polymer decomposes 

beforc. this T could be reached. 
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Fig. 10 (T-x) phase diagram for mixture of poly(acrylic aeid) + p-ilioxane for 

different M.W. samples: .32000, 0 180000, • 250000. 
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S!.abilization of a partially miscible solution by the presence of a small amount 

of electrolytes 

It is often found that a small amount of an electrolyte Of a hydrogen bond 

acceptor solvent stabilizes partially miscible solutions which beeome eompletely 

miscible. Through this cosolvency phenomenon the hydrogen bon ding requirements of 

the polar or H-bond groups caused by the polymer are satisfied. Such a behaviour has 

been tested for partially miscible pairs studied above, PA + dioxane and PPES + 

dichloromethane. 

When PA is dissolved in a solution containing 80% dioxane + 20% water, the 

solutions of any M.W. of PA studied above, remain homogeneous in the entire 

temperature range studied earlier. However, if PA is dissolved in a solution eomposed 

of 50:50 dioxanc-water, the polymer is totally insoluble al any T. 

A similar observation was made for PPES + dichloromethane solutions. PPES 

was added to a mixture of 90:10 of dichloromethane + dimethyl formamide (DMF) and 

the solution is homogeneous until a LeST is observed at 185°C. This LeST may be 

due to free volume dissimilarity caused by t!le expansion of the solvent. Again the low 

T LeST disappears. 

LeST in polymer=-polymer mixture: PS + PVME 

Am>lication of the new model deseribed in this work 

The model was applied ta PS + PVME mixture which shows an LeST at 

400
o
KI3. From reference 14, the enthalpie and entropie contributions can be 

evaluated. X
H 

is about - 0.4 while Xs = 004. The value of X
H 

was titted to the model 

and then the LeST can be predicted perfectly well as shown in Table 4 and Fig. 11. 
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TABLE 4 

- Temperature-Composition-Phase Diagram including Pree Volume for 
PS + PVME mixture . 

T XH int Xs int Xïnt XH FV Xs FV XFV(total) XH(total) Xs(total) Xc/c 
(K) 

100 -2.137 .727 -1.411 -.011 .023 0.22 -2.139 .75 -1.389 

120 -1.673 .607 -1.065 -.002 .024 .022 -1.674 .631 -1.043 

140 -1.365 .533 -.832 -.002 .024 .022 -1.367 .558 -.81 

160 -1.365 .485 -.665 -.002 .025 .023 -1.151 .059 -.642 

180 -.99 .451 -.539 -.003 .026 .023 -.992 .476 -.516 

200 -.868 .426 -.441 -.003 .026 .023 -.871 .453 -.516 

220 -.771 .408 -.363 -.003 .027 .024 -.775 .435 -.34 

240 -.694 .394 -.3 -.004 .028 .024 -.698 .422 -.276 

260 -.63 .384 -.247 -.004 .029 .024 -.635 .412 -.222 

280 -.577 .375 -.202 -.005 -.03 .025 -.582 .405 -.177 

300 -.532 .368 -.164 -.006 .031 .025 -.537 .399 -.139 - 320 -.493 .362 -.131 -.006 .032 .025 -.499 .394 -.105 
...... 340 -.459 .358 -.102 -.007 .033 .026 -.467 .391 -.076 

360 -.43 .354 -.076 -.008 .034 .026 -.438 .388 -.05 
380 -.404 .35 -.054 -.009 .036 .027 -.413 .386 -.027 
400 -.381 .347 -.034 -.01 .037 .027 -.391 .385 -.007 
420 -.361 .345 -.016 -.011 .039 .028 -.372 .384 .012 
440 -.342 .343 .001 -.013 .041 .028 -.355 .384 .029 

460 -.325 .341 .016 -.014 .043 .029 -.34 .384 .044 
480 -.31 .339 .029 -.016 .046 .03 -.326 .385 .059 
500 -.296 .338 .041 -.018 .048 .03 -.315 .386 .072 
520 -.284 .337 .053 -.021 .052 .031 -.304 .388 .084 
540 -.272 .335 .063 -.024 .055 .032 -.296 .391 .095 
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Fig. Il Variation of Xtotal with T for mixture of polystyrene + poly(vinyl methyl 

ether). 

------------------------------------------------
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Table 4 shows the parameters used to fit the experimental data. Table 4 shows 

as well, the different contributions into X and the total X which is negative at low T and 

crosses the criticalline at 4000K and turns positive at higher T as shown in Fig. 11. 

From Table 4, it can also be seen that as expected the free volume contribution 

is quite small compared to the interactional term. It is even negligible at low T and 

below Tc compared to the interactiûnal contribution, indicating that the LeST is 

mainly caused by specifie interactions. 

The model successfully predicts the X. parameter and the LeST for PS-PVME 

mixture as weIl as for several polymer--polymer or polymer-solvent systems tested. It 

is a good tool in the study of specifie interactions for those systems and can 

undoubtedly be used in the prediction of polymer compatibility. 
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LCST PROGRAM 

DECLARE SUB KHIFRVOL (X HF!) 
DECLARE SUB KSFRVL (XSF!) 
DECLARE SUB KIFV (KFV!, Cone!, ToSQ!) 
DECLARE SUB VRedu (VR!) 
DECLARE SUB KIS (KS!) 
DECLARE SUB KIH (KH!) 
DIM SHARED PIstaI' AS SINGLE, Vistar AS SINGLE, Tistar AS 

SINGLE 
DIM SHARED T2star AS SINGLE 
DIM SHARED TK AS SINGLE, TRed AS SINGLE, VR AS SINGLE, KFV 

AS SINGLE 
DIM SHARED C AS SINGLE, X AS SINGLE, Z AS SINGLE, K AS 

SINGLE 
DIM SHARED KH AS SINGLE, KS AS SINGLE, LAMBDA AS SINGLE 
DIM SHARED Cone AS SINGLE, ToSQ AS SINGLE 
DIM SHARED KHtotal AS SINGLE, KStotal AS SINGLE 
DIM SHARED XHF AS SINGLE, XSF AS SINGLE 
5 
':===::===::::=:::====:::====:::===::==:::::=:==:==::::=:::: 

6 '***ItThl.s program calcula tes the X parame ter for pol ymer
solve nt system 

7 'where an 1mm1SC1b1ll t y loop lS expected, lncl Ud1ng 
contrlbu tlons from 

8 'enthalpy entropy and free volume.*ultIt 
9 
':=::::===:::============::====.:===:::==::::===::====:::::::: 
tO REM IUflf* LCST pr1ntlng the total contrlbut1ons uu 
11 WHILE RESF$ <> "N" 
15 INPUT "PRTNT?"; ANSWER$ 
20 INPUT "Coord1na tlon n umber"; C 
35 INPUT "T2star"; T2star 
40 INPUT "Tlstar"; Tistar 
50 INPUT "V1star"; Vistar 
55 INPUT "Plstar"; P1star 
61 INPUT "DEIR K"; K 
62 INPUT "ENTROPY FACTOR (Z)"; Z 
63 INPUT "IS LAMBDA CONSTANT ?"; REPON$ 
69 IF REPON$ :: "1" THEN INPUT "LAMBDA"; LAMBDA 
70 IF ANSWER$ : "y" THEN 
71 LPRINT "TEMPERATURE-COMPOSITION-PHASE DIAGRAM 

lnclud1ng Free Volume" 
72 LPRINT 
74 LPRINT 
75 LPRINT "K"; K 
80 LPRINT "Coord1natlon number(C)"; C 
85 LPRINT "En tropy Factor(Z)"; Z 
90 LPRINT" Ph"; PIstaI' 
100 LPRINT "VI*"; Vistar 
110 LPRINT "TI:-!"; Tlstar 
111 LPRINT "T2*"; T2star 
112 END IF 
130 Ti'OR l :: 1.1 TO 1.5 STEP .2 
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140 T.F REPON$ <> "y" THEN LAMBDA = 1 
142 PRINT "LAMBDA _If. LAMBDA - , 
143 IF ANSWER$ = "y" THEN 
144- LPRINT 
145 LPRINT " LAMBDA _fi. TAB(10); LAMBDA - , 
146 LPRINT 
147 END IF 
150 TK = 100! 
151 BIP = 40 li K 
152 IF ANSWER$ = "y" THEM 
156 LPRINT 
" - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - f. ----------------------------------------------------------
157 LPRINT TAB(2); "TK"; TAB(9); "KH"; TAB(15); "KS"; 

TAB(22); "KT"; 
158 LPRINT TAB(32); "KHF"; TAB(4-0); "KSF"; TAB(48); 

"KFV"; TAB(55); 
LPRINT "KHt tilt; T AB(64); "KSttI"; T AB(7 2); "Xt tl" 

159 LPRINT 
" __________________________________________________________ ft 

-----------------------.------------.------_.-------------
160 LPRINT 
161 LPRINT 
162 ELSE 
163 PRINT TAB(2); "TK"; TAB(9); "KH"; TAB(15); "KS"; 

TAB(22); "KT"; 
164 PRINT TAB(32); "KHF"; T AB(40); "KSF"; T AB(48); 

"KFV"; TA B(55); 
PRINT "KHttl"; TAB(64); "KSttl"; TAB(72); "Xttl" 

166 END IF 
168 FLAG = O! 
170 WHILE TK <= BIP AND FLAG < 1! 
175 X! = K! / TK 
180 xIn v! : 1 / X 
181 xIn v : INT«xIn v li 1000) + .5) / 1000 
185 TRed! : TK / T1star 
190 CALL KIH(KH!) 
200 CALL KIS(KS!) 
205 CALL VRedu(VR!) 
206 VR = INT«VR If 1000) + .5) / 1000 
210 CALL KIFV(KFV!, Cone, ToSQ) 
211 CALL KHIFRVOL(XHF!) 
212 CALL KSFRVL(XSF!) 
213 KHtotaI! -: KH + XHF 
214 KStotal! = KS + XSF 
215 KT! = KH + KS 
216 KT = INT«KT li 1000) + .5) / 1000 
217 KHltotal! = KHtotal + KStotal 
218 'PRINT "TRed="; TRed, "KFV="; KFV, "VR="; VR 
219 'PRINT "KH:"; KH; "KS:"; KS; "KHltotal:"; 

KHItotal 
220 Xtotal~ : KH + KS + KFV 
221 XHF : INT«XHF li 1000) + .5) / 1000 
222 XSF : INT«XSF If 1000) + .5) / 1000 
223 KFV = INT«KFV li 1000) + .5) / 1000 
224 KH = INT«KH If 1000) + .5) / 1000 
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KS ;: INT«KS Il 1000) + .5) / 1000 
KHtotal : INT«KHtotal Il 1000) + .5) / 1000 
KStotal : INT«KStotal Il 1000) + .5) / 1000 
KFV = INT«KFV Il 1000) + .5) / 1000 
Xtotal : INT«Xtotal Il 1000) + .5) / 1000 
'PRINT "Xtotal:"; Xtotal 
IF ANSWER$ = "y" THEN 

LPRINT TK; TAB(6); KH; TAB(14); KS; T AB(2t); 
KT; TAB(30); 

LPRINT XHF; T AB(38); XSF; T AB(46); KFV; 
TA B(54); KH to tal; 

LPRINT T AB(62); KStotal; T AB(70); Xtotal 
ELSE 

PRINT TK; TAB(6); KH; TAB(14); KS; TAB(21); KT: 
TAB(30); 

PRINT XHF; TAB(38); XSF; TAB(46); KFV; TAB(54); 
KHtotal; 

PRINT TAB(62); KStotal; TAB(70); Xtotal 
END IF 
TK! : TK + 20! 
'IF TK = 400 THEM TK = TK + 6 
RATIO! = 256 / 27 
FLAG! = RATIO M TK / T1star 

WEND 
IF FLAG > 1! AND ANSWER$ = "y" THEN 

LPRINT 
LPRINT 
LPRINT "PROGRAM STOPS AT T :"; TK, "'TEMPERATURE TOO 

HIGH:" 
LPRINT "9.5 X TRed > 1 SUBROUTINE VRed u CAN NOT BE 

PERFORMED" 
ELSEIF FLAG > 1! THEM 

PRINT "TEMPERATURE TOO HIGH:IN SUB VRedu: 1- COT < 

0" 
END IF 

IF ANSWER$ = "y" THEN 
LPRINT 
LPRINT 

END IF 
'LAMBDA = O! 

IF REPON$ = "y" THEN EXIT FOR 
NEXT 

INPUT "DO Y~U WANT TO CONTINUE ?"; RESP$ 
IF RESP$ = "y" THEN 

INPUT "PRINT ?"; ANSWER$ 
INPUT "DO YOU WANT TO CHANGE ONLY K Z AND 

LAMBDA?"; RP$ 
IF RP$ = "y" THEN GOTO 61 
INPUT "DO Y~U WANT 'ro CHANGE THEM "; REN$ 
INPUT " DO Y~U W ANT TO CHANGE ONL Y LAMBDA 7"; 

RAPO$ 
IF RAPO$ = "y" THEN GOTO 63 
INPUT " DO Y~U W ANT TO CHANGE IT "; RRV$ 
INPUT "DO YOU W ANT TO CHANGE ALL ?"; RC$ 
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300 IF RC$ :: "yu THEN GOTO 15 
310 INPUT "DO Y~U WANT TO CHANGE COMPONENT2M ?"; R$ 
320 IF R$ :: "y" THEN INPUT "T2M"; T2star 
325 INPUT "DO Y~U WANT TO CHANGE COMPONENT1* ?"; RA$ 
329 IF RA$ :: "y" THEN GOTO -+0 
335 IF R$ :: "y" AND REN$ :: "y" THEN GOTO 61 
336 IF R$ : "y" AND RRV$ :: "y" THEN GOTO 63 
337 IF R$ : "y" GOTO 70 
339 END IF 
340 INPUT "~1.RE YOU SURE Y~U WANT TO CONTINUE ?"; RR$ 
350 IF RR$ : "y" THEN GOTO 284 EL SE RESP$ : "N" 
370 WEND 
390 END 

SUB KHIFRVOL (XHF!) 
DEFSNG A-Z 
2020 STATIC CONS1 
2040 CON Si! : 4 1 3 
2060 CONS2! : 4 1 9 
2080 B! = VR " (2 1 3) 
2100 CCP! : VR A (1 1 3) 
2120 D! : 1 1 CCP 
2140 DD! : CONSi If D 
2160 E! : DD - 1 
2180 EE! : E " 3 
2200 NUM! : CONS2 li (CCP - 1) 
2220 DENO! : B If EE 
2240 RATIO! :: NUM / DE NO 
2245 'PRINT "CONE:"; Cone, "ToSQ:"; ToSQ 
2260 KHI! : Cone li ToSQ li RATIO 
2261 'PRINT "B="; B, "CCP:"; CCP, "D:"; D 
2262 'PRINT "DD:"; DD, "E:"; E, "EE:"; EE 
2263 'PRINT "NUM:"; NUM, "DENO:"; DENO 
2265 'PRINT "KHI:"; KHI, "RATIO:"; RATIO 
2280 XHF! : -(KHI) 
END SUB 

900 SUB KIFV (KFV, Cone, ToSQ) 
901 STATIC CONS, R 
909 CONS : 1.333333 
910 R! : 8.3143 
911 HUM! : Plstar * V1star 
912 NUM1! : Tlst;;l.r li R 
913 ,-,UM2! :: NUMl If 2! 
914 NUM3! :: NUM 1 NUM2 
940 DEN! :: (T2star - T1star) / T2star 
945 'PRINT "VR:"; VR 
950 DAS! : VR 1\ (1 / 3) 
960 DAS1! : 1 / DAS 
965 PRO! : CONS * DAS1 
966 PROi! : PRO - 1! 
967 PROO! :: 1 / PROi 
990 DENN! : DEN A 2 
994 'PRINT "NUM3 _n. NUM3 - , 



996 PROD! : DEHN * PROO 
1000 KFV = NUM3 Il PROD 
1001 Cone! : NUM3 
1005 ToSQ! = DENN 
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1020 'PRINT "ConeM:"; Cone, "TOSQM:."j ToSQ 
END SUB 

400 SUB KIH (KH) 
420 M! = LAMBDA If X ... Z 
440 MM! = 1 + EXP(-M) 
460 MMM! = LAMBDA / MM 
480 KHH! : X If (1 - MMM) 
490 KH! = KHH If C 
END SUB 

500 SUB KIS (KS) 
520 AA! : X lE LAMBDA 
540 FF! : AA + Z 
550 BA! : EXP(-FF) 
560 BB! : 1 + BA 
580 EE! = AA / BB 
585 DA! : EXP(FF) 
590 DD! : LOG(1 + DA) 
600 KSS! : EE - DD 
620 KS! : (KSS + LOG(2) Il C 
END SUB 

SUB KSFRVL (XSF) 
DEFSNG A-Z 
ST A TIC CONS1, CONS2 
3000 CONSU : lt 1 3 
3020 CONS2! = 20 / 9 
3040 A! : VR ,.. (1 / 3) 
3060 B! : VR ,.. (2 / 3) 

3080 CCO! = 1 / A 
3200 Dl = CONS1 If CCO 
3220 DD! : D - 1 
32ltO DDD! : DD " 3 
3260 DENO! : B If DDD 
3280 NUM! : B - CONS2 If A + CONS1 
3390 'FRINT "CCOS="; CCO; "BS="; B; "DDS="; DDS; "DDDS:"; 

DDD 
3300 RATIO! : NUM / DENO 
3301 'FRINT "NUMS:"; NUM, "DEN OS:"; DENO 
3305 'FRINT "CONES:"; Cone, "ToSQS="; ToSQ 
3320 KhlS! : Cone lE ToSQ If RATIO 
3330 'FRINT "KHIS="j KhlS; "RA TIOS:"j RATIO 
33!.J..0 XSF! = KhlS 
ENI' SUB 

700 SUB VRedu (VR) 
701 ST ATIC CO, CP, CPP 
710 CO : 256 / 27 
711 CF = 16! 
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( 712 CFP = ~! 

730 COTI = CO * TRed 
735 I! :: 1! - COTI 
740 A1! :: SGR(I) 
760 Bi! = (i! + A1) " (1 / 3) 
780 B2! = (1! - Al) 1\ (1 / 3) 
781 BB! :: Bl + B2 
782 U! :: 2! Il TRed 1\ 2 
783 UA! :: U A (1 / 3) 
785 UI! :: 1! 1 UA 
800 UU! :: ur li BB 
802 CU! :: UU 1\ 2 
805 ex! :: TRed * CU 
809 CTV! :: CP / CX 
810 CXX! :: cpp - CTV 
820 CC! :: SQR(CXX) 
830 UX! :: SQR(UU) 
835 UiX! :: UX / 2! 
836 U2X! :: CC! - 1! 
838 U3X! :: SGR(U2X) 
839 U~X! :: 1! - TJ3X 
8~0 XXX! :: UtX! Il U4X! 
860 VR! :: XXX! 1\ "3 
865 'PRINT "TRed::"; TRed 
END SUB 

( 
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CHAPTER 7 

POL YMER-POL YMER COMPAfIBILITY IN TERNARY SYSTEMS: 

A CALORIMETRIC APPROACH 
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INTRODUCTION 

Polymer blends have attracted remarkable attention during the past years. 

Polymer-polymer interactions are important to understand the phase behaviour and 

mechanieal properties of both miscible anci immiscible pol ymer blends. 

In most compatible pairs, specifie interactions, such as hydrogen bonding or a 

charge transfer complex, are involved and lower the free energy of mixing. A negative 

free energy of mixing is the necessary criterion for rniscibility: 

6.G
M 

= ~ - T6.SM :::; a 
For high molecular weight components 6.S

M 
-1 0 (at least expressed per unit-solution 

volume) as M.W. -1 00, therefore ~GM :::; ~ :::; O. Miscibility is then linked to an 

exothennic heat due to these specifie interactions. 

Poly(vinyl chloride) (PYe) Li one of the most investigated pOlymers 1. It has 

been found to be miscible wnh several polymers. It is capable of fonning H-bonds 

with a large number of components. pye molecules contain two sites of interactions: 

(1) the a-hydrogen which may be involved in a hydrogen bond with a proton acceptor 

component, for instance, those having a carbonyl group or showing basic properties; (2) 

the pendant chloride group which may be involved in charge-transfer or an acid-base 

(Lewis type) complex with the ester or ether oxygen. 

The family of polyesters exhibits a unique situation in that they constitute 

plasticizers for pye I.e. they decrease the glass transition temperat'.rre (Tg) of pye and 

their mixtures with Pye show a single Tg i.e. compatibility. Many dIverse miscible 

systems containing polyesters have been observed. The most significant polyesters are 

poly(E~aprolactone) (peL), poly(methylmethacrylate) (PMMA), polyvinyl acetate and 

also oligomers of polyesters. 

Polyethers also show miscibility not only with pye, but with polyhydrocarbons. 

Miscibility resuIts either from hydrogen bonding interactions with a proton donor 
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component such as PYC or from charge transfer or dipole-dipole interactions. The 

blend of poly(styrene)-poly(vinylmethylether) has been rigorously investigated 1 either 

in fundamental polymer-polymer studies or applied research. The Flory-Huggins 

interaction parameter X \s widely used2 in the study of polymer compatibility, and 

plays a dominant role in explaining the critical phase behaviour of a compatible pair. 

However, direct measurement of X is not always possible. It has mainly been 

experimentally evaluated using gas-liquid chromatography, vapor sorption, film 

castings, spectroscopy etc. Nevertheless, calorimetry is amongst the most direct 

methods for determining miscibility, or evaluating the X parameter. 

The X parameter of a miscible pair depends primarily on an exothennic 

enthalpie contribution in ~GM' as shown in ref. 2b. The X ~ ..rrameter has to be negative 

or zero perhaps. Henee, heat of mixing should be a good indicator of compatibility. It 

is given by equations 1. 

MIM 

RTV 
(1) 

Here z is the lattice coordination number, k the Boltzman constant, ô.W 12 the energy 

change associated with the formation of (1-2) segment contacts from the breaking of 

(1-1) and (2-2) segment pairs, Vs is the molar volume of a segmLi1t and X12 is the 

Flory-Huggins interaction parameter, it is expressed as: 

(2) 

ri beÎl1g the number of segments of component 1. Reat of mixing measurement for 

mixing of two polymers requires, however, a third component i.e. a mutual solvent. 

Yet, the solvent itself is not always an inert medium and may interact with the 
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polymers. Maximum miscibility between two polymers is achieved only with solvents 

having comparable affimties for the polymers. Any difference in strength of the 

polymer-solvent interactions <X13' X23) which mamfests itself through L\X i.e. 

(X13 - X23) may weaken the polymer-polymer X parameter. In other words, !:lX has to 

be zero or negligible in order ta observe a stable solution. The mixing of the two 

polymers proceeds in the followmg way: Two solutIons composed respectIvely of 

polymer 1 + the mutual solve nt are rnixed in the calorimeter and the change of enthalpy 

(AH\I) associated with the mixing may be expressed as follows: 

(3) 

Where 1 and 2 refer to polymers 1 and 2, while 3 refers to the soivent. H123 is the 

heat resulting from rruxing the ternary solution. H13 is the heat of mixing of polymer 

1 with the solve nt: H
23 

lS the heat of mixing of polymer 2 with the solvent. 

From eqns. 1 and 3, ~ can be rewritten: 

L\l\ <P19'2 z L\ W 1Z --.-= * V V 

+ 9'1(9)1'- 9'2') (NZr2 + NFr3) z !:lW13 

(L N Ir 1) V 

(4) 

Where <Pl' <P2 are volume fructions of po!ymers 1 and 2 in the ternary solution, while 

<pi and <P2 are volume fractions of the polymers in the respective binary solutions (i.e. 

polymer + solve nt), L\ Wu and !:l W 23 are the energy changes associated respecnvely 

'" :jo with polymer 1 - sol vent and polymer 2 - solvent segment contacts; V (i.e. LW. V.) 
1 1 
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* being the "hard~ore" volume of the solution, expressed on a molar basis. Vi being 

'" Niri ci sp, Ni and ri are respectively numbers of molecules and segments of 

components i. N32 and N31 are the number of molecules of solve nt in solution 

containing respectively polymer 2 and polymer 1. The quantities N2g.+ r~32r3 and 
1 1 

N12 + N31
r
3 may be approximated tCi the mole fraction of the solvent in solution with 

ni r i 

polymer 2 and polymer 1 respectively. The second and third terms have been found to 

be very small and would be zero if <pi = <Pz Le. if the concentrations of the two binary 

solutions are equal. Full details of the derivation of M\r are given in Appendix 7. 

In the course of this work, the heat of mixing has been measured for well 

established compatible pairs of polymers dissolved in a common solve nt. The results 

are interpreted according ta the Flory-Huggins theory applied to ternary systems. The 

effect of the solvent upon miscibility of two polymers is also studied. 
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EXPERIMENTAL 

Table 1 summarizes the various polymers and solvents used. The systems 

studied may be classified into two broad groups: 

1. Mixtures composed of components from group 1 with those from either group 2, 

group 3 or group 4, + a common solvent. 

2. Mixtures of components coming from groups 2 and 3 and their analogs plus a 

common solve nt. 

1. Materials 

Table 2 lists the sources and nature of the various polymers and solvents used. 

They were taken without funher treatment, save PVC which was washed with a 

solution of 50:50 methanol-water and dried in an oven for 24 hours. A smalt amount 

(1 %) of a stabilizer (thennolite-35), from M&T Chemicals was incorporated into the 

pve samples in order to pre vent oxidation and degradation. 

THF was purified by distillation and was kept under nitrogen. Special devices 

of glass vessels were built to allow the preparation of the samples under constant 

nitrogen circulation from the freshly distilled solvent. The solutions were then 

hermetically kept until complete dissolution of the polymer. Solutions of about 20% 

weight percent of each pol ymer in the mutual solve nt were prepared. 

2. Methods 

A. Hçat of mixing 

The heat of mixing <MIJ was measured for severa! systems listed in Table 3--6 
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TABLE 1 

Chemical structure of the polymers and their analogs 

1. PolyhydrOCarbons 

aliphatic: poly(isobutylene) (pm) 
or poly(1,l-dimethylethylene) 

chlorinated: poly(vinyl chloride) (PYC) 
or pol y( l-chloroethylene) 

aromatic: poly(styrene) (PS) 

2. Polyesters: 

or poly(l-phenylethylene) 

polY(E-caprolactone) (PCL) 
or poly (l-oxohexamethylene) 

poly(methyl methacrylate) (PMMA) 
or poly[l-(methoxycarbonyl)l-methyl ethylene] 

poly(dimethyl siloxane) (PDMS) 

poly(ethylene-vinylacetate carbon monoxide 
(Elvaloy) 

poly(ethylene-vinyl acetate) 
(Elvax) 

~ 
01, 
a 

9:. 
o 
Il "f;œ,>,-c+

n 

~ 
COOCH, 

Di, 
1 

f-s'-ot 

~ 

c, , 

~ ..... ..... 
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3. Polyethers: 

4. Plasticizers 

~ 

TABLE 1 (continued) 

poly(vinyl methyl eth~r (PVME) 

poly(hydroxyether of bisphenol A) 
(Phenoxy) 

poly(ethyleme oxide) 
or poly(oxyethylene) 

Di-(2-",thyl)hexyl phtalate (DOP) 

Di-(2-ethyl)hexyl adipate (DOA) 

Di-{2-ethyl)hexyl sebacate (DOS) 

Tri butyl phosphate (fBP) 

o Et 
Il 1 QC-o- CHr Of- c.~ 

c-0- CHr CH- CJi9 
Il 1 
o Et 

a 

o Et 
Il 1 
C -0-CHrCH- BUI 
1 

C.Hg 
1 fi-0-CHr 'j"- BUI 

o El 

b 

o El 
Il 1 
C-O-CH -CH-Bul 1 2 

C.Hlb 
1 
C-O-CH -CH-Bul 
Il 2 1 
o El 

c 

Of] 
/ o 
~ 

~ 

CH] 

t-O-{-o-o~o1: 
CH, 

'o,~ (" -- r. 

o 
Il 

a 

b 
c 

d 

But -0- P -0- BUI 
1 
0- But 

d 

tJ,) 
t-' 
t-.> 
1 
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TABLE 2 

List of polymers and solvents used and their sources 

Chemicals 

Phenoxy 

Poly(e-caprolactone) 

Poly(ethylene glycol) 

Polyethylene, vinyl acetate (Elvax) 

Polyethylene, vinyl acetate 
carbon monoxide (El valoy) 

Poly dimethyl siloxane 

Poly(isobutylene) 

Poly(methyl Methacrylate) 

Poly(styrene) 

Poly(vinyl methylether) 

Poly( vinylchloride) 

Plasticizers 

Di-{2-ethyl)hexyl phtalate 

Di-{2-ethyl)hexyl adipate 

Di-{2-ethyl)hexyl sebacate 

Tri-butyl phosphate 

Sources 

Union Carbide 

Aldrich Chemical Co. 

J.T. Baker Chemical Co. 

Dupont 

Dupont 

Dow Coming Silicones 
Interamerica Ltd 

Polysciences 

SF2 Scientific Pol ymer 
Products Inc. 

Polysciences 

Polysciences 

Sp2 Scientific Polymer 
Products Inc. 

Carlew Chemicals, St. Remi, 
PQ 

M':,IOsanto Chemicals 

CffiA-GEIGY 

Monsanto Chemicals 



( 

{ 

( 

. 

Solvents 

Cyclohexane 

Ethyl acetate 

Phenol 

Tetra-hydrofuran 

Tetra ethylene glycol 

Tri ethylene glycol 

Toluene 

-~14-

TABLE 2 (continued) 

Aldrich Chemical Co. 

Aldrich Chemical Co. 

Aldrich Chemical Co. 

Aldrich Chemical Co. 

Aldrich Chemical Co. 

Aldrich Chemical Co. 

Aldrich Chemical Co. 
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using a Tian-Calvet microcalorimeter (Setaram, France). Measurements were made at 

given concentrations Le. relative arnoullts of polymer for all of the systems. However, 

PS + PVME in toluene and PIB + PDMS in CyC6 were measured over the entire 

concentration range. Method and procedures are described in ref.3. The accuracy on 

~ results is of 0.5 to 1 %. Reproducibility was verified through measurement over 

the entire concentration range of a reference syste'll: CyC6 + n--C6. The results agree 

within 2 Jlmol with those of Benson et al4. 

B. Heat of dilution 

The Picker flow microcalorimeter, as well as the Tian-Calvet microcalorimeter 

was used to measure the heat of dilution (MId) for binary and temary systems 

composed respectively or pol ymer 1 + solvent, polymer 2 + solvent and polymer 1 + 

polymer 2 + solvent. The systems studied were PS, PVME in toluene and CyC6 over 

the entire concentration range. The accuracy of the results is about 1 % in the middle 

of the concentration range. 

Details of instrumentation and procedures of the Picker flow microcalorimeter 

are provided in ref. 5 . 
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RESU1..TS AND DISCUSSION 

1. Mixtures of poly(vinylchloride) + component 2 + TIif 

Table 3 summarizes the heats of mixing and interaction parameter X12 results 

obtained for mixtures composed of PYC + a second polymer or oligomer + THF, 

A. PVC + PCL + THF mixtures 

Table 3 shows exothermic heat of mixing for the ternary system of PVC-PCL. 

Henr.e X12 is negative throughout the entire composition range. The two polymers are 

then compatible over the whole concentration range, Fig. 1 shows the concentration 

dependence of the interaction parameter X12' 

X12 tends to increase with increasing pye concentration i.e X12 is more 

negative, indicating better miscibility as pye concentration increases. The specifie 

interactions between PYC and PCL are probably due to hydrogen bonding between the 

a-hydrogen of PYC and the carbonyl group of PCL. It has also been suggested1,6.7 

that the interaction might be due to a charge transfer complex between the pendant Cl 

of PYC and the oxygen of the carbonyl. Although a large number of data have been 

reported for the binary mixtures of PYC-peL, no one has ever brought conclusive 

arguments in favor of one or the other possible explanations. 

T ernary stumes for this pair are rather rare, save the work of Olabisi 7, U sing 

inverse gas chromatography, he determined 1:12 for PVe-PCI in the presence of 

various probes. The study shows a net effect of the solvent on miscibility in the 

ternary system. 1:12 ranges from 0.10 to 1.16. However, polar probes such as MEK, 

for instance, lead to negative values. In MEK: X12 = - 0.10 which is not too far from 

our value. 
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TABLE 3 ..... 
ft ' 

14L .... Heat of mixing and interaction parame ter X12 for mixtures of pve.+ polymer 2 

in '!HF at 25°C as a function of weight fraction of pve 

Polymer2 cane MlM X12 

(wfraction PVC) J/g x 10-2 

Poly(e-caprolactone) 0.23 -1.77 -0.032 
(PCL) 0.34 -3.95 -0.056 

0.36 -4.13 -0.057 
0.44 -8.10 -0.11 
0.61 -5.66 -0.076 
0.73 -{).61 -0.132 

Poly(ethylene vinyl acetate over all <0 <0 
carbon monoxide) concentration 
(Elvaloy) range 

Poly(ethylene vinyl acetate) over all >0 >0 
(Elvax) concentration 

range 
-. 
..... Poly(methyl methacrylate) <0 <0 

PMMA 

Plasticizers 

TBP 0.36 < O(1arge) <0 
DOP 0.38 < O(small) <0 
DOA 0.34 >0 >0 
DOS 0.39 >0 >0 
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Fig. 1 Concentration dependence of the X12 parameter as a function of weight 

fraction of PYC + PCL at 25°C. 
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B. pYC - teTl'olymer and copolymer of ethylene vinyl acetate Œlvaloy. Elyax) + 

As shown in Table 3, a terpolymer of ethylene. vinylacetate and carbon 

monoxide (Elvaloy) shows miscibility with PYC in THF. fable 3 gives an exothennic 

heat for this mixture. Once again, specifie interactions between the oxygen of the 

carbonyl group and the Cl of pve are responslble for this negativc~. However, 

mixtures with the co-polymer of ethylene-vinyl acetate (El vax) where the carbon 

monoxide is removed show instead a positive M\ when mixed in THF. It has been 

reported8 that binary mixtures of Elvax and pve show limited miscibility. Miscibility 

is contingent on the vinyl acetate content of the copolymer. In fact, resins containing 

less than 60% of VA have been found immiscible. However, binary mixtures of 

Elvaloy and pve show instead miscibility over the entire composition range. 

c. fYÇ + PMMA + THF 

Mixtures of PMMA and pve show miscibility as well in 1HF. Exothennic 

heat has been recorded as shown in Table 3. Binary studies, however, reveal a definite 

influence of tacticity upon miscibihty of the blend9. With isotactic PMMA, a m\scihl'! 

blend is observed, while syndlOtactlc PMMA indicated miscibllity for a monorner ratio 

of 1: 1 Pl\.1MA - PVe. Phase separation may be observed for higher content of 

PMMA. With the samples used in our study HO such behaviour has been observed, 

indicating rather syndiotacticity of the samples. 

D. pye + Plasricizers + THE 

The use of small molecules as plasticizers for pve, is well-known. These 
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plasticizers are oligomers of polyester, although higher molecular weight polyesters 

might as well plasticize PVC. 

Here again complex fonnatio'1 has been propûsed based on a hydrogen-bonding 

interaction of the type C-O .... Cl-C. However, because of the steric hindrance of the 

plasticizer molecules it seems more probable that H-bond interactions are involved 

between the a-hydrogen and the carbonyl of the esters. ~ is exothermie for 

mixtmes containing TBP and very small or zero for those of DOP. However, M\ is 

endothermic for DOA and DOS 1:1ixtures. An e~.planation of this behaviour could be 

advanced from the chemlcal structure of the. various proton acceptors as shawn in Table 

1. The sterie hindrancc of DOS and DOA lead ta a less basic carbonyl group than m 

the case of TBP which shows more negauve 6HM' The results agree wah values 

reported by Roy 1 0 or Anagnostopoulas et a1 11 . In the latter work, ne gal1 ve X 12 has 

been found for PVC + TBP (X12= - 0.53) and alma st zero for DOP + pye (X12= -

0.03), while positive X12 have been determined for DOS (0.53) and DOA (0.28). 

2. Mixtures containing components both having carbonyl group. 

A. Phenoxy + PCL + THF 

As shown in Table 4, mixtures of phenoxy + peL in THF exhibit large and 

exothennic heats over the entire concentration range, due ta hydrogen-bonding 

interactions involving the hydrogen from the hydroxyl group of phenoxy and the 

carbonyl group of PCL. Both calonmetry and dynamic meehamcal measurements of 

Tg12, indicate miscibility for the binary pair. No ternary data have been reported so 

far in the literalurc, cxcept inverse gas chromatography data showmg negatlve l12 in 

the presence of various probes 1 . 
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TABLE 4 

( Reat of mixing for mixtures composed of phenoxy + pol ymer 2 or analogs 
in THF as a funetion of weight fraction of phenoxy at 2SoC 

Polymer2 cane LlliM X12 

wfraction J/g x 10-2 

Poly( e-caprolactone) overentire <0 <0 
concentration 

range 

Poly(ethylene glycol) n >0 >0 

Triethylene glycol 0.81 -0.660 -1.60 

Tetraethylene glycol 0.42 1.53 1.08 

( 
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B. Phenoxy + Polyethylene ~lycol + THE 

Mixtures of Phenoxy + PEG exhibit, instead, an endothermic heat in TIIF. The 

oxyge:n of PEG is less basic than that of the carbonyl leading probably to a complex 

too weak to achieve miscibihty in the ternary system. 

Furthennore, ~, measured for the two polymers with the solvent reveals an 

exothennic and large ~, hence negative X13 for phenoxy + THF, and positlve M\, 
then positive X23 for PEG + THF. Therefore!lx will be large and unfavorable to 

mixing, and acts against the complex formation. This results in a posItive ~ and 

positive X12' The X12 for the temary system is detennined from ~, therefore 

endothermic Llli
M 

leads inevitably to X12 > O. However, it has been shown by Robard 

and Patterson 13 that incompatibility IS not necessarily associated with positive X12' 

Phase separat1ùn is observed for systems exhibiting large value of /).X even if X12 is 

negative. That tells that compatibllity in a ternary system 1S more governed by !1X than 

by the sign of X12' ~loreover, this diffcrence in the behaviour of the two polymers 

with the solve nt creates non--randomness 10 the solutIOn. Thîs non-randomness is 

mainly due to preferenual interacuon between phenoxy and THF. 

Heat of mixing was measured for analogs of both phenoxy and PEG in THF. 

Phenol was taken as an analog for phenoxy, while ohgomers of PEG were used. Table 

5 shows the results of thiS investigation. Both phenol and ~henoxy show exothennic 

and large ~, when mixcd with tricthylcne glycol; hence negative X 12 are also 

obtained, - 2.15 and - 1.60 respecnvcly at mole fractions of 0.60 and 0.81 for phenol 

and phenoxy solution respectively. However as the chain-length of ethylene glycol 

increp..ses, the miscibility seems to decrease. Hence, ~ for phenol + 

tetraethylene-glycol in THF is almost zero, while endothermic heat is observed for 

phenoxy + tetraethylene glycol + THF (1.53 J/g) and positive X12 IS also obtained (+ 

1.08). 
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TABLE 5 

Heat of mixing as a function of phenol for mixtures of phenol + component 2 
in THF at 25°C 

Component 2 

Triethylene glycol 

Tetraethylene glycol 

cone 

Wfraction 
of phenol 

0.60 

llliM 
J/g 

-2.47 

-0 

-2.15 

-0 
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However X13 for phenol + tetraethylene glycol (without THF) is largely 

negative (- 1.74) comparable with X13 for phenol + tetraethylene glycol (- 2.15). The 

ternary system of phenol + tetraethylene glycol in THF exhibits an extremely small X12 

which is essentially zero. This supports the argument of IlX being responsible for the 

incompatibility of phenoxy and PEG in THF. This behaviour is observed for any 

ternary system showing any disparity in the behaviour of the polymers with the solvent. 

3. Polystyrene + PVME 

A. Heat of mixin~ 

in toluen~ 

Table 6 shows Mf
M 

results for PS + PVME in toluene and the values are plotted 

in fig 2. ~ is smal1 and endothennic. Fig.3 and table 6 exhibit X 12 values as a 

function of volume fraction of PS. X12 is very small and positive. It is almost 

concentration independent at low concentration and increases slowly as the 

concentration increases. However, normalized values of X12 (Xi2) show instead 

concentration dependence over the entire concentration range. The results are in 

agreement with values reported by Shiomi et al 14 for PS + PVME in toluene and 

obtained from osmotic pressure measurements. Sorne agreement can also be found 

with the results of Su and Patterson 15 obtained from GLe using toluene as a probe. 

This positive value of X12 and endothermic ~ result probably from a non-random 

distribution of the molecules in solution. Binary mixtures exhibit small but negative 

X12 WhlCh is the result of a weak complex between the oxygen of the ether and the 

aromatic Ling. But in a ternary system. the solvent may preferentially interact with 

PVME and may decrease the polymer-polymer interaction. 
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( 

Fig. 2 Experimental M\t as a function of volume fraction for PS + PVME at 25°C. 

( 

( 
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Fig. 3 Variation of X12 as a function of volume fraction of PS for PS + PVME at 

( / 
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in Ethylacetate 

Ternary solutions with ethylacetate as the solvent shows sign of compatibility: 

MIM < 0 and X12 < 0 over the entire concentration range. For instance, at W fraction 

of PS = 0.64, ~ = - 0.15 J/g and X12 = - 0.07. Su and Patterson
15 

have reponed 

X12 = - 0.04 from OLe measurement using propyl acetate as a probe solvent. Ethyl 

aeetate should therefore show a slightly more negative value, which would be in perfect 

agreement with our calorimetrie value. 

B. Heat of dilution 

The heat of dilution was measured for both PS and PVME in toluene and for the 

ternary system. Both PS and PVME exhibit negative Mid and XpS(d) as was already 

reponed by An.ldya et a1 16, Lewis and Johnson!? and also by Gaeckle and Patterson18. 

It was suggested that this exothermic heat of diJution was the result of a volume 

contraction on dilution. Heat of dilution for the ternary "ystem is al 50 exothermic, 

leading to negative X12(d)" If one agrees with this volume contraction occuring upon 

dilution in binary solution, dtIuting the tcrnary system would aIso rnean that there is a 

volume contraction, meaning that as we add more solvent, each polymer interacts more 

with the solvent. 

4. Polyisobutylene + PDMS 

Endothermic heat of mixing can be se en as a function of concentration 

(W fraction) of PDMS for pm + PDMS mixture in CyC6· X12 is then positive. No 

specifie interactions exist between those two polymers. And yet, tJ..e weak dispersion 

forces can not bring miscibility in ternary system. Therefol~, miscibility is not 
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expected, at least in the temary solution. 

It is of intercst to point out sorne conclusive remarks about the miscibility of 

two polymers in temary systems: 

1. Strong to moderate specifie interactions is the necessary criterion for 

achievement of miscibility in a ternary system as observed using ~ 

me as urement. 

2. For weak interactions, non-randomne3s plays a dominant role in the miscibility 

or immiscibility of the polymers. 

3. The nature of the solvent and the geometry of both components (since H-bonds 

are angle dependent) may be key factors for or against miscibility. 
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APPENDIX7 
l' 

Derivation of M\ for ternary system 
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The following equations denve the heat of interactIon of two polymers 1 and 2 in a 

mutual solvcnt 3. N 1 molecules of polymer 1 are in solution in N31 molecules of 

solvent, while N2 molecules of polymer 2 are in solution in N32 molecules of solvent. 

The total amount of solve nt IS then given of N3 molecules or N31 + N32, 

The heat of mixing respecuvely polymer 1 and 2 with the so1vent are given by 

equatlons (1) and (2) 

~H13 = H(l + 3) - H(1) - H(3l) ~l) 

~H23 = H(2 + 3) - H(2) - H(32) (2) 

where H(1 + 3) and H(2 + 3) are the enthalpies of the solutions resulting from mixing 

the polymers with the solve nt; H(l) and H(2) are enthalpies of the pure polymers and 

H(31) and H(32) are the enthalpIes of the two amounts of solvent. 

The heat of mixIng the polymers with the total solvent ta form a temary (1 + 2 + 3) is 

~H123 = H(1 + 2 + 3) - H(l) - H(2) - H(3l) - H(32) (3) 

whlle the heat change from mlxing the two binary polymer-solvent solutions is 

IlliM = HO + 2 + 3) - HO + 3) - H(2 + 3) (4) 

and this may be shawn ta be given by 

(5) 
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Application of the Flory-Huggins expression of MfM leads to equations 6 to 8 fOf the 

binary and cemary solutIons. 

Nlrl (N 31(3) 
Llli 13 = zôW 13 (6) 

Nlrl + N3lr3 

N2f 2 (N., 2r3) 
Llli23 = zô.w", 3 (7) 

N2f 2 + N32f 3 -

~Hl"3 = Œ.zW .. <p.<p.][LN r.J 
.t. 1J 1 J 1 1 

t8) 

Where z is the coordinatlon number; !J. W 13' 1'1 W 23 are energy changes assoclated with 

the fonnatlon of polymer-solvent ~egment contacts and !J. W lS the energy change 
IJ 

associated wlth the fomlauon of pol ymer-pol ymer segment contacts; <p ,cp are volume 
1 J 

fractions of specles 1 and J ln the ternary ~olutlorl: r are segment numbers of 1 speCles. 
1 

The volume fractions <Pi of each specles In the ternary are glven by equatIons 9 to Il 

<Pl = N jrl 

L Nl i 

(9) 

<P2 = N2r2 

L Nlr l 
nO) 

<P3 = (N31+ Nn )r3 

L. N Ir 1 

(lI) 

Substnuting equauons (6) to (11) into (5) leads to equatlon (12) 



( 

( 

-336-

(12) 

Consecutive rearrangements give the following expression for ffi
M 

.1HM ZW12 TI <e:! + 
<Pl (<Pl' - <J'2' )(N2 r 2 + N32r3) 

'1< = 
* z W

13 lL :\f 1 r ) V V INlr 1 V 

<P2 (<P2' <PI' )(N 1 rI + N31r3) 
+ 

* z W23 (13) 
IN/IV 

* where V is the hard-core volume of the solution; <Pi' are volume fractions of pol ymer 

1 in the blnary (polymer-solvent) solutions; <Pl are volume fractions in the ternary 

solution. 
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 

In this thesis several types of structure have been studied through their thermodynamic 

effects. 

1. In part one of the thesis, C~ was measured for mIxtures, where structure lS 

caused by a molecular anupathy between the two components of the mIxtures. 

cE data ex\bit a W-shape WhiCh has been shown to increase clrastIcally as T 
p 

2. 

3. 

moves towards the UCST. A correlatlon has been made bètween the W-shape 

C~ and a local compmltlon nOIl-randomnes~ ln solullon It has been foumi that 

the W-shape CE IS the resultant of two contnbutIon~ to the themloù\'nJJlll(':~: p -

random and non--random The concept of non-randomness In solUtlon was also 

investigated through the concentratIon-concentratIon correlatIon functlon Scc' 

Excellent correlations are made betwcen non-randomnes~ as glVcn by Sec and 

the effect of non-ranc!omness on W -shape CE for systems approaching thelr 
p 

UCST. 

dyE dyE 
Other second-order quanuues such as crr- and (fIl were also rnvesugated. 

since both a and L tend to ll1fimty Wlth the same cntical exponent as C . P T P 
The W-shape should be observed at specIal conditIons of T withrn a fractIOn of 

a degree of Tc' 

dyE 
The non-randOIu ~~!I\.ribuuon to ~ was detennmed expenmentally usmg the 

Flory theory to estlmate the random contributIon to thiS quantlty. The theory 

successfully reproduced the trend of the expenmental results for the systems 

studied. 

L-____________________________ ~ ______ __ 
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In part two, structure associated with stronger interactions (self-association or 

complex fonnation) are studled through Cp measurements of alcohol molecules 

in proton accepter sol vents. The complex formed between the two species 

lowers the level of structu~e created ln the solution, compared to that produeed 

in an mert solvent. The Treszezanowlcz-Kehiaian model reproduces very weIl 

the expenmental data. 

5. The Treszczanowicz-Kehiaian model was used for a weaker self-associated 

6. 

component such as dodecanenimle 10 inen and proton acceptor solvent. <1>c and 

CE show much lower values for alcohol molecules But, sull, the model 
p 

reproduces successfully the expenmental trend. It has been suggested that the 

nitnles dimenze In both the pure mmle and solutIon. 

In part three of the thesIs, thermodynamic effects of structure due to specifie 

interactlons (H-bonds or complex fonnatlon) were studied in polymer 

soluwhere the second component may be a solvent or anot1,er pulymer. The 

LCST due to specifie mteractIons was observed at low temperature for mIxtures 

of PA + p-dioxane, PEO + H
2
0 and + chlonnated solvents and PPES + dichoro 

methane As T mcrease~, the solutlons become mIscIble agam above the UCST, 

leading to the so-called "lmmlsclbilIty 10op" ft has been shown that chiS loop 

IS strongly M.W. dependem, I.e the hlgher the M.W., the lower the LCST and 

the hlgher the UeST, makmg often dlfficult the observatIon of the UCST WhlCh 

may occur at very hlgh T. 

7. A new model, based on the Flory-Huggms and Pngogine-Flory theories, has 

been proposed in the course of this work for a mathematical interpretation of the 

phase diagram of speclfically mteracting pol ymer-solve nt or polymer-polymer . 
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systems. 

A calorimetrie approach has been consldered for the study of polymer-polymer 

compatibility. Sinee specifie interactions are responsible for the miscibllity 

hetween two polymer molecules, companbihty is therefore hnked to the 

presence of an exothermlc heat of lUlxmg. ~ were presented for ternllly 

systems composcd of twO polymers and a mutual solve nt. .lB\! < 0 for strongly 

interacting pairs and Ml = 0 or > 0 for weakly tnteractmg paIrS of polymers. 

m~ may aiso be posiuve if the two polymers do not Interact ln a '>lmllar way 

with the mutual solve nt. In this case, incompaublhty IS Liue ta the pre~ence of 

non-randomness in solution. 
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SUGGESTIONS FOR FURTHER WORK 

1. It has been suggested that local composition non-randomness is a manifestation 

of critical state over - lOOoC from Tc' From calculated values of Scc' it has 

been shown how non-randomness decreases as T increases over WOoC from 

TC' Therefore it would have been very interesting to see the disappearance of 

the non-randomness effect on C~ as T is removed far from the UCST 

(- IOOoC). CE should go from a sharp positive W-shape to a normal negative p 

parabola. 

2. The Flory theory has successfully predicted the trend of VE for non-electrolyte 

mixtures. But, the predictions are much too large for associated mixtures. 

Recently two theoretical approaches have been developed by Treszczanowicz 

and Benson and Heintz, in which a hyclrogen-bond formation reaction volume 

6v has been introduced. These extended Flory theories give good predictions 

for self-assoclanon process. Associauon involving two molecules of dlfferent 

nature is also important. In this case, both self-assocIation and complex 

formation processes are observed. It would, therefore, be of great interests to 

extant these theones ta association process involving two molecules of different 

nature, i.e. complex formauon. 

3. According ta the Schultz-Flory treatment for partially miscible pol ymer 

mixtures, ~Cp or C~ changes sign depending on the nature of the critical point, 

i.e . .1Cp > 0 If specific interaction LCST, .1Cp > 0 near a UCST and ilCp < 0 

near a free volume LeST. Ir would be very interesring to measure Cp as a 

function of T near the different critical points. DSC measurement should be an 

asset. The sign of 6Cp will differenuate between the two LCST. 
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Specifie interactions in pol ymer solutions are made through H-bonàing or 

complex fonnation. Therefore, application of association theory t·) the se 

systems should give good predictions of experimental data, provided thai the 

theory takes account of the free volume effect, essential in polymer solutions. 


