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FREE VOLUME EFFECTS IN POLYMER SOLUTIONS 

ABSTRACT 

The effect of pressure on polymer solution proper

ties has been investigated by light scattering. Second 

virial coefficients, A2' and radii of gyration, (S2)t, were 

determined at high polymer dilution, at different temperatures 

and pressures, for polyisobutylene in 2-methylbutane and 

polystyrene in 2-butanone. The pressure and temperature 

dependences of A2 were found consistent with newer "free 

volume" theories of polymer solution thermodynamics,and were 

used to obtain relative partial molar volumes, 6V l ,and heats, 

6H1• A correlation between values of (S2)t and A2 shows 

that pressure influences these quantities through its effect 

on the interaction X parameter or on the z parameter. 

The UCST pressure dependence was investigated in 

various polymerie systems. Eve r for non-solvent systems, 

such as polystyrene in n-alkanes, the free volume manifests 

its presence in the UCST reg ion. 

Heats of dilution, 6H l , were determined calorimetric

ally at 250 for five polystyrene-solvent systems. These data 

were used to analyze the Flory theory, which fails to predict 

the experimental results when the free volume effects are 

predominant. 



Orientational effects have been investigated in 

long chain n-alkanes mixtures with carbon tetrachloride, in 

order to elucidate the failure of the corresponding states 

principle, as appl ied to polymer solutions. 
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1. INTRODUCT ION 



An interest in polymer solutions and their proper-

t ies has always played a Key role in polymer science. Indeed, 

the existence of macromolecules was demonstrated through worK 

on solution viscosities by Staudinger in the 1920 15. Turning 

to the thermodynamics of polymer solutions, most of the funda

mental concepts have their origin in theories of mixtures of 

small molecules, which for the saKe of clarity, will be men

tioned here. 

ln the theory of strictly regular solutions l ,2 of 

small molecules, the Ideal solution (following by definition 

Raoult1s law) plays the role of a reference system defining 

excess thermodynamic quantities such as HE, SE. The model on 

which the theory is based, requires a few basic hypotheses, 

but only one has direct bearing ûn subsequent remarKs. This 

is the assumption of a rigid lattice for the solution which 

does not allow any change of volume during the mixing process 

and where each molecule occupies only one lattice site. The 

main consequence of this is that the excess entropy, SE, is 

zero and any deviation from Ideal ity ought to be enthalpic in 

nature. 

Following K.H. Meyer, Flory3 and Huggins4 independ

ently used statistical mechanics methods and the lattice model 

to give an expression for the combinatorial entropy of mixing 

of polymer solutions. But now the solution is made of two 

species of different molecular dimensions. The polymer and 



-2-

the solvent are to be divided into equal-sized quasi-spherical 

segments, each occupying one lattice site. Again use of the 

lattice model is made for the calculation of the heat of mixing. 

This approach, taken from the strictlY regular solution theory, 

is now appl ied to the mixture of polymer and solvent segments. 

The interaction parameter X is given by 

X = z/:;w/KT ( 1) 

if the solvent is monomeric. The parameter z is the co

ordination number, introduced by the lattice model and /:;w is 

the interchange energy, associated with the formation of 

unI ike (1-2) contacts from 1 ike (1-1) and (2-2) contacts, 

according to a quasi-chemical equation. Therefore: 

(2) 

Here w .. are IIcontact energies" associated with the energy 
IJ 

required to breaK an ij contact. For non-polar systems, w12 
may be approximated by the geometric mean rule, which by sub

stitution in eq.(~ yields: 

(3) 

The X parameter is the endothermic energy change necessary for 

the formation of the (1-2) contacts, divided by the thermal 

energy KT. It is th us a measure of polymer-solvent "antipathyll. 
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Later Flory5, following Guggenheim's work6 on small 

molecules, assumed that t:,w in eq.(l) (and hence 'X) has the 

character of a free energy. As a result, the solubil ity para

meter is then the sum of an enthalpie and entropie term: 

( 4) 

(Two different nomenclatures have been used in the pasto 

The quantities 'XH and K' are equivalent as are ')(S and t -:- $). 

However, that modification was not sufficient to account for 

some disturbing experimental facts. 

Freeman and Rowl inson7 in 1959 found that polymer 

solutions separate into two phases on increasing the tempera

ture to what is called the lower critical solution temperature 

or LCST. Thus, polymer solutions presenting both an upper 
• 

critical solution temperature or UCST (associated with the 

Flory theta temperature) and an LCST, can not be described by 

the function given in eq. (», which decreases monotonically 

with temperature. Moreover, traditional theories based on ener

getic concepts can not explain, even qual itatively, the nega

tive heats of solutions8 ,9 which have been found even at room 

temperatures. The heat of mixing is indeed proportional to ~w, 

which, according to eq.(3), is always positive for non-polar 

systems. 
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One can visualize in a simple qual itative way what 

is happening at the LeST. The phase separation would be 

predicted if 6GM is positive: 

= ( 5) 

However, 6HM, according to thermodynamics, has to be negative 

if phase separation occurs upon increasing the temperature. 

Therefore, at the LeST, the enthalpie contribution to 6GM 
favours dissolution and it is a negative entropie term which 

renders ~GM positive and causes phase separation. 

These two observations, LeST and negative heats, 

can be explained if the volume of mixing is no longer neglected. 

The new factor which accounts for the change is the free volume 

concept, that is the excess of the volume a molecule occupies 

in the l iquid at any given temperature, over its volume, 

labelled "hard core", at 0 K. Recent work 10,11 in polymer 

solution thermodynamics shows the importance of a difference 

of free volumes, or degrees of thermal expansion, between the 

polymer and the solvent. During the mixing process, the free 

volumes move towards an intermediate value characteristic of 

the mixture. These changes produce major contributions (termed 

structural lO or equation of state 1l ) to the thermodynamic mixing 

functions, 6HM, 6SM and 6GM as well as 6VM. The free volume 

contribution to 6GM and the interaction parameter, X, is pre-
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dicted to be positive. It accounts 12 for the existence of the 

lower critical solution temperature occurring in polymer solu

tions at high temperature, where there is a large difference 

in free volume between polymer and solvent. The importance 

of free volume suggests that pressure should be as important 

a thermodynamic variable as temperature. The appl ication of 

pressure will normally compress the solvent to a much greater 

extent than the polymer, thus reducing the free volume differ

ence between them, and also the corresponding contribution to 

6GM and X. Pressure does in fact markedly increase l3 the 

value of the LeST, with a corresponding enhancement of polymer 

solubil ity. It is evident that pressure should have a large 

effect on quantities which reflect the polymer-solvent inter-

action, in particular the second virial coefficient, A2' and 

the radius of gyration of the macromolecule, (S2)!. Where 

the free volume contribution is dominant, i.e. at higher tem

peratures or in systems where the disparity of intermolecular 

forces between the polymer and solvent is small, A2 and (S2)! 

should increase with pressure. This would correspond to a de

crease of 6GM, or to a negative value of 6VM. At low temper

ature, however, approaching the upper critical solution 

temperature, the free volume contribution may be of less impor

tance. Then the second virial coefficient and the polymer 

dimensions could be increased or decreased with pressure, cor

responding to, respectively, negative or positive values of 
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6VM• However pressure, as a means of changing thermodynamic 

properties of a polymer solution, has been l ittle used, and 

therefore should be an interesting tool, complementary to 

temperature, for exploring A2 and (S2)t. 

We have seen in the foregoing review of various 

theories that the crucial step, in going from the classical 

lattice theory to the newer ones, was to get rid of the lat

t i ce mode l Il r i 9 id i ty" and take temperature, pressu re and 

composition changes into account, leading to thermodynamic 

parameters which are dependent on these variables. Tempera

ture and pressure dependences have already been dealt with, 

but the concentration dependence of X is clearly a new factor 

in the free volume theories. The Flory-Huggins treatment 

merely stated that the interaction parameter X was not con-

centration-dependent. 

Eichinger and Flory14b-d, Flory et al!5,16,17 have 

used the "new" F lory theory to t reat thermodynam je data for 

polyisobutylene and polystyrene solutions. The predicted con

centration dependence of the thermodynamic functions is gener

ated by fitting the theory to experimental heats of mixing of 

the polymer in the solvent at infinite dilution. However, 

agreement between theory and experiment is only fair, and fur

ther experimental tests are in order. The largest predicted 

variations of a thermodynamic parameter occurs for ~, the 

enthalpy parameter. Direct determinations of ~ by calorimetry 
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are almost non-existent, particularly when XH is negative, 

corresponding to an important free volume effect. A full test 

of the theory has not been possible for this reason. 

The purpose of this work is to test the free volume 

theories. 

1. A quantitative investigation of the second virial coeffi

cient, A2' and polymer chain dimensions, (S2)t, dependences 

on pressure was carried out by a photometrie method, under 

experimental conditions where the free volume effect is 

prominent. Our interest however, was not confined to the 

phase separation reg ion. Light scattering is indeed a 

powerful method to determine solution properties over a 

wide range of temperature and pressure. The polyisobuty

lene (PIS) + 2-methylbutane system was investigated at 

temperatures below and above the LCST at different pres

sures, providing, en passant, some knowledge about the 

LCST phase boundary. The second system studied with this 

technique, polystyrene (PS) + 2-butanone has an excess 

volume VE large in magnitude and should therefore show 

an important change in free enthalpy of mixing as pres

sure is varied. 

ln addition, a more qual itative and systematic study of 

the pressure dependence of the UCST has been performed 

on different po~ymer-solvent systems. This section of 



our work was intended to show the role of free volume, 

as derived from phase equil ibria analysis, in conditions 

where the free volume contribution is of less importance. 

2. Heats of ciilution will be obtained for polymer-solvent 

systems showing the effect of the free volume dis

similarity between the two components. In the course of 

this work, it appeared necessary to measure heats of 

mixing of low molecular weight model compounds. 



2. ROLE OF PRESSURE IN POLYMER SOLUTION 

THERMODYNAMICS 
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2.1 EFFECT OF PRESSURE ON THE SECOND V IRIAL COEFF ICIENT 
AND CHAIN DIMENSIONS IN POLYMER SOLUTIONS 

Schulz and Lechner lS -20 have pioneered in the study 

of the effect of pressure on 1 ight scattering in polymer 

solutions. Using a high pressure optical cell and special 

instrumentation they have made measurements up to SOO atm and 

at various temperatures on a number of systems: polystyrene+ 

trans-decal in, +toluene, +cyclohexane and +chloroform. The 

results have been shown to be in quaI itative and semi-quanti

tative agreement with a theoretical treatment21 of pressure 

effects. In particular, (aA2/aP)T for polystyrene+trans

decal in lS ,19 is negative near the UCST (e = 190
), that is 

6VM ) o. However, at higher temperature, (aA2/~P)T becomes 

positive (for small pressures) indicating that 6V M < o. 
More recently, WOlf22 , using the Schulz-Lechner instrumentation 

and technique, studied the PIB +pentane and PIB +iso-octane 

systems, for which the interactions should only be of a free 

volume nature. The present worK is an investigation of PIB 

+ 2-methylbutane and PS + 2-butanone at lower pressure, using 

the standard SOFICA 1 ight scattering equipment, and with new 

features of interpretation. 
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2.1.1 Thermodynamic Considerations 

Relationship between the pressure and temperature dependence 

of A2 and volumes and heats of dilution at low concentration. 

The following standard relation is valid at low 

concentration: 

( 6) 

Here 6Ul is the differencebetween the chemical 

potential of the solvent in the solution and in the pure 

1 iquid, and 7r is the osmotic pressure. VI is the molar volume 

of the pure solvent at the experimental temperature and 

pressure and c is the usual concentration, i.e. weight of 

polymer/volume of solution. The relative partial molar 

volumes and enthalpies of the solvent (volumes and heats of 

dilution), 6V I , and 6Hl are obtained through the pressure and 

temperature dependences of A2 at constant weight fraction, 

w2 ' or mole fraction, rather than constant concentration. We 

have, at low concentration: 

= c2
RT [ - (!:\ -~lA2J 

( 7) 
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T ! a ( 7rV l IR T) 1 
= c2v T 

aT P w l , 2 
( 8) 

Here ~l and ~l are the isothermal compressibility and the 

thermal expansion coefficient, or thermal expansivity, of 

the solvent. In the present work, the terms in ~l and al 

are negligible compared with the pressure and temperature 

variation of A2 • Equation (8) for 6Hl has been given by 

Schulz and Lechner 18 ,19. Their expression for 6Vl , however, 

is apparently incorrect, and would give infinite values as 

P ~ o. An error was incurred through equating energy changes 

at constant pressure and volume in their 19 eq. (9). 

Comparison of relative partial molar heats and volumes of 

the solvent in dilute and concentrated solution. 

Equations (7) and (8) give the 6Vl and 6Hl in the 

dilute region where the solution is non-uniform due to the 

excluded volume effect. These values presumably cannot be 

directly compared with the usual heat and volume measurements 

made at higher concentrations where the polymer molecules 

interpenetrate and the solution is uniforme In dilute solu

tjon theories, solution non-uniformity gives rise to the 

h(z) function in the A2 expression23 : 
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where Band z are the long-range, polymer-solvent interaction 

pa ramete r s23:" 

B = ( l 2 2 2 - X)/NAV1P ( 10) 

z 0.330 BM 1/ 2/A3 ( 11) 

and A ( (L ~ ) / M) l / 2 = (12) 

The quantities P and" (L~) are respectively the density of the 

polymer and the mean-square unperturbed end-to-end distance 

of the macromolecule. Direct thermodynamic measurements of 

volumes and heats of mixing leading to values of ~Vl and ~Hl 

are usually made at high concentrations, between 20 and 80% 
of polymer. Equations (7) and (8) could be used to predict 

these values of ~Vl and tJf l if values of A2 were available 

for high polymer concentration (A~onc). At a sufficiently high 

concentration, which is probably no more than ~5%, the theor

etical expression for A2 still corresponds to eq. (9), but 

the excluded volume function h(z) is absent. We therefore 

b . A con cf' ( 7) d (8) f . l o taIn 2 or use ln eqs. an rom experlmenta 

dilute solution values of A2 through division by h(z), i.e. 

(13) 
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ln work in the concentrated range, the traditional 

composition variable has been the volume fraction ~~, related 

to the concentration by: 

1 im ( ~~/ c) 
c...() 

= v 2,sp 
( 14) 

where v2,sp is the specific volume of the pure polymer. It 

has been usua1 to obtain the volume of mixing, 6V M, rather 

than 6V1, and it is found that lN M 
is symmetrical in the 

l f . f h . 24 
vo ume ractlons 0 t e components, I.e. 

tNM/V 
1 1 

= kV~l ~2 
( 15) 

leading to 

/:,V l/V 1 = 12 
kV~2 

( 16) 

Similar1y the heat of di 1 ut ion is given by 

= 
( 17) 

Combining eqs. (7) and (8) with (16) and (17) ,we have 

[- Aconc 
RT a 2 ~ A cane 1 

kV = ( aP ) T -
2 1 2 

v2,sp 

( 18) 

V1T 
[+ 

Aconc 
a 2 

A
cone 

1 1-1 = ( a T ) -
2 Ct1 2 

v2,sp P 
( 19) 
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Recently the segment fraction (designated here as ~~) has been 
Co 

used ll as a composition variable. Then 

1 im (~2/c) - v ~V IV~ c-IJ '+' - 2,sp 2 1 (20) 

where the V are the reduced volumes of the pure components. 

Values of 11 found in terms of the segment fractions are then 

given by 

~(segment fraction)/~(volum€! fraction) 

= (21 ) 

2.1.2 Experimental 

2. 1 .2. 1 t1~t~rl~l~ 
6 Light scattering gave an Mw value of 1.02 x 10 for 

the Esso V istanex P lB fract ion wh ich we used wh ile ~/Mn =. 1.45 

from gel permeation chromatography. The polystyrene fraction 

was from Pressure Chemical Co. (Pittsburgh, Pa.) with a nominal 

molecular weight of 8.6 x 105 and an Mw/Mn value given as 1ess 

than 1.15. Our value of Mw' determined by 1 ight scattering, 

was 9.75 x 105, and a determination by gel permeation chromato

graphy was consistent with this value. Values of Mz/Mw ~ 1.10 

have been obtained25 .for the series of Pressure Chemical Co. 

polystyrene fractions. They are thus very sharp. The 2-methyl-
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butane was Ph i 11 ips Ifpure grade" (99.0% pu re), and the 2-
butanone was a Fisher Certified Reagent. Both solvents were 
subjected to column fractionation .. The purity of the 2-
butanone was tested by gas l iquid chromatography and impuri
ties were found to be less than 0.1%. 

2. l .2.2 I~~J:~Q~Q~~~~!: 

The photogoniodiffusometer used is a commercial 
model (type 42000), manufactured by the Société Francaise de 
Controle et d'Analyse (SOFICA). A brief description of the 
instrument, designed by Wippler and Scheibl ing26 , will be 
given, emphasizing only the most critical features. 

The light source is a vapour mercury lamp (SP 500 
Phill ips). A condenser lens gives an image of the source 
in the plane of an adjustable sl it, acting as a diaphragme 

The incident beam, of rectangular section (2 mm x 10 mn) is 
focused on to the entry face of the celle The incident beam 
enters a vat fil'ed with toluene (in our case) surrounding the 
measuring celle A 1 ight trap on the wall of the vat absorbs 
the incident l ight at the exit of the measuring cel'e A Wratten 

o filter 61 isolates the green 1 ine (5461 A). Th is set-up for 
the incident beam has several advantagesl 

intense 1 ight source. 

the collimation system defines an almost rectang
ular beam (the maximum convergence angle being 
10 30). 
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the intensity of the beam can be adjusted 

continuously. 

- minimization of stray light due to reflections 

and refractions at interfaces (the toluene has 

about the same refraction index as glass) and 

convenient temperature regulation. 

The optical system of the scattered beam is inte

grated in a mobile platform round the axis of the measuring 

celle Two 51 its of 2 mm x 10 mm define the dimensions of 

the beam which is received on a photomultipl ier ReA lP28 

(9 stages) of low dark current. The photoelectric current is 

measured by a shock-proof and antivibrating galvanometer 

(SEFRAM) having a maximum sensitivity of 10-9 A/mm. The high 

voltage required by the photomultipl ier (about 800 volts) is 

suppl ied by a special unit incorporated in the instrument and 

stabil ized to better than 0.05%. Besides, the power supply 

of the instrument is fed through a voltage-regulator in order 

to minimize the fluctuations of the incident light, intensity. 

Nonetheless these fluctuations do exist to a certain extent and 

are overcome in the following way. A small portion of the in

cident beam is scattered on to a reference photocell, the out-· 

put of which is used to vary the voltage of the measuring 

photomultiplier. Thus the intensity variations of the l ight 

source are compensated and can be controlled on the voltmeter 

dial. 
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2.1.2.3 Ib~_Ç~!!~ 

The cells suppl ied by the manufacturer can be used 

with non-volatile solvents only, at room temperature and 

atmospheric pressure. They are cylindrical in shape, made of 

thin wall glass (approximate1y 1 mm thick) and have a stain-

1ess steel cover. Their capacity is about 20 cm3 . 

The ce11s used at higher pressures and/or tempera

tures close to or above the normal boi1 ing point of the sol

vent were designed such that the photometer could be used 

without modification. They are a compromise of optical qua1 ity 

and mechanical strength (interna1 pressure). The midd1e 

sect ion of such a ce 11 i s made f rom heavy wa 11 Py rex tub ing, 

38 mm in length and 19 mm 0.0. The top and bottom parts, made 

of stainless steel (Reno Micro Precision Engrg., Montreal) 

are he1d tightly together by means of four screws. The metal

glalss seal is prov ided by a Teflon o-r ing, underneath wh ich a 

rubber o-ring was placed, to provide some elasticity while 

putting the cell together. The top of the cell is connected 

to the pressure line. 

These "pressure cells", cut from ordinary Pyrex 

tubing, had, even after severe screening, imperfections on the 

surface and internal tensions as wel1, which may give rise to 

birefringence. Moreover, the thicKness of the glass wall 

(about 3.5' mm) should yield some stray scattering. On1y the 

ce11s performing l iKe the thin wall SOFICA ce11s were retained: 
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two out of a batch of thirty-five fulfilled the criteria. 

Nonetheless, a correction factor was taken into account. 

2.1.2.4 IQ~_Er~~~~r~_~g~le~~~~ 

A brief description of the set-up used for generating 

the pressure is given in Figure 1. The pressure generator 

(High Pressure Co., Erie, Pa.), acting like a piston on a 

small volume of liquid (the capacity is 20 cm3) , is manually 

driven. The sol id-front pressure gauge (Heise Bourdon Tube 

Co., Newton, Conn.) had been factory 'calibrated at every 40 

bars up to 800 bars at 200
• The resolution is of the order 

of 0.5 bar. The high pressure filter (Mill ipore) has a 

porosity of 0.45~. The whole installation, including the 

four two-way valves and the tubing (Autoclave Engineers, 

Erie, Pa.) was made of stainless steel. The connections were 

all of AE cone type. 

2.1.2.5 E[Q~~~~r~ 

prior to an experiment, the whole glassware, in

cluding the cell, was immersed for at least 24 hours in sul

fochromic acid, then thoroughly rinsed with distilled water 

and dried. Next the material was flushed continuously with 

solvent in a siphon-type refluxer. Finally, a few hours' before 

the experiment, the glassware was dried in a vacuum oven. 
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FIGURE 1 

FLOW CHART OF THE PRESSURE SYSTEM 
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The pressure system was fi11ed comp1ete1y with the 

solvent used for the 1ight scattering measurement. This 

1iquid constituted the pressure medium. 

The po1ymer solution, of knownconcentration, was 

c1eared of dust by centrifugation at 25,000 g, in a Spinco 

centrifuge, for about 1t hour at -100
. The centrifuge ce11s, 

made of stain1ess steel, had a capacity of about 9 cm3 and 

were tight1y capped; usua11y for each solution three ce11s had 

to be run to make up the required quantity. Then the solution 

was transferred into the measuring ce1l. Each step was 

carried out in a refrigerated room (the temperature was about 

10 to 20
) to avoid any change in concentration. The solution, 

due to its own thermal expansion coefficient, will fill in the 

space from the ce11 to the valve V4. This valve was always 

kept closed except for letting in solvent to raise the pres

sure. Thus the value of the concentration did not change. 

Light intensities obtained with the pressure cell 

were corrected by comparison with those obtained using a con

ventional ce1l furnished with the instrument. This was done 

at each concentration of the system and for each angle of mea

surement. The correct ions to the l ight intens ity, establ ished 

at room temperature and atmospheric pressure, did not exceed 

5%, and were used at other temperatures and pressures. A 

benzene standard was used for cal ibration at each temperature, 

in the manner descr ibed in reference 27. The IIbenzene" 
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standard, suppl ied by SOF ICA, is made of special glass and 

was used as a secondary reference, the ratio of the intensity 

scattered by the benzene standard over the intensity scat

tered by pure benzene at a 900 angle being equal to 0.9. 

The angle-dependence technique (Zimm plot), as 

shown in Figure 6, was employed for the determination of Mw' 

A2 and (5 2 )1/2. The intensit ies of scattered l ight of 
o 

À = 5461 A were measured at seven angles from 450 to 1350 

and at six concentrations ranging from 3 x 10-4 to 

30x 1~-4 g/cm3 . The equation used for obtaining Mw and 

A was27 
2 

2 
o .506 1~5 (~) (1-) . 

(1=0 
( 22) 

c ... O 

based on a value of the Rayleigh Ratio for benzene at 250 , 

R = 16.3 x 10-6 for' = 5461~. 125 is the scattered inten-8 1\. 8 

sity for the benzene standard at 250 and at a 900 angle, while 

dn/dc is the refractive index increment at the experimental 

temperature and pressure. 

The radius of gyration was found in the usual manner 

from the ratio of the slope of (C/I)%~ to the intercept 

of cil at zero concentration and angle: 
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(23) 

We have also used the modified procedure, due to 
Berry28, in which (cil) 1/2 is plotted against sin2 ~ and c 
(see Figure 7). The results for Mw' A2 and (S2)1/2 are very 
similar to those obtained with the Zimm plot. 

2.1.2.6 ~~~~[~l~~~lQQ_Qf_R~f[~~~lY~_!Q~~~_lQ~[~~~Q~~ 
Schulz and lechner note the inconvenience of deter-

min ing (dn/dc) for a system under pressure. 1 n the case of 
the PIB + 2-methylbutane system, l ight scattering measurements 
were made at temperatures considerably above the normal 
boil ing point; dn/dc measurements with conventional instruments 
would also be inconvenient in this temperature range. Two 
procedures for obtaining dn/dc were used. 

1. An experimental value of dn/dc was obtained at o 
5461 A for the system at a single temperature and at atmospher-
ic pressure. For PS + 2-butanone, dn/dc is well known26 • 
For PIB + 2~ethylbutane, a value of 250 was measured using a 
Rayleigh differential refractometer. It is seen in Figure 2 
that dn/dc is constant in the concentration range of the l ight 
scattering experiments, and equal to 0.188 cm3/g. Next the 
values of Mw for the PIS and PS fractions were measured by 
l ight scattering, giving the values l isted in the materials 

j 
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FIGURE 2 

THE REFRACTIVE INDEX DIFFERENCE AS A FUNeTION OF 

CONCENTRATION FOR PIB+2-METHYLBUTANE AT 24° 
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section. These values of M were taken to be independent of - w 
P and T, i.e. the macromolecules are assumed not to aggregate. 

Thus, at each value of P and T, a light scattering determina

tion of the intercept (c/'~=o allows a value of dn/dc to be 
c=o 

calculated from the known value of Mw .. 

2. A number of expressions29 relate the refractive 

index of a 1 iquid to its density. The variation of density 

with P and T may be calculated using the r~cent, and accurate, 

Flory equation of state1l for a pOlymeric30 or a small

molecule liquide Thus, using for instance the Lorentz-Lorenz 

expression, the variation of nl and n2 may be found. The 

simple relation 

dn 
dc = (24) 

has been found27 to give a reasonable approximation for dn/dc 

as a function of temperature for PIB + butyl ether. For the 

PS + 2-butanone system, the interpolated value of dn/dc3l 'equal 

to 0.217 cm3/g at 220 and atmospheric pressure, was used to 

calculate n~ for the polymer in the l iquid state àt 220
• Thus, 

values of dn/dc for other pressures could be calculated with 

eq. (24). For PIB + 2-methylbutane, the same procedure was 

followed using our own experimental dn/dc value of 0.188 cm3/g. 

The values of dn/dc found in this way were in reasonable agree

ment with those calculated with the first method which assumed 

Mw to be constant. The largest difference was 6%. 
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Values of A2 were calculated from the l ight scat

tering data, using values of dn/dc obtained with the above 

two methods, and were found to agree to within experimental 

error. The points in Figure 3 were obtained with the second 

method for dn/dc. The values of the refractive index incre-

ments are 1 isted in Tables 1 and 2. 

24 

57 

64 

TABLE 

REFRACTIVE INDEX INCREMENTS FOR 

PIB+2-METHYLBUTANE 

o 30 60 90 

0.188 o. 186 0.184 0.183 

0.204 0.201 o. 198 o. 195 

0.207 0.204 0.201 o. 199 

TABLE 2 

REFRACTIVE INDEX INCREMENTS FOR 

PS+2-BUTANONE AT 220 

o 40 80 

0.217 0.217 0.216 

110 

O. 181 

0.194 

0.197 

110 

0.215. 
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2. 1.2.7 ~Q~~~~_Qf_~~rQr~_~~~_~~~~r~~~ 

Light scattering is a fairlY sophisticated method 

and requires much care for obtaining rel iable data. The main 

sources of errors are: 

dust in the solutions, easily detected with 

the 50FICA instrument. However, quite a few 

experiments were not carried through because 

dust was detected in the solution. 

accurate values of the refractive index incre-

ments are needed. This is truly one of the 

severest l imitations of the accuracy in this 

method. 

the extrapolations introduce errors if the 

measurements are not carried out at sufficiently 

low angles and concentrations in the case of 

non-l inearity of the plots. 

The values of dn/dc were reproducible within 2%. 

The accuracy is bel ieved to be of the same order. Mw deter

minations are estimated to be accurate to ~10%27,32. In the 

case of PIS, the molecular weight was determined independently 

with heptane and found Mw = 1.16 x 1~6, which compares well 

with the value given in section 2.1.2.1. 

The second virial coefficient, A2' and the radius 

of gyration, (5 2)1/2, are believed to be accurate within 20%, 

at low pressures and temperatures,as shown inF igures 3 and 4. 

--.1 
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2.1.2.7 ~2~rS~_2f_~r~2r~_~~~_~ss~r~s~ 

light scattering is a fairly sophisticated method 

and requires much care for obtaining rel iable data. The main 

sc~rces of errors are: 

dus t in the so l ut ions, eas i l Y detected w i th 

the SOFICA instrument. However, quite a few 

experiments were not carried through because 

dust was detected in the solution. 

accurate values of the refractive index incre-

ments are needed. This is truly one of the 

severest l imitations of the accuracy in this 

method. 

the extrapolations introduce errors if the 

measurements are not carried out at sufficiently 

low angles and concentrations in the case of 

non-1 inearity of the plots. 

The values of dn/dc were reproducible within 2%. 

The accuracy is bel ieved to be of the same order. Mw deter

minations are estimated to be accurate to ~10%27,32. In the 

case of PIB, the mo1ecular weight was determined independently 

with heptane and found Mw = 1.16 x 1~6, which compares well 

with the value given in section 2.1.2.1-

The second viria1 coefficient, A2, and the radius 

of gyration, (S2) 1/2, are bel ieved to be accu rate within 20%, 

at low pressures and temperatures,as shown in Figures 3 and 4. 
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FIGURE 3 

THE SECOND VIRIAL COEFFICIENT, A2, AS A FUNCTION 

OF PRESSURE FOR POLYISOBUTYLENE+2-

METHYLBUTANE AT: 24°, Ai 57°,.; 64°, r· 

AND FOR POLYSTYRENE+2-BUTANONE AT 22° e. 
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FIGURE 4 

THE RADIUS OF GYRATION,(S2)t,AS A FUNCTION OF 

PRESSURE FOR POLYISOBUTYLENE+2-METHYLBUTANE AT: 

24°, .; 57°,.; 64°, ,; 

AND FOR POLYSTYRENE+2-BUTANONE AT 22°, 8. 
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2.1.3 Resu1ts and Discussion 

Figures 3 and 4 show the values of A2 and (S2)1/2 as 

a function of pressure for PIB+2-methylbutane at 24, 57 and 

640 , and for PS+2-butanone at 220
. The heat of dilution of 

the PS+2-butanone system is found by calorimetry to be exother

mic, but very small; A2 and (S2)1/2 should therefore be almost 

independent of temperature for th is system and the l ight scat

tering measurements were confined to the one temperature. Both 

A2 and (S2)1/2 increase with pressure for both systems in 

accord with negative values of 6VM• 

The Berry (cil) 1/2 plot was used for two extreme 

values of the pressure in the case of the PS+2-butanone system 

and the P lB + 2-methylbutane system at 240
• In the former 

case the values of Mw' A2 and (S2)1/2 were, respectively, 

decreased by 3%, increased by 4% and decreased by 5%. In the 

latter case, the corresponding changes were a decrease of 1%, 

a decrease of 2% and an increase of 6%. These changes were 

ignored, however, since they are within the experimental error. 

2. l .3. 1 ~Ç~I_ï~l~~~_l~_t~~_~l~~g:~~~~~l~~~~~~_~~~~~~ 

Values of the LCST have been obtained 13 for differ-

ent molecular weights of PIB in 2-methylbutane at the saturated 

vapour pressure. Extrapolation to infinite mol. wt. gives a 

e-temperature, associatedwith the LCST, of 450
• This is 

consistent with the present results where A2 is positive at 240 
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and zero pressure, but decreasesto negative values at 570 and 

640
. Assuming (oA2/~T)p to be constant through this tempera

ture range, one finds that, under zero pressure conditions, 

A2 = 0 at e = 430
• This value of the e-temperature is in good 

agreement with that found from the LeST measurements. Studies 

have been made of the effect of pressure on the LeST of 

PIB+2-methylbutane, i.e. of the (P,T) projection of the crit

ical line. For a fraction of PIB which gives an LeST at 500 

under zero pressure, one has 13b (dT/dP)c = 0.44 deg/bar. 

From the thermodynamic analysis33 of critical solution points 

we have 

Neg l ect ing f3 1 and 0.1 in eqs. (7) and (8), eq. (25) becomes 

( 26) 

The 'values of the LeST as a function of pressure thus corre

spond to a constant value of A2 . For a polymer of infinite 

mol. wt., A2 = 0 along the critical 1 ine, and all points along 

this line correspond to e-temperatures, unperturbed polymer 

dimensions and Gaussian distribution of segments. Values of 

A2 at 240 and 640 at P = 0 gave (oA2/ oT)p at the mean tempera

ture of 440
• This value and a corresponding mean value of 
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(aA2/aP)T were used in eq. (19) which gives (dT/dP)c = 0.3 

deg/bar in reasonab1e agreement with the value of 0.44 deg/atm 

obtained from the pressure dependence of the LCST. 

It is of interest to compare the resu1ts obtained 

by 1 ight scattering22 with direct measurements 13 for PIB+pentan~. 

Wo1f's resu1ts22 extrapo1ate to an LCST equa1 to 700 at zero 

pressure, the slope of the critical 1 ine, dT/dP being equa1 to 

0.13 deg/atm. Patterson et al ~3b find 800 and 0.42 deg/atm 

respective1y. The agreement is good for the LCST, but only 

qua 1 itat ive for the cr i t i ca 1 s lope. 

2.1.3.2 Relative Partial Mo1ar Volumes and Heats 
QI=!5~=~QïY~Q!--------------------------

The Krigbaum-Carpenter-Kaneko-Roig (KCKR) theory34 

was used to obtain the h(z) function in order to furnish 

values of A~onc for use in eqs. (18) and (19). In this 

theory, values of the p parameter equa1 to 0, 0.2 and 1 give 

resu1ts corresponding to, respective1y, the Casassa-Markovitz35 , 

Kurata-fuKatsu-Sotobayashi-YamakaWa36 and the F10ry-Krigbaum37 

theories. We used an intermediate value of 0.4 which was 

origina11y favoured34 on the basis of a comparison with experi

ment. The fo110wing va1ues23 of the parameter A were used in 

conjunction: PIB, 740 x 10-11 ; PS, 670 x 10-11 . The h(z) 

function given by the KCKR theory then a110wed A~onc to be 

calcu1ated from values of A2 obtained in the dilute concentration 

range. 1 ts pressure dependence was used in eq. (18) to yi el d 



-32-

the following values of kV for the PIB+2-methylbutane system: 

40 -2 0 -2 0 -2 2 ,-3 . 5 x l 0 ; 57 , -4. 6 x l 0 and 64 , -4. 5 )( JO. 

Direct measurements of ~VM have not, to our knowledge, been 

reported. However, comparison can be made with ~VM values38 

for PIB with the isomer, n-pentane at 250
. The values are 

-2 symmetrical in volume fraction, with kV = -5.0 x 10 • For 

the PS+2-butanone system, we find kV = -3.6 x 10-2 . Values 

of ~VM/V have been obtained by Flory and collaborators ll , 

whose results are consistent with a value of kV =-3.3 x 10-2 . 

From the change of A2 at zero pressure between 240 

and 570 we calculate a value of the enthalpie parameter 

X
H 

= -0.12 with p = 0.4 in the KCKR theory. Experimental heats 

of dilution are not available for this sytem. However, heats 

of mixing PIB with 2-methylbutane to great dilution of the 

polymer have been measured, and are very similar to those mea

sured for PIB in n-pentane, where heats of dilution are avail

able39 • The quantity \J defined by eq. (17) is found to be 

independent of concentrat ion for P IB+n-pentane. In terms of 

the volume fractions, \J = -0.14. It seems that fairly accu

rate values of the volumes and heats of dilution may be ob

tained from the light scattering measurements. 

2.1.3.3 

The second virial coefficient, A2' is related to the 

polymer-solvent interaction parameter, X, through eqs. (9) and 
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(10). The following equation has been used to predict the 

pressure and temperature dependence of X at low concentra

tion of polymer, but still in the "concentratedlf range, i.e. 

assuming interpenetration of the macromolecules: 

x( P , T) = 

(27) 

The quantities Ul and Cp,l are the reduced configurational 

energy and heat capacity of the pure solvent. The Flory 

theoryll essentially predicts these quantities, using a 

van der Waals model of the l iquid state and a partition 

function similar to the Hirschfelder-Eyring cell partition 

fun ct ion. Then U l' ëp, land Tl are 9 iven in terms of the re

duced quantities Pl and Vl of the solvent. The T parameter 

is a measure of the difference in degrees of thermal expans

ions or free volumes of the two components: 

- T*/T* 
l 2 ( 28) 

The temperature reduction parameters T* may be obtained from 

the equation of state quantities of the pure components 

fOllowing, for instance, the prescription of Flory and colla

borators. The equation of state data for PS+2-butanone are 

* listed in Table 7, with c, taken equal to 1.0, and T equal 
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to 4557 K and 7420 K for 2-butanone and PS respective1y. 

The data of PIB+2-methylbutane are given in Table 3. 

TABLE 3 

EQUATION OF STATE PARAMETERS FOR PIB+2-METHYLBUTANE 

Component T* p* vs~ cl 
(K) (cal/cm3J (cm ICI) 

( 2) PIB 13b 7580 107. 0.95 

( 1) 2-methy 1-
butane 3b ... 

4098 100.5 1. 19 1.06 

The V2 parameter expresses the difference of chemical nature 

of the components which resu1ts in a weakness of the energy 

of the .( 1~2) contacts re1at ive to the (1-1) and (2-2) contacts. 

The rr parameter expresses a difference in p* reduction para-

* * meters simi1ar to eq. (28): rr = P1/P 2 - l, and the parameter 

3c1 is the number of external, volume-dependent degrees of 

freedom of the solvent molecu1e. At zero pressure, eq. (27) 

becomes the F10ry theory expression for X (eqs. 49-51 of 

ref. 14a), except that the Flory parameter s2/s1 is set equal 

to unit y, and only second powers of the quantities T and V 
are retained. In treating the thermodynamics of the PIB+n

pentane system at 250 , Eichinger and Flory14d fit their 

theory to heats of solution in order to evaluate the ))2 = 

* X12/P l parameter, and then predict X (at zero pressure). At 

low polymer concentration the predicted X = 0.65 which would 
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erroneously give large negative values of A2. We have 

dec i ded to fit both the V 2 and r pa ramete rs w i th the ze ro

pressure data for A2' and then use the theory to predict 

the pressure dependence of A2• Thus, for the PIB+2-

methylbutane system at zero pressure we taKe A2 = 0 at 

e = 440
, where 'XH = -T(aX/aT)p =-0.12 ca1cu1ated for the 

"concentrated" solution as described in the preceding section. 

The fi tted )} 2 pa ramete ris sma 11 as expected f rom the close 

chemica1 similarity of the polymer and solvent; it corre

sponds to a value of X12 = 1.8 cal/cm3 . The fitted r para

meter,equal to 0.34, was 30% sma1ler than the value calcu-

1ated from the T* parameters obtained from equation of state 

data. The predicted A2 increases with pressure, the curve 

being sl ightly concave downward. In the 0-100 bar range 

however, it is virtually a straight line. The slopes are 240
: 

2.2 x 10-6 and 570 : 3.4 x 10-6 cm3mole g-2 bar-le This is 

in fair agreement with the values of (aAconc/aP) = 1.7 x 106 

and 2. l x 10-6 cm3mole g-2 bar- l found experimentally for the 

PIB+2-methylbutane system (using the KCKR excluded volume 

theory with p = 0.4 to give h(z)). 

An analogous calculation was performed for the po1y

styrene+2-butanone system. Values of )} 2 and '1" were obta ined 

b ~., ( 7' h l f Aconc l 9' 10'-4 Y Tlttlng eq. 2) to t e value 0 2 =. x 

cm3mole g-2 at 220 and zero pressure. Calorimetric measure

ments* show ~hat the heat of dilution is negative but very 
* cf. section 3. l 
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small and we took ~ = 0 at 220
• The value of the fitted ))2 

parameter was small corresponding to X12 = 1.8 cal/cm3, while 

7 was approximately equal to the value calculated from equa

tion of state data, and found to be 0.34. The predicted pres

sure dependence of A2 at 220 is 0.9 x 10-6 cm3mole g-2 bar-l, 

which is again in fair agreement with the experimental value 

of oA~one/op = 1.3 x 10-6 em3mole g-2bar-l. We eonelude that 

the theoret ieal eq. (27) 9 ives reasonable, if not quant itat ive, 

agreement with experiment. 

2.1.3.4 ~~afŒ~r~r~a~r!fT~~r~~~r~-~~~~Q~~Q~~-Qf-~~~ 
-----------~------ . 

Values of (S2) 1/2 for the P lB moleeules in 2-methyl-

butane at different T and P were plotted against the eorrespond-

ing values of A2" A single eurve was obtained showing that 

the effect of pressure on the chain dimensions is similar to 

that of temperature. Both aet through the polymer-solvent 

interaction parameters Band z, which also bring about the 

change of A2• The radius of gyration, 

(29) 

is the same whether the expansion coefficient, ~(z), is changed 

through P or .T. On the other hand, the results of Schulz 

and Lechner19 (in their Table 4) for PS in trans-decalin and 

toluene do not give a single curve of the radius of gyration 

at different P and T against A2 • For the same A2' (S2) 1/2 
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values are lower when obtained at higher pressures, indica

ting that the unperturbed dimension (S2}1/2 is a decreasing 

function of pressure, as noted 19 . This result may indicate 

an effect of the solvent pacKing on the population of con

format ions or rotat ional isomers of the polystyrene. It is 

usually bel ieved that the solvent has l ittle effect on the 

unperturbed dimensions of the macromolecule, but the possib

il ity41 should not be disregarded. Even a small effect of 

solvent pacKing on the rotational isomer equil ibrium would 

have important consequences in polymer solution thermodynamics. 

Values of a{z) were obtained from (S2}1/2 with a 
o 

value of (S6} 1/2 of P lB equal to 320 A, read off the (S2) 1/2 

versus A2 plot at A2 = O. For PS+2-butanone, an approximate 

value of (S6)1/2 = 260 ~ was obta~ned by extr~polation and 

a{z) was determined. Using eq. (9) and the values of A given 

in the preceding section, values of zh(z) were computed from 

A2 for both systems. Figure 5 shows a{z) against zh(z), where 

it may be seen that the points for both systems and for the 

different T and P do approximately fall on a single curve, as 

expected from theory. This result does not change on cons id

ering the effects of polydispersity on the values of 

(S2)1/2 and A2 (see below). 

A number of similar c10sed expressions23 relate the 

expansion factor a of the polymer coil to z, i.e. they give 

the ordinate in Figure 5. We have used the Fixman-StocKmayer 

express ion, 
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FIGURE 5 

The coil expansion factor, a, for the polymer-solvent systems 
at various pressures and temperatures (symbols as in Figures 
l and,2). The abscissa, zh(z), is proportional to A2 as in 
eq. (9). Theoretical curves a, b, c are given by the Fixman
Stockmayer expression for a(Z), eq. (3~ and the Krigbaum
Carpenter-Kaneko-Roig theory for A2 with p equal to respect
ively 0 (Casassa-Markovitz), 0.4 and l (Flory-Krigbaum). 
Theoretical curves d, e, f are given by the Stockmayer modifi
cation of the Fox-Flory expression, eq. (31) and the KCKR 
theory with p equal to respectively 0,0.4 and 1. 
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= 2z (30) 

and the Stockmayer modification of the Flory-Fox relation: 

(31) 

The abscissa of Figure 5, z(hz), was obtained 

throug~ the KCKR theory with the three values of the p para

meter: 0,0.4 and 1. Figure 5 shows the resulting six 

curves of ~(z) against zh(z). We note that the zh(z) function 

is the same as *~; used in some other treatments 42• 

The PIB+2-methylbutane data are consistent with 

either of the two ~(z) formulae. However, the difference in 

predictions for a(z) becomes more marked at large z and the 

PS+2-butanone data are in better agreement with the Fixman

Stockmayer than with the modified Flory-Fox prescription. 

We have also calculated ~ against zh(z) = ~~; for 

three other combinat ions of theories for A2 and~. These 

were as given by eqs. (17) to (22) of ref. 42, and corresponded 

to the original Flory-Krigbaum-orofino A2 expression combined 

with the original Flory ~ expression, the combinat ion of the 

modified expressions, and the Kurata-Fukatsu-Sotobayashi

Yamakawa A2 combined with the Yamakawa-Tanaka ~ expressions. 

The first and third recipes gave curves of a against zh(z) 

close to curves (c) and (d) in Figure 5 while the second gave 

a lower curve towards (e). The experimental points lie 



-40-

slightly above these three curves, but the difference is 

probably within experimental error. 

2.1.3.5 sff~~~~_Qf_EQ1~ql~~~r~l~ï 

We have used the Yamakawa-Kurata treatment43 to 

assess the effect of polydispersity on the value of A2 . 

Their series expansion for h(z) is: 

h( z) = (32) 

Here Zw is the value of z corresponding to the weight-average 

mo1ecular weight of the sample, Q~ is a parameter greater 

than unit y in the case of polydispersity. For the present 

po1ydisperse PIB sample, characterized by h ~ 2.2, Figure 
1 

of ref. 43 indicates that Q ~1.07. w Following eq. (32) 

we have rep1aced z in the closed expressions for h(z) the 
1 

product Qwzw' We find that a monodisperse fraction of the 

same Mw wou1d have values of A2 approximate1y 4% higher than 

those found experimenta11y with our po1ydisperse samp1e. The 

treatment of Cassassa44 a1so indicates that the change in A2 
would be very sma1l, and it seems reasonable to ignore it. 

ln the case of the coi1 expansion factor ~, Kurata 

and Stockmayer23 give the series expansion 

2 
~ - 1 = (33) 
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where the factor introduced by po1ydispersity, qs = 1.257 for 

h = 2.2. Following ref. 23, we have assumed that the product 

qszw may be used in the c10sed expressions, i.e. eqs. (30) and 

(31), in order to correct the values for a. for the polydis

persity of the P lB sample. We find that the difference between 

the value of a. and unit y is decreased by approximately 15%. 

The points in Figure 5 for the PIB+2-methylbutane system would 

be lowered and fall closer to the curve c than to b. It 

seems, however, that the general conclusions of the last 

section would remain, particularly since the points in Figure 

5 for the polystyrene+2-butanone system would be virtually 

unchanged, corresponding to the very low polydispersity of the 

this polymer sample. 

2.2 EFFECT OF PRESSURE ON PHASE BOUNDARIES 

Every high polymer-solvent mixture shows an LCST 

(no matter how close to the critical point of the solvent), 

because the difference in free volume between the two compo

nents provides a large enough contribution to X (see.for 

instance eq. 27) to bring it up to the critical value and 

thus maKing phase separation to occur. However, at lower 

temperatures, this solution may or may not undergo phase 

separation. Here it is the difference of intermolecular 

forces between the polymer and the solvent (the chemical dif

ference), represented by the term in V 2 of eq. (27), which 
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FIGURE 6 

ZIMM PLOT FOR PS+2-BUTANONE AT 220 AND 

ATMOSPHERIC PRESSURE 

c is the concentration expressed 
in g/cm3 , 1 is the excess scattered 
light due to the polymer, and has 
been corrected for the variations 
of the scattering volume. 



<0 
• 
~ 

sOl I/~ 

'\j" 
• 
~ 

u 
o o 
o 
('14 

+ 
N -q) 

r4 
C 
en 

o 
• 
~ 

'\j"" 

J 



-43-

FIGURE 7 

BERRY PLOT FOR PS+2-BUTANONE AT 22° AND 

ATMOSPHERIC PRESSURE 
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counts most. Even more, this intermolecular forces dissim-

ilarity can be large enough to render the components immiscible 

at equil ibrium vapour pressure, at any temper-ature. 

Our group has been active in the study of the pres

sure dependence of LCS Temperatures 13b . The magnitude of the 

critica1 1ine slope is typically about 2 bar/deg. at the LCST. 

ln the vicinity of the UCST however, the free volume contribu

tion is of less importance, and therefore, the pressure effect 

should be smaller. Experimentally45 it was found tha( the 

UCST pressure dependence was smaller by' a factor of 100 than 

the corresponding one at the LCST. 

This work is a systematic, but only qual itative, 

investigation of the UCST pressure dependence .. Three differ

ent type of polymer were studied: polystyrene (PS), polyiso

butylene (PIB) and p~ly (dimethylsiloxane) (PDMS). 

2.2.1 Experimental 

2.2.1.1 ~~~~rl~!~ 

Five PIB fra~tio~~ were used of Mv = 1,250,30,000; 

90,000; 400,000 and 1,000,000. Two Dow Corning PDMS samples were 

of Mn = 22,000 and Mv = 203,000. Of the six PS samples 

studied, five were purchased from Pressure Chemical Co. 

(Pittsburgh, Pa.). They were of 900; 2030; 4000; 10,000; 

19,800 nominal molecular weight; the ratio Mw/Mn being 
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respectively 1.10,1.10,1.10,1.06,1.06. In adçlition a 

Monsanto PS sample, LUSTREX, of Mv = 200,000 was studied. 

The cyclohexane, pentane, hexane, benzene and ace-

tone were Fisher Certified reagents. Octane, dodecane, hexa

decane and 2, 2-dimethylbutane were purchased from Aldrich 

Chemical Co. ·The 1,4-dioxane was a "Baker Analyzed ll reagent, 

the isopropanol was an Anachemia product (99% pure). None 

of these solvents was further purified. 

A stainless steel cross, purchased from Aminco 

(Silver Spring, Md.), provided the optical cell. The two 

glass windows, of 13 mm diameter and 9 mm thick, were sealed 

with Teflon o-rings. The total volume of the cell was about 

1.2 cm3 including the volume of the tubing from the cell to 

the valve V4 as seen in Figure 1. The pressure circuit was 

filled with the solvent used for making the solution, as 

mentioned in section 2.1.2.5. The cell was heated by a heating 

tape and the temperature measured by a thermocouple, located 

in the body of the cell, approximately l mm away from the 

solution. Uniform temperature was ensured by the large metal 

block surrounding the small cavity accessible to the solution. 
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2.2.1.3 Procedure ---------
A solution of Known concentration was prepared and 

transferred with a syringe into the celle The "cloud point" 

curve was generated by setting the temperature, awaiting 

temperature equil ibrium for about 15 to 30 minutes and finally 

varying the pressure. Several readings were taKen for each 

transition by raising and lowering the pressure. Then the 

temperature was raised, equil ibrated, and the same procedure 

was repeated. 

2.2.1.4 ~Q~[~~_Qf_~[[Q[~ 

The pressure system used has been described in 

section 2.1, and the pressure readings are accurate to 0.5 

bar. The temperature determination was accurate within 0.3°. 

However, for some LeST determinations, the accuracy may be no 

better than 10
• The concentration was Known approximately 

(the relative error is 5%) only, but accurately enough to 

allow comparison to be made. The P,T curve does not vary much '3b 

in the concentration range where we worKed. The polydispersity 

of the polymer samples brings uncertainty to the determination 

of critical temperatures. The precision therefore is of the 

order of 10
, whereas the accuracy should be within 5°. Pre

cision and accuracy for (dP/dT)c' are bel ieved to be of the 

same 0 rde r, i. e. 10%. 
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2.2.2 Results and Discussion 

P IB+BENZENE 

The PIB+benzene system is attractive with a conven

ient Theta temperature of 250
. In addition the volume of mix-

. 46. .. d 1 d h ld h f 1 d t Ing IS positive an arge an s ou t ere ore ea 0 a 

fairly small dP/dT, along the critical 1 ine. However, there 

are some technical difficulties due to the smal1 refractive 

index increment (for that reason, this system was not studied 

by 1 ight scattering). A 0.04 g/cm3 solution was made with a 

fractionated PIB sample of Mv = 400,000. Transitions were 

measured up to 300 bars in the temperature range of 16 to 

28°. The critical 1 ine is straight and has a slope equal to 

21 bar/deg. The extrapolated ueST at zero pressure is 15°. 

P 1 B+D IOXAN E 

The ueST and LeST were first measured in sealed 

tubes using the usual set-up described elsewhere47 . A 0.01 

g/cm3 solution with a PIB sample of Mv = 30,000 gave a ueST 

equal to 111° and an leST equa1 to 304°; a mo1ecular weight 

of 90,000 yields respectively 1260 and 291 0 for the UeST 

and LeST. 

The pressure dependence of the ueST for this system 

was studied on three different mo1ecular weight samples, the 

concentration being in the range of 0.02 to 0.03 g/cm3 . The 

1,250 number molecular weight sample (Napvis 30) gave dP/dT, 
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along the critical l ine, equal to 30 bar/deg; the 30,000 mole

cular weight PIB (the sample used in sealed tubes) gave 33 

bar/deg, which is not significantly different from the value 

of the previous sample. A PIB fraction of Mw = 106 gave à 

sl ightly lower value,equal to 25 bar/deg. A more concentrated 

solution, 0.1 g/cm3 gave exactly the same slope. 

PIB+ACETONE 

No dissolution occurs at the vapour pressure of the 

solvent for high molecular weight PIB samples. The Napvis 30 

samp1e (molecu1ar weight of 1,250) gave a UCST pressure depend

ence equa1 to 55 bar/deg at 520 , the extrapolated UCSTj the 

LCST is 10cated at 1910 at zero pressure, (dP/dT)c being 

equal to 1.3 bar/deg. 

For these three PIB systems, the UCST increases with 

pressure. The volume of mixing is accordingly positive • 

. PDMS+ISOPROPANOL 

A Dow Corning sample of molecular weight 22,000 was 

investigated. The UCST, at the vapour pressure of the solvent 

is 430 . The slope of the critical l ine, dP/dT, is,found equa1 

to 45 bar/deg. 
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PDMS+ACETONE 

Another Dow Corning PDMS, of Mv = 203,000, gave a 

UCST equal to 660
, at the vapour pressure of acetone. The 

value of (dP/dT)c was found equal to 75 bar/deg. 

The concentrat ions, in both PDMS solut ions, were 

0.02 g/cm3 . Again in the PDMS systems, as in the PIB solu-

tions, the volume of mixing is positive. 

PS+CYCLOHEXANE 

The UCST pressure dependence for this system has 

been reported earl ier45 , our value of 3~0 bar/deg for 

(dP/dT)c agrees very well with theirs. The UCST at the 

vapour pressure of the solvent is 220
. 6GM being almost 

insensitive to any pressure change, 6VM is very small for 

this particular molecular weight. 

PS+NORMAL ALKANES 

Normal alkanes are considered non-solvents for PS. 

Therefore, in order to achieve dissolution in a reasonable 

range of temperature and pressure, low molecular weight PS 

fractions were chosen. In addition one branched alKane, 2,2-

dimethylbutane, was studied. 

\ 
-.) 
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Values of theUCST at different pressures up to 300 

bars are reported in Figure 8 for a PS of 2030 molecular 

weight with hexane, octane, dodecane, hexadecane and an isomer 

of hexane: 2,2-dimethylbutane. It is seen that an increase 

of the chain length of the alkane (from C6 to C16) raises the 

UCST and the value of the slope of the critical l ine, from 

-10 bar/deg for pentane to almost "infinity" with dodecane and 

hexadecane. In other words, the volume of mixing is negative 

when PS is mixed with pentane and large in magnitude, then 

increases in this series until a zero value is obtained with 

the higher alkane. It is quite clear that the volume of 

mixing should be more negative for pentane thân for hexadecane: 

the difference in free volume between PS+pentane and PS+ 

hexadecane (represented by the differences in thermal expansi

vities) is larger for the former system, providing thus a 

larger negative contribution to 6V M. 

It is of interest to study the critical line for one 

solvent with various PS molecular weights. The ~esults are 

given in Table 4 for three solvents. The general picture is 

that for a given sOlvent, increasing molecular weights bring 

about a decrease in l(dP/dT)c/ values. The explanation can be 

visualized by using different critical lines in the P, T plane, 

corresponding to the different molecular weights, as shown 

in Figure 9 (reproduced from Figure 7 of reference 21). Curve 

(a) would correspond to a low molecular weight PS, soluble at 
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FIGURE 8 

(P,T) CLOUD POINT CURVES FOR A POLYSTYRENE 
FRACTION OF MOLECULAR WEIGHT 2030 IN ALKANES 

• HEXANE 

o OCTANE 

o DODECANE 

/:, HEXADECANE 

~ 2,2-DIMETHYLBUTANE 
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FIGURE 9 

CRITICAL LINES IN REDUCED PRESSURE AND 

TEMPERATURE COORDINATES 

The three critical lines a, b, c cor
respond to decreasing critical X values 
as obtained in the case of increasing 
polymer chain length. 
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the vapor pressure of the solvent, presenting a UCST and an 

LCST. A higher molecular weight sample brings the critical 

line up to curve (b) which already shows a flatter slope 

(dP/dT)c at the UCST than curve (a), and the UCST and LCST 

are closer now. Curve (c) would be obtained by an even higher 

PS molecular weight which is not soluble at any temperature 

under the vapour pressure of the solvent. In other words, 

going from curve (a) to (b) and to (c) is brought about by 

decreasing the critical value of X. 

This PS series does not include any system behaving 

according to curve (c) of Figure 9; however, the required 

hypothetical PS molecular weight can be estimated from Figure 

10. This is the well known Shultz-Flory plot, showing lITe 

( 1 1 t 1 1 ) A • h •• d48 . ver sus r + 2 r. s t raI 9 t lIn e 1 s ex p e c te, eut tIn 9 

across the ordinate at the Theta temperature e, the slope 

being (lIrl e)-l, where wl is the Flory parameter which represents 

the entropy of dilution of the solution. The plot, however, 

is not eomposed of two straight lines, one for the UCST the 

other for the LCST. The curvature is due to a variation of 

lIrl' with temperature49 . The results show a positive entropy 

of dilution in the UCST region, a negative one in the LCST 

region, as expected. 
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FIGURE 10 

THE SHULTZ-FLORY PLOT FOR POLYSTYRENE+HEXANE 

The molecular weights are: 2030;4000; 
10,000. 

T is the critical temperature in degrees K, 
c 
r being the ratio of the molar volumes of 
the polymer to the solvent. 
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TABLE 4 

VALUES OF THE SLOPE OF THE CRITICAL LINES, 

(dP/dT)c' (bar/deg), AT ZERO PRESSURE FOR PS 

Solvent M 900 2030 4000 10,000 

pentane -24 -10 

hexane -28 -28 -8 

dodecane -380 

19,800 

-65 

The two curves, corresponding respective1y to the 

UCST and to the LCST, become one when the UCST and LeST 

coalesce at the po.int of infinite slope in Figure 10; this 

corresponds to a molecu1ar weight of about 13,000. Thus any 

PS samp1e having a molecular weight greater than 13,000 

behaves in hexane according to the critical 1 ine (c) as given 

in Figure 9. 



3. HEATS OF DILUT ION OF POLYMER SOLUTIONS 
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When two non-polar l iquids composed of equal-sized 

molecules are mixed, the heat change (6HM) is almost invar

iably endothermic. This corresponds to relation 3 which 

shows that the interchange energy should be positive. How

ever, when small amounts of liquid polymer are mixed, to very 

great dilution in sOlvent, there are a number of cases of an 

exothermic process8,9. This was one of the reasons for the 

appl icat ion of the free volume concept to polymer solut ions. 

It is now well establ ished50 that the heat of mix-

ing, 6HM, is made up of two terms: 

- a "contact interact ion term", accord ing to F lory' s 

nomenclature, due to the weakness of (1-2) interactions and 

d b th X t \) 2. expresse y e 12 parame er or v 

- an "equation of state termll , due to the dissim

ilarity of the free volumes of the two components, and associ-
. ~ ~ 

ated wlth the change of T or V from the p.ure components values 

to the value in the solution. 

The first contribution is positive1 2, as expected from the 

former Flory-Huggins theory. The "free volume ll contribution, 

however, is negative. Thus, if the difference in thermal ex

pansion coefficients between the two components is large enough, 

the "equation of state term" is predominant, rendering 6HM 
negative. 

Although the heat of mixing of a polymer to infinite 

dilution in a solvent is a quantity of interest, the heat of 

dilution (or relative partial molar enthalpy) of a polymer 



-57-

solution is to be preferred. The former quantity shows only 

the average interaction of the polymer and the solvent as the 

solution passes from pure polymer to a state of great dilution. 

The heat of dilution (the heat change of the solution on add

ing a mole of solvent) may be obtained at any concentration 

of the solution. The newer theories of polymer solutions pre

dict a change in the polymer-solvent interaction with change 

of composition and it is therefore of interest to obtain heat 

of dilution data. 

Curiously enough, very few direct measurements of 

heats of polymer solutions are available, in the 1 iterature, 

for a quantitative test of the IIfree volume ll theories. 

3.1 THE HEATS OF DILUTION IN POLYSTYRENE SOLUTIONS 

Flory and coworkers 14- 17 have been very active in 

testing the Flory theoryll, mainly investigating PIB and PS 

in a number of solvents. However, the relative partial molar 

enthalpies, ~Hl,for the solvent, have been obtained through tem

perature differentiation of the chemical potential, ~~l. 

On the other hand, Johnson and coworkers 51 carried 

out microcalorimetric measurements on PS+toluene. This latter 

system shows several remarkable features: 

1. the mixing process is exothermic, 

2. the enthalpy parameter XH (related to ~Hl by 

eq. (17)) .is strongly concentration dependent, but as will be 
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d iscussed belo'w, the s ign of the dependence is at var iance 

with predictions by current free volume theories. 

3. the molecular weight dependence of the enthalpy 

parameter does not conform either to the predictions of these 

theories. 

Our own group has been involved in calorimetry for 

the past few years, the sy~tems studied being PIB in various 

sOlventsS,39,52, and PDMS39,52,53. The most striking system 

is PIB+pentane, for which heats of dilution have been obtained39 

over the whole concentration range. The enthalpy parameter 

~ apparently does not depend on concentration, contrary to 

the predictions of the Flory theory (see Figure 14c). 

All these discrepancies prompted us to undertake a 

systematic study of PS solutions, which show negative heats: 

PS+toluene, PS+ethylbenzene, PS+2-butanone. In addition, 

PS+cyclohexane was investigated as a test system for our cal

orimetrie equipment and also because this is a well-known 

Theta-system. Finally PS+cyclopentane heats were measured 

for comparison purposes with PS+cyclohexane. 

It should be noted that PS at room temperature is not 

in the liquid state, but is a glass. This lends an additional 

advantage to heats of dilution rather than of solution. Heats 

of solution of a polymer have to be measured above the glass 

transition temperature of the polymer: an exothermic effect54 

accompanies the dissolut ion of the polymer in the glassy state. 
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The dissolution may be considered as the sum of two processes: 

1. transition of the glass into the hypothetical 

l iquid polymer below Tg' 

2. mixing of the liquid polymer with the solvent. 

The heat evolved from the first step would overshadow the com

paratively small heat due to the mixing of the l iquid polymer 

with the solvent (step 2). 

Heats of dilution circumvent those difficulties; 

the mixing process occurs between a polymer solution, the re

fore in the l iquid state, and the pure solvent. The obvious 

drawbacK is that the determined heats are smaller in this 

method, requiring more sensitive equipment. 

3 . l . l Exper imental 

3.1.1.1 Mate ria l s ---------
F ive PS samples were used, four of which were frac

tions purchased fram Pressure Chemical Co., of nominal mole

cu1ar weight 500; 2,100; 10,000; 51,000. The quoted ratio 

Mw/Mn was respectively less than 1.10,1.10,1.06,1.06. One 

PS sample was thermally polymerize~and yielded Mv = 97,000. 

Five solvents were used with one or more of the PS samp1es. 

The toluene was a Fisher Certified Reagent of spectrophoto

metric grade. The cyclohexane was as Spectroquality Reagent 

*This sample was polymerized upon our request through the 
courtesy of Professor Y. Sicotte from the Departement de 
Chimie de l'Universite de Montreal. 

! 
-' 
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from Matheson, Coleman and Bell. The 2-butanone, a Fisher 
Certified Reagent, and the ethylbenzene, purchased from East
man Kodak Co., were subjected to column fractionation. 
Engelhard triple distilled mercury was employed. 

3.1.1.2 Ih~_Ç~!2Cl~~t~c 

The TIAN-CALVET differential microcalorimeter was 
found suitable for measuring small heats evolved over a lengthy 
period of time. Its design is based on Tian's conduction 
calorimeter55: chromel-constantan thermocouples provide path
ways for the flow of heat between the reaction cell and a 
large metal bloCk; the electrical current generated in this 
thermoelectrical pile is then ampl ified and recorded. 

Our goal was to measure heats of dilution of poly
mer solutions, at high polymer concentration. However, in 
this concentration range, the solution becomes very viscous, 
which makes it virtually impossible to achieve a complete dis
solution when the mixing process occurs by gravit y, as the 
case is in the commercial Tian-Calvet differential calorimeter 
available in this Department. 

Professor M. Rinfret, from the Departement de Chimie 
de l'Universite de Montreal, kindly made available ta us his 
equipment. These calorimeters were built in his Department 
and are of the Tian-Calvet type. Of interest to us was the 
feature that the whole calorimeter can be rotated around an 
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horizontal axle; this simpl ifies the otherwise difficult mix

ing process and makes it much more efficient, part icularly 

at high polymer concentration. In addition, the temperature 

of the metal bloCk in this calorimeter is set by a water bath, 

regulated at .±. 0.01 0 o(at 250 in our exper iments), the water 

running through metal pipes inside the calorimeter. 

The thermocouples are regularly embedded around the 

measuring cell and the reference cell, wired 50 as to consti

tute two thermopiles connected in opposition. This gives a 

perfectly stable experimental base 1 ine over a long period of 

time, because it does not require a fixed temperature but only 

the same temperature at a given time throughout the aluminium 

block. The signal, carried through conduction wires positioned 

in the shaft, is fed into an ampl if ier (Ke ithley), the output 

of which is recorded on a phil ips, model PR 3216, potentio

metric recorder. Only two out of the twelve channels available 

were used alternatively: one for the signal of the calorimeter, 

the other giving the zero of the recorder. 

A cross section view of the cell is given in Figure 

Il. The body of the cell is made of Pyrex and is cyl indr ical 

in shape. The total volume available to the solution is about 

25 cm3 . The inner compartment (A) is closed by a Teflon cap 
\ 

seated on a Teflon gasket; mercury sealed off this part from 

the outer compartment (B). A Teflon stopper closed off the celle 
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FIGURE 11 

CROSS SECTION VIEW OF THE CALORIMETER CELL 

FIGURE 12 

EXPERIMENTAL SET-UP FOR CALIBRATIONS 
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3.1 .1.4 ~~Q~~~~~~ 

F ill inq procedure of the cell. The quant it ies of 
material used for each experiment were weighed on a Sartorius 
balance. First a solution was prepared. Then the inner 
compartment was filled with solvent, using a regular syringe. 
Special care had to be taken to avoid any spill-over in the 
outer compartment of the cell. The Teflon cap was put into 
place and about 0.5 cm3 mercury was added. Next the polymer 
solution was added into the outer compartment. It is important 
not to leave any vapour space, therefore the level had to be 
carefully adjusted; however this was done at a temperature 
below 250

, and usually at temperature equil ibrium, the vapour 
space was minimal. The polymer solution was always placed in 
the outer compartment for two reasons: 

- the filling process is simplified, 

the mixing process starts faster. 
No grease was used on the Teflon stopper because of the heat 
which might have been given off due to the grease dissolution 
or interaction with the solvent. Seal ing was real ized by pres
sing tightly the stopper against the ground glass. Any eva
poration of volatile solvent gives rise to drifting, or shift
ing of the base line, and is therefore easily detectable. The 
cell was then carefully inserted into the calorimeter, and 
tightened in the cavity so_bhat no heat would arise from fric
tion during the dilution process. 
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Attainment of temperature equil ibrium took li hour. 

The thermal stability of the system is verified by the l inear

ity of the base 1 ine. Once a stra ight 1 ine i 5 obta ined, the 

cell is fired by switching on the rotation system. The dilu

tion process was l~ hour long in a typical experiment. The 

chart speed was set at 300 mm/hour. 

The calorimeter was tilted between 45 and 1350 angle 

(with reference to the vertical position) continuously during 

the experiment, at a speed of about 1 period per mn. 

The. heat 6Hd , evolved during the dilution is deter

mined by meas~ring the area under the curve with a planimeter 

and by cal ibrating the instrument. During the dilution, the 

polymer solution of initial concentration ~~ arrives at a 

final concentration ~~ by addition of 6n l moles of solvent. 

Integration of eq. (17), keeping 1H constant, yields 6Hd: 

6Hd = RT xH ifJ~ ifJ~ 6n l (34) 

with 
* 

~2 = 
w2 v2zSE 

wlv~,SP + w2v~,SP 
(35) 

It is known however that ~ may vary with concentratio~56! 

value of 1-1 is found through applying eq. (34) to a measured 

value of 6Hd · However, it is only an average or apparent 

value, ~,app' The concentration dependence of ~ may be 

represented by the following expression: 

A 
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= 2 
~ , 1 + \J, 2 CP2 + xH, 3 c{;2 + .•• (36) 

Terms beyond xH,3 may be neglected and in fact ~,1 and XH,2 

g;ve a sat;sfactory representation of most results. If this 

expression is substituted into eq. (17), a new relation for 

.6H d is found. It may be compared with eq. (34) 50 that the 

following significance ;s g;ven to XH,app: 

where Cp~ is 

ln 

to O. 1 , thus 

the 

= 

+ 
cpf _ <P2i 2 

\J,3 ( 2 12 ) + 

arithmet;c mean of c{;~ 
the present worK, <P~ _ cpi 

2 

and f 
c{;2 • 

is less 

render ing negl ig ible the last term 

( 37) 

th an or equal 

in eq. (37) • 

Accordingly, ~,app is not different From XH at the mean seg

ment fraction c{;~. 

3.1.1.5 Ç~!l~[~!lQQ 

The Joule effect is a convenient source for the heat-

ing power needed for the calibration. The res;stor in the 

reference cell is immersed in paraffin and has been measured 

using a capacitor bridge; the value, R, was found to be 

1952.0 ~ 0.2 O. The resistance of the conduction wires, of 

the order of 0.20 was neglected. A digital voltmeter feeds 

into the resistor a constant pre-set voltage during t seconds. 
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The timing is controlled by an electronic clOCk, as seen in 
Figure 12. The heat emitted at the resistor, V2/R·t, divided 
by the area under the recorded curve, yields the calibration 
constant in cal/cm2 . A calibration has been carried out for 
each amplification gain. The calibration constants are 
1 isted in Table 5, each one being an average of four deter-
minations. 

TABLE 5 

TIAN-CALVET DIFFERENTIAL CALORIMETER 

CALIBRATION CONSTANTS AT 250 

sensitivity 
range (mv) 0.01 0.03 o. 1 

103 x heat/ 
surface 
(ca 1 /cm2) 

2.46 7.46 24.6 

0.3 

75.1 

3.1.1.6 ~Q~r~~~_Qf_~rrQr~_~r~~I~IQQ_~Q~_~~~~r~~l 

1.0 

246.7 

The reproducibility can be estimated by comparing 
the resu1ts, i.e. surfaces, obtained in the cal ibration experi
ments. For every amp1 ifier gain, the average abso1ute devia
tion (centered moment of lst order) is in bet~/een 0.1 and 0.9 
cm2,the surfaces measured being 100 cm2 approximate1y. Ob
viously the differences are due to errors incurred while mea
suring those surfaces. 
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Systematic errors which may influence the accuracy 

of the measurements are55 :" 

irregular distribution of the thermocouples 

around the cells. 

heat 1055 from the upper part of the cell which 

is not covered by thermocouples. 

the thermocouple assembl ies for the measuring 

cell and the reference cell are different, and temperature 

fluctuations could therefore cause errors in the determina-

tion of the heats. 

Accidental causes of errors are as follows: 

evaporation of the sOlvent,which has been dealt 

with in sect ion 3.1.1.4. 

the heat evolved by the mercury and the "rocking" 

was detectable only at the highest sensitivity; this is seen 

by the base l ine which has been shifted, and therefore the 

correction can be easily made. 

- bad electrical contacts, detected by checking 

the "zero" of the amplifier against the "zeroll of the calori-

mete r . 

- vapour space correction, required whenever vapour 

space is left over the polymer solution. Senez and Daoust57 

give the limits of the correction. The heat due to vapour 

space was calculated for PS+2~butanone and found less than 

6 x 10-4 cal whereas the heat of dilution was -0.05 cal. This 
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is negligible and confirmed our experimental investigation: a 

change of vapour space f rom Il zero ll to about l cm3 gave va lues 

of XH within experimental errors. 

- a shift of the base l ine taking place during an 

experiment. This results in an uncertainty when small heats 

are measured. 

- an uncertainty in the value of the cal ibration 

constant which has its source mainly in the different thermo

kinetic profile of a calibration curve and a heat of dilution 

curve. In addit ion,the cal ibrat ions are done with exothermal 

heats. 

- the planimete.r's reproducibility is within 0.5%. 

The accuracy and precision are believed to be of the 

same order .of magnitude, and are given in the various Figures. 

3.1.2 Results 

Figures 13a,b,c and l4a, b show respectively the 

values of the enthalpy parameter XH as a function of ~2' the 

segment fraction of the polymer, for different molecular 

weight of PS in cyclohexane, cyclopentane, 2-butanone, toluene 

and ethylbenzene at 25.00 • The ~ values were calculated from 

the heats of dilution, 6Hd, using eq. (34). The abscissa, ~2' 

is the arithmetic mean segment fraction of the initial and 

final concentrations. In addition, the theoretical predictions, 
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FIGURE 13 

THE ENTHALPY PARAMETER, XH = 6H1/RT~~ AS A FUNCTrON 
OF THE SEGMENT FRACTION, ~2' AT 250 , FOR 

a) PS+CYCLOHEXANE 

b) PS+CYCLOPENTANE 

c) PS+2-BUTANONE 

The cont inuous 1 ines have 
theory for a temperature of 250 . 
cu1ar weight fractions are: 

open circles 
closed circles 
open squares 
closed squares 

600 
2100 
10,000 
20,400 

open triangles 51,000 
c10sed trlang1es 97,000 

been ca1cu1ated from 
The various PS mole-

The result~,of Lam59 have been p10tted: half,çlosed 
circ1e: 4,000 and half closed triangle: 97,000. 
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FIGURE 14 

THE ENTHALPY PARAMETER XH = ~H1/RT<1>~·AS A FUNC
TION OF THE SEGMENT FRACTION <1>2' AT 250

, FOR 

a) PS+TOLUENE 

b) PS+ETHYLBENZENE 

c) PIB+n-PENTANE 

The continuous line has been ca1cu1ated from theory 
for a temperature of 25°. The various PS molecular 
weight fractions are: 

open circles 
filled circles 
open squares 
fi lled squares 
open triangles 
filled trianges 

600 
2)00 
10,000 
20,~00 

51,000 
97,000 

The broken 1 ine of (c) are the data from ref. 39. 
Curve (1) has been calcul~ted with x~~ = 2.8 cal/cm3, 
and curve (2) with X12 = 0.25 cal/cm. 
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according to the Flory theory, are given for each system and 

are represented by the cont inuous l ines. 

The expression for the heat of dilution, as given 

by the Flory theory is 14a: 

. T - T 
_ V-l + (~) (1,.., ) ] 

V T 

+ (38) 

Here the star and tilde signify respectively reduction para

meters and reduced quantities. The subscripted quantities 

correspond respectively to component l, the -sQ1Vent,and com

ponent 2, the polymer. T is the temperature at which the 

mixing taKes place. The reduced, non-subscripted variables 

correspond to the solution. In this expression, the two con

tributions to the heat of dilution, 6Hl , are, as usual, the 

equation of state and the contact interaction terms, repre

sented respectively by the three first terms in the square 

bracKets and by the last one. The parameter 92 is the surface 

fraction, related to the segment fraction by: 

= (39) 

where si represents the molecular surface to volume ratio of 

componen t i. 



-72-

It has always been a difficulty in free volume 

theories, for mixtures of non-homologs, to determine accur

ately the parameter which reflects the "chemical difference" 

of the two components, i.e. X12 or ))2. Usuallya fitting 

is done, as in sect ion 2.1.3.3. In the present case, a 

value of X12 was determined by fitting eq. (38) to experiment 

at a single concentration, Then 6Hl and ~ wei-·e determined· 

from eq. (38) and (17) at other concentrations. In addition, 

X values were calculated using eq. (48) of ref. 14a, and Xs 
was then obtained with eq. (4). The results are given in 

Table 6. The molecular parameters required for the calcula

tions are summarized in Table 7. The values for PS+ethyl

benzene, +cyclohexane, +2-butanone were taKen from Flory 

et al !5-17,58 for comparison purposes. In the case of PS+ 

cyclopentane and PS+toluene, values of 52/s 1, the ratio of the 

--------=sLlX-far...e ta \Ia)l!me ratios for the polymer and the solvent, 

were not available and had to be calculated according to 

Flory's recommendation 15 • Assuming the sphericity of the sol

vent molecule, the molecular surface to volume ratio, S/V*, 

for the polymer segment, PS, was obtained and found equal to 

0.47 (by taKing either of the three systems investigated 

by Flory). Next S/V* values w~re obtained for cyclopentane 

and toluene, yielding s2/s1 ratios for those two systems. 

The heats of dilution for PS+2-butanone are very 

small but were confirmed by microcalorimetry byanother 

author59 . 
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TABLE 6 

CALCULATED X, ~ AND Xs AT 25° ACCORDING TO 
THE FLORY THEORY 

cfJ2 X ~ ~ 

PS+CYCLOHEXANE 

O. 10 0.461 0.726 0.264 
0.20 0.530 0.794 0.263 
0.30 0.613 0.874 0.260 
0.48 0.712 0.969 0.257 
0.50 0.830 1.083 0.253 
0.60 0.973 1.222 0.249 
0.70 1 • 150 1.394 0.243 
0.80 1.372 1.609 0.236 
0.90 1.657 1.885 0.228 
1.00 2.031 2.247 0.216 

PS+CYCLOPENTANE 

0.,10 0.235 0.658 0.423 
0.20 0.295 0.714 0.419 
O.~O 0.~65 0.780 0.415 
o. 0 o. 47 0.858 0.411 
0.50 0.545 0.953 0.408 
0.60 0.665 1.070 0.405 
0.70 0.813 1.215 o. 40~~ 
0.80 1.000 1.399 0.398 
0.90 1 .243 1.638 0.394 
1.00 1.567 1.957 0.389 

PS+2-BUTANON E 

O. 10 -0.063 0.400 0.463 
0.20 -0.042 0.422 0.464 
0.30 -0.017 0.448 0.465 
0.40 0.010 0.478 0.468 
0.50 0.043 0.514 0.471 
0.60 0.081 0.557 0.475 
0.70 o. 128 0.609 0.480 
0.80 0.187 0.673 0.486 
0.90 0.262 0.755 0.493 
1.00 00360 0.862 0·501 

l 
_.1 
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TABLE 6 (cont'd) 

~ X ~ ~ 

PS+ TOLUEN E 

0.10 -o. 123 0.248 0.371 
0.20 -O. 119 0.253 0.372 
0.30 -O. 115 0.258 0.373 
o.~o -o. 110 0.263 0.373 
0.50 -o. 105 0.269 0.376 
0.70 -0.096 0.282 0.379 
0.80 -0.091 0.290 0.382 
0.90 -0.085 0.300 0.385 
1.00 -0.079 0.310 0.390 

PS+ETHYLBENZENE 

0.10 -0.065 0.275 0.341 
0.20 -0.058 0.283 0.342 
0.30 -0.049 0.292 0.342 
0.40 -0.039 0.303 0.342 
0.50 -0.027 0.314 0.342 
0.60 -0.014 0.328 0.343 
0.70 0.000 0.344 0.344 
0.80 0.018 0.364 0.345 
0.90 0.040 0.387 0.346 
1.00 0.068 0.416 0.348 



TABLE l 

PURE COMPONENT AND SOLUTION PARAMETERS AT 250 

103 3 V* * * p* X12 0.1 0:2 10 1 V2 '3P Pl . 2 3 s2/ s 1 
SYSTEM (deg:-1) (deg:-1) (cm3 /mol e) (cm /g) (cal/crrP) (ca 1 / cm ) (cal/cm3) 

PS+toluene 1 .077( 1) 0.572(3) 84.58(1) 0.8098(3) 134 .0(1) 130 .7(3) 0.51 o. 15 

PS+ethylbenzene 1.019(2) 0.572 98.33(2) 0.8098 131.7(2) " 0.53(2) 0.96 

PS+2-butanone 1.308(3) " 68.94(3) Il 139.1(3) Il 0.48(3) 0.40 

PS+cyc10hexane 1.2 17(4) Il 84.26(4) Il 126.6(4) " o. 50( 4) 15.05 

PS+cyc10pentane 1 .390( 5) Il 71 .61 Il 128.4 Il 0.48 14. 16 

!l 
see ref. 62 
see ref. 16 
see ref. 15 
see ref. 17 
see ref. 63 

For cyc10pentane" V* has been calculated using p = 0.74045 g/cm3 
-4 -1 6 (ref. 64), and p* using ~ = 1.37 x 10 atm (ref. 5). 
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3.1.3 Discussion 

PS+CYCLOHEXANE 

Three PS fractions, of molecular weight 600,2,100 

and 20,400, were studied in cyclohexane. The two lower 

molecular weight samples show a similar behaviour over a 

large concentration range. As expected, ~ is positive 

and large, and increases drastically with the concentration. 

The Flory theory gives a very good prediction, particularly 

in the first half of the concentration range. Earlier 

investigations, carried out over a wide concentration span 

by Krigbaum et aJ. 60 and Scholte61 agree weIl with our own 

data, if the molecular weight dependence is taken into account. 

Partrcularly in the case of the isothermal distillation data, 

the slope of (XH,<P2) increases drastically above <P2 = 0.50 

which compares very weIl with the calculated ~ values given 

in Figure 13a. Our fitted Xl2 value was equal to 15. l 

cal/cm3 , whereas Flory gives about 10.0 cal/cn.;3(p. 2278 of 

ref. 17). This is due to a different value of XH at which 

the fitting took place; this accounts also for our steeper 

predicted 1î curve. The interaction parameter X was calculated 

using our X12 value, at variou~ concentrations as listed in 

Table 6. Apparently the X values are very large and probably 
': . 

too much concentration dependent from 0.73 to 2.3. On the 

other hand, the entropy parameter, Xs' remains constant through 

the whole concentration span, reflecting the similarity of the 
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concentration dependences of XH and X. 

The PS+cyclohexane system, together with PIB+ 

benzene, are probaMy the most standard systems in pol ymer 

solution thermodynamies. Daoust and Kabayama56 have made an 

extensive calorimetrie investigation of the heats of dilu

tion of the latter system. Since no similar study had been 

made of PS+cyclohexane, we were interested to do so. The 

two systems are similar. Both have Theta points near room 

temperature, 340 for PS+cyclohexane and 250 for PIB+benzene. 

Both systems are strongly endothermic at room temperature, 

reflecting the proximity of the Theta point and the differen

ce between the aromatic and al iphatic characters of the 

components. In both cases, XH increases rapidly with in

creasing polymer concentration. Since the Flory theory is 

successful in predicting the concentration dependence, one 

must conclude that the physical reason given by the theory 

for the concentration dependence is probably correct. The 

reason is that most of the heat effect is due to the posi

tive endothermic IIcontact interactionlf contribution to t:Ff l • 

Theoretically, this contribution depends, not on the volume 

fraction or segment fraction ~2 of the polymer, but on the 

fraction of total molecular surface which belongs to the 

polymer, i.e. the surface fract ion e2 • Thus 6Hl Il e~, but 

in the conventional relation for the heat of dilution, ~ is 

defined in terms of ~2: 
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Therefore, 1H must vary as: 

introducing the surface to volume ratios of the components as 
8 . 

given by eq. (39). When ~2 ~ l,the ratio ~22 ~ 1; on the other 
82 hand, when ~2 ~ 0, ~2 ~ 52/5 1. If 5 2/5 1 < 1, a decrease of 

1H will occur as ~2 ~ o. This is the reason for the decrease 

of 1H in the PS+cyclohexane system. 

PS+CYCLOPENTANE 

The two molecular weight PS fractions investigated, 

600 and 2,100, gave a concentration dependence of XH very 

similar to the preceding system. The theoretical predictions 

are again in reasonable agreement up to a segment fraction of 

0.50, after which the increase is too large for the predicted 

~. Our fitted X12 value was found to be equal to 14.2 cal/cm3. 

The interaction parameter X was calculated using th is value 

of X12 and is listed in Table 6 for various concentrations. 

Again the concentration dependence of X is very large, from 0.66 

to 1.96. The entropy parameter is concentration independent 

and remains at 0.40. 

Here the interesting point is that the cyclopentane 

molecule is of the same IIchemical character ll as cyclohexane, 

but of a quite different shape. Benson and collaborators have 
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found that the thermodynamics of decalin+cyclopentane66 is 

quite different from that of decal in+cyclohexane67 , and that 

this change may be attributed to the change in shape of the 

cyclo-alkane. However, in the present case, reasonable agree-

ment between theory and experiment is still found using the 

Flory theory, without allowing for any difference of molecular 

shape. 

The three systems studied below are of interest 

since the heats are exothermic. Here, the free volume con-

tribution is dominant. 

PS+2-BUTANON E 

The 1 ight scatter ing data obta ined by Z imm and 

coworkers68 in very dilute solutions yield negative values of 

the heat of dilution, ~Hl. Bawn and Waj id69 , and Dot Y and 

coworkers70 have obtained small negative heats of dilution at 

concentrations up to 0.10 in volume fraction. At higher 

concentration of polymer, Bawn et al. 71 found by vapour pres

sure measurements a small positive heat. However, they suggest 

not to use their results of 6Hl for further thermodynamic de

rivations: their determination, they claim, was not accurate 

enough. Flory15, nonetheless, us~those results to calculate 

the concentration dependence of Xs and compare it with his 

own predictions. 



-80-

Kagemoto and coworKers72 measured heats of dilution 

at concentrations up to 0.2 in volume fractions, and found 

endothermic heats. Our results in Figure 13c, show small 

negative values of~. The enthalpy parameter does not show 

any concentration dependence in the range of ~2 equal to 0.10 

. up to 0.50 which has been studied, and therefore the same 

beha'viour is expected in the high polymer concentrations. The 

discrepancy between Kagemoto's and our results can not be 

explained in terms of the tacticity of our PS samples since 

one PS fraction was thermally polymerized to circumvent this 

difficulty: no difference in the heats was found. 

The theoretical predictions yield a curve of posi

tive slope, our value of X12 being equal to 4.4 cal/cm3 which 

compares well with Flory's 6.2 cal/cm3. The theoretical 

predictions of the interaction parameter X, agree very well 

with the data of Bawn et al. 71 . This is not the case for Xs 
which is predicted to be constant almost at about 0.48. 

1 n conel us ion, i t i s seen for th i s system that the 

concentration dependence of XH is not predicted. The Flory 

theory gives increasing XH values as the polymer concentration 

is raised, whereas the XH' measured calorimetrieally, is in

sensitive to any concentration changes. 
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PS+ETHYLBENZEN E 

Pouchly and coworkers24 , by calorimetry, found the 

enthalpy parameter to be negative. Palmen's data, treated 

by Flory16 at ~2 equal to 0.10, yield a small but negative 

value for lî. These results are consistent with our own 

calorimetrie heat of dilution determinations. Maron et al. 73 

found the heats of dilution essentially equal to zero for 

this system. Their determinations were probably approximate 

only, in view of the purpose of the measurements. Figure l4b 

shows that the enthalpy parameter is always negative, and 

moreover becomes smaller as the concentration of polymer is 

increased. However, the predicted curve does not follow the 

same pattern. The slope is positive and the XH values become 

positive above ~2 equal to 0.70. The fitting was performed 

with an X12 value equal to 1.0 cal/cm3, reflecting the 

"chemical similaritt' of the two components. The X values 

generated by the same procedure vary from 0.28 to 0.42, in 

good agreement with the osmometry data of Flory et al. 16 who 

used higher molecular weight ps. X and 1î having the same 

concentration dependence, Xs is constant over the whole con

centration span. 

ïhe same conclusion, given for PS+2-butanone, is 

reached for this system: theory and experiment disagree upon 

the concentration dependence of the enthalpy parameter, ~. 
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PS+TOLUENE 

This system has been studied by a number of authors. 

Schick, Dot Y and Zimm70 fround a negative heat of dilution by 

osmometry. However, the concentration dependence shows an 

upward trend and should lead to positive XH values above volume 

fractions of 0.10. Bawn and Wajid69 and Bawn, Freeman and 

Kamal iddin71 found 6Hl equal to zero throughout the whole con~ 

centration range. Schmoll and Jencke1 74 , by vapour pressure 

measurements, found the enthalpy parameter to be zero within 

experimental error. Scholte61 , by sedimentation, found ~ to 

be negative at concentrations up to 90% in weight. 

Calorimetric data have been reported. Kagemoto and 

coworkers72 give the concentration dependence of the enthalpy 

parameter: XH varies from -0.05 to -0.20 for a volume frac

tion increasing from 0.02 to 0.15. This compares well with 

our results given in Figure 14a. Maron73 gives again a zero 

value for the heat of mixing, which has to be discounted for 

the reason mentioned above. Johnson 51 investigated this 

system thoroughly, and his results are consistent with our 

data. However, we did not find any significant increase of 

the absolute value of ~ for the 600 molecular weight fraction, 

when the concentration decreases below ~2 ~ 0.10. But the 

main feature, the negative slope of the (~, ~2) plot, is con

firmed in our experiments over a wider concentration range, up 

tO~2 ~ 0.50. The soHd curve in Figure l4a has been calcul ated 
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using an X12 value equa1 to 0.15 ca1/cm3 . It is 10cated in 

the negative values of 1H' however the slope is still posi

tive. If one were to use an unrealistic negative value for 

X12 , the slope cou1d be made equa1 to zero or even slightly 

negative, but in doing 50 the curve would be lowered and 

hardly be ca11ed a fit any more. The X values are predicted 

reasonably we11 and vary from 0.25 to 0.31 over the who1e 

concentration range. Those 10w X values reflect the "goodness" 

of the solvent. On the other hand, Xs is a1most concentration 

independent and remains equa1 to 0.38. 

Apparent1y, the behaviour of the five systems in

vestigated, can be summarized by c1assifying them into two 

groups: 

1. PS+cyc10hexane and +cyc1opentane exhibit en

dothermic heats, and the concentration dependence of their 

entha1py parameter is positive and we11 predicted according 

to free volume theories. 

2. PS+2-butanone, +ethylbenzene and +to1uene are 

exothermic systems in nature and their respective dlï/d~2 

are zero and negative, and can not be predicted by the F10ry 

theory. The system PIB+pentane fits into that second group: 

dXH/d~2 has been found essentia11y zero39 and is not predicted 

correctly. 

The surface to volume ratio of the two components is a 

parameter which influences the concentrat ion dependence of ~ . 
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This has been noticed by Flory15. The use of volume and sur

face increments, advocated by Bondi 75 , leads always to s2/s1 

values in the range of 0.9 to 1.0. The XH versus ~2 curves 

were generated in the way described above, using surface to 

volume. ratios calculated according to Bondi. The curves ob

tained have smaller slopes, thus improving a l ittle the general 

picture. The s2/s1 values, however, are unreal istic because 

therecipe overestimates the surfaceof the polymer available 

to the solvent for the interactions. It does not allow for 

any 10S5 of polymer surface, arising from polymer adjacent 

segments being in contact. Flory15, on the other hand, con

siders the polymer as a cyl inder of known dimensions and the 

solvent molecule is assimilated to a sphere. This recipe 

leads always to a surface to volume ratio equal to approximate

ly 0.5 (see column 8 of Table 7), which brings in a larger 

concentration dependence of ~. 

It may be argued that, the Flory theory being, 

formallyat least, a particular case of corresponding states 

theory50, another potential model would give better results 

than the (3,00) potential model to which the Flory theory can 

be equated within the corresponding states theory. However, 

it turns out that the sign of dXH/d~2 does not change with the 

model used. 
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Patterson76 , by use of a corresponding states 

approach, gives the following expression of dXH/d~2 or 

K == 2 ~,2 

K 2 \1,2 = 3R 

( 40) 

The second term in this relation is always positive because 

of the curvature of the (Cp,T) function. On the other hand, 

the first term, in which appears the "chemical difference" 

parameter, y , may be positive or negative. In any case, 

when X12 is small (or y ), the first term in the relation (40) 

vanishes, and d~/d~2 has to be positive for the PS+toluene 

and PS+ethylbenzene systems. 

Therefore the concentration dependence of the en

thalpy parameter XH appears to indicate a failure of the 

corresponding states principle as appl ied to polymer solutions. 

The same failure has been found in other polymer solution 

\.'lorJ<52. This discrepancy between theory and experiment, par

ticularly for systems where the free vo~ume contribution is 

predominant, led us into the investigation of mixtures of low 

molecular weight model compounds. This should provide an 

answer to the questio~ as whether the corresponding states 

principle still appl ies to mixtures of shorter chain molecules 

as opposed to polymer solutions. However we avoided PS 
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models24 and studied the commercially available PIB models. 
We remember that the discrepancy between theory and experi
ment is found, not only with PS solutions, but also the PIB 
in pentane and PDMS SOlutions39 . 

3.2 THE HEATS OF MIX ING OF THE LOW MOLECULAR WEIGHT COMPOUND MIXTURES 

The preceding section was concluded by stating the 
failure of the corresponding states principle as appl ied to 
polymer solutions. If instead of a polymer, as component 2 
in the solution, one uses a low molecular weight modelor an 
oligomer of the macromolecule, only the free volume term in 
the m ix ing funct ions changes. 1 ndeed, i t i s known that the 
end-effects have been overestimated52 , leaving therefore the 
chemical difference (X 12 or ))2) invariant when a polymer is 
substituted by its 01 igomer. The 01 igomer which was chosen 
is a branched alkane: 2, 2, 4, 4, 6, 8, 8-heptamethylnonane, 
called Il iso-C161f for brevity in the text, and which is a 
tetramer of PIB. 

3.2.1 Experimental 

3·2.1.1 ~~~~~l~!~ 

The l iquids were used without further purification, 
their quoted specifications and sources are 1 isted in Table 8. 
Engelhard triple distilled mercury was used without further 
purification. 

, 
.-1 
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TABLE 8 

ORIGIN AND SPECIFICATIONS OF THE LIQUIOS USEO 
FOR HEAT OF MIXING EXPERIMENTS 

L IQU IDS MANUFACTURER SPECIFICATIONS 

2,2,4,4,6,8,8-
98% heptamethylnonane Aldrich Chemical Co. 

n-hexadecane Il spectrophotometric 
grade 

2,2,4,-trimethYl- Matheson, Coleman spect roqua l i ty 99% 
pentane and Bell 

2,2-dimethylbutane Ph i 11 ips research grade 99.96% 

n-hexane Il Il Il 99.99% 

n-pentane Matheson, Coleman spect roqua l i ty 99% 
and Bell 

benzene Il Il Il 

carbon tetra- Baker Chemical Co. Il 

chloride 

cyclohexane Matheson, Coleman Il 99% 
and Bell 
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3.2.1.2 I~~_Ç~lQrl~~~~r 

The microca1orimeter employed was a CRMT model 

conmercial ized by SETARAM (Lyon, France). It is essent ially 

a smaller repl ica of the Tian-Calvet microcalorimeter, 

described in section 3.1.1.2, less accurate but easier to 

use. The CRMT is not a differential but a monocel1 calori

meter. The thermocouples are of the same nature and number 

as in the Tian-Calvet model. This model is supp1ied (contrary 

to the Tian-Calvet model) with a mechanism which rotates the 

whole calorimeter at l cycle per mn around an horizontal shaft 

by 1800 from the vertical position. The advantage of this 

motion for the mixing process has been discussed previously. 

The temperature of the calorimeter is regulated, within 0.1 0
, 

by an built-in temperature control 1er, and was continuously 

checked by measuring a resistance planted in the metal bloCk. 

"The signal of the calorimeter is fed directly, without further 

ampl ification in our case, into a galvanometric recorder 

(Graphispot, SEFRAM, Paris). 

3.2.1.3 I~~_Ç~ll~ 

The cells have the same basic design as shown in 

Figure 11, because the mixing process will be the same. It 

is a "2 compartment ll cell, the body being cylindrical, made of 

stainless steel and threaded at both ends. The two compartments 

are ?eparated by a stainless steel tube, attached to the bottom 
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of the celle Bottom and top parts were Teflon screws. The 

inner compartment is sealed off by means of a steel plate. 

Five cells, having a different volume ratio of the inner and 

outer compartments, were used, thus covering the whole con

centration range. The total volume accessible to the l iquids 

was about 10 cm3 . 

3.2.1.4 ~rQ~~~~r~ 

The fil1 ing procedure of the cell is essentially 

the same as described in section 3.1.1.4. The ·inner compart

ment is filled first by means of a syringe, the cover is put 

into place and the excess l iquid is dried away. No vapour 

space is left. Next, the bottom part with the inner cell 

attached, is screwed carefully to the main body, and about 

0.5 cm3 of mercury is added on top. Then the second component 

is added and the top part is screwed tightly. The excess of 

the second component came out through the threads while closing 

the cel'e Again no vapour spa ce is left in the celle The 

amount of each 1 iquid in the cell is Known by weight (before 

and after the liquids are added). The cell is then carefully 

inserted into the cavity of the calorimeter and tightly held 

in order to avoid any heat effect produced by friction while 

the instrument is tilted up and down. About lt hour is allowed 

for reaching temperature equilibrium. As usual, the thermal 

stabil ity of the instrument is verified by observation of the 
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base l ine of the recorder. Once the base l ine is completely 

1 inear, the chart speed is set on 360 mm/hour and the cell is 

fired by switching on the rotation system. The calorimeter 

is continually rotated during the whole experiment, lasting 

about 3/4 hour, and stopped when the recorder's pen is baCK 

in the position of the original base l ine (before the cell 

was fired). It should be mentioned that the heat produced by 

the mercury during the rocKing was not detectable on any 

sensitivity. 

F inally the heat of mixing is determined by measuring 

the area under the curve and with the cal ibration constant of 

the instrument. Usually one expresses the results in cal/mole 

obtained by dividing the actual heat in cal (obtained as 

mentioned above) by the total number of moles of the two .com

ponents. 

3.2.1.5 Ç~11~r2tlQQ~ 

The procedure, as given in section 3.1.1.5, is 

followed. Heat is developed by Joule effect in a special 

resistor, supplied by the manufacturer SETARAM, of Known resis

tance, equal to 1,000 ± 1 0, and placed in the cavity used for 

the measuring cell. The EJP 30 power supply, purchased from 

SETARAM, functions as multiple range intensiostat and therefore 

feeds into the reference cell a precisely determined electrical 

intensity. The time is determined with an ordinary stopclocK. 
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The heat emitted in the resistor, R1 2t, divided by the area 

under the recorded curve, yields the c~} ibration constant in 

cal/cm2 . The resu1ts are given in Table 9. 

TABLE 9 

CALIBRATION CONSTANTS OF CRMT 

CALORIMETER AT 250 

Sensitivity of 0.25 0.50 1.0 recorder in mv 

103 x Heat/ 
surface in 3.63 7.38 14.9 
cal/cm2 

2.5 

37.9 

3.2. 1.6 ~Q~r~~_Qf_trrQr~L_Er~~I~lQQ_~Q~_~~~~r~~~ 

5.0 10.0 

76.0 161 .0 

The sources of errors, discussed in section 3.1.1.6, 

will be found with this ca1orimeter. In addition, the CRMT 

mode1 being a monocell ca1orimeter, the reproducibil ity is 

expected to be diminished because of the temperature fluctua

tions of the metal bloCk (the room in which the calorimeter 

was housed was well insulated, but not air-conditioned). 

However, the reproducibi1 ity was good, as seen from the self

consistency of the Experimental results. Surprisingly, the 

accuracy was found good also, by testing the calorimeter with 

a well known system, n-hexane+cyclohexane, which is now 



-92-

recommended77 as the reference system instead of the system 

CC~4+Benzene. Each cell has been used for that test. The 

results are given in Figure 15. The accuracy is shown on the 

respective graphs by the error bars. 

3.2.2 Results and Discussion 

The heats of mixing of the system iso-C16+n-pentane 

have been determined at 25.00 over a wide concentration range. 

The results are given in Figure 16, where the heat of mixing 

per un it "hard core" volume, 6H/(x,Vt + x2V~) in cal/cm3 , 

is plotted against the segment fraction ~2 of iso-C16. The 

parameters required for the calculation of the co-ordinates 

are listed in Table 10. The surface to volume ratios of the 

normal alkanes, assumed to be cylinders, were calculated 

according to the Flory recipe30 . The same shape was assumed 

for iso-Cl6, the radius being taken equal to the radius of 

PIB, i.e. 3.48 ~14b Next, the length of the cyl inder was 

calculated from the reduction volume, V*, émd the surface as 

welle The 2,2,4-trimethylpentane and 2,2-dimethylbutane were 

assumed to be spherical, along with benzene and carbon tetra

chloride. 

It is already remarKable that the heats of mixing 

·of iso-C16+n-pentane are negative. The enthalpy parameter, XH, 

was calculated from the heats of mixing per unit volume accord-

i ng to eq. (41): 
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FIGURE 15 

THE HEAT OF MIXING PER MOLE OF CYCLOHEXANE+ 
n-HEXANE AS A FUNCTION OF THE MOLAR FUNCTION 

OF CYCLOHEXANE AT 25° 

open circles: V.T. LAM (ref. 59) 

filled circles: BENSON ET AL. (ref. 78) 

open squares: OUR DATA 
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FIGURE 16 

THE HEAT OF M IX ING PER UN IT IIHARD CORE" VOLUME, 

6H/x1Vt + x2V~, AS A FUNCTION OF THE SEGMENT 

FRACT ION, 02' OF. ISO-C16* IN n-PENTANE, 

AT 25° 

* 2,2,4,4,6,8,8-heptamethylnonane 

.J 
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L 

LIQUID 

2,2,4,4,6,8,8-
heptamethy1nonane 

n-hexadecane 

2,2,4-trimethy1-
pentane 

n-octane 

2,2-dimethy1-
butane 

n-hexane 

n-pentane 

benzene 

carbon tetra
chloride 

TABLE 10 

PURE COMPONENT PARAMETERS AT 250 

V sp a x 103 ~p P* T* 
( cm3/q) (deq-l) (cm3 /g) (ca1/cm3 ) (oK) 

1 .279 (2) 

1 • 2988( 1) 

1.4540 (1) 

1.4317(1) 

1.5517(1) 

1 .5272( 1) 

1.60 94(3 b) 

1 • 1444( 4) 

0.6311 (5) 

o .8545( 2) 

0.901 (7) 

1 . 197 (8) 

1 . 159 (7) 

1 .472 (2) 

1 .385 (7) 

1.61 (3b) 

1 .223 (4) 

1.229 (6) 

1 .0513 

1.0586 

1 • 1297 

1 • 1194 

1 • 1606 

1 . 1548 

1 • 1830 

0.8861 

0.4882 

110.7* 

11 o. 7( 7) 

88.3(2) 

103.5(7) 

5725 

5549 

4756 

4837 

90.6(2) 4320 

101.2(7) 4434 

97 . 1 ( 3 b) 4 1 58 

150.0(3a) 4709 

136.0(6) 4698 

o 
su~face(A -1) 

0.768 

0.900 

0.808 

0.985 

0.880 

1.038 

0.927 

0.995 

0.968 

(l)ref. 79; (2) ref.,80; (3a)ref. 14a; (3b) ref. 14d; (4) ref. 81; (5) ref. 82; 
(6) ref. 83; (7) ref. 30; (8) ref. 84. 

P* for iso-C16 is not known and was taKen equa1 to the requction pressure ofn-hexadecane. 

1 
\0 
V1 

1 
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( 41) 

The results are given in Table 11, and show that XH is sur

prisingly constant over the whole concentration range, the 

segment fraction varying from 0.16 to 0.83, and equal to 

-0.10. This is precisely the value found by Kao and co

worKers39 for the system PIB+n-pentane (Figure 14c). Compar

at ively to iso-C16, P lB should 9 ive, in n-pentane, a sub

stantially lower negative heat, due to a sma11er value of the 

thermal expansivity of PIB, giving rise therefore to a larger, 

negative equation of state term in the ~ expression. 

The expression derived by Patterson and Delmas50 

(their eq. (19)) for the mixing functions, was used in con

junction with the Flory model 

û' == ( 42) 

to calculate the interaction parameter X12 from the heat of 

mixing. The results are shown in Table 11, and it is seen 

that the values are constant and small. This reflects the 

chemical simi)arity of pentane and the branched nonane. On 

the other hand, the X12 values obtéin~d for PIB+n-pentane 

are larger and overestimate the chemical difference between 

those two components. This is probably due to the procedure 

by which the X12 was calcu1ated and which involves a fitting 
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0.87 

0.83 

0.81 

0.81 

0.80 

0.75 

0.60 

0.46 

0.32 

0.23 

0.20 

0.19 

0.16 
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TABLE 11 

EXPERIMENTAL DATA AND CALCULATED PARAMETERS FOR 
THE SYSTEM 2,2,4,4,6,8,8-HEPTAMETHYLNONANE+N

PENTANE AT 250 

6HM 6H/z:;x.V"k X12 1 1 
( ca 1 /mo 1 e) (cal/cm3) (cal/cm3) 

-13 .29 -0.069 0.20 

-17.93 -0.097 o. 10 

-14.46 ·-0.081 0.27 

-15.82 -0.089 0.23 

-19.97 -0.114 o. 10 

-19.40 -o. 118 0.20 

-20.12 -o. 144 0.27 

-21 .33 -O. 176 0.21 

-16.33 -o. 152 0.27 

-12.61 -o. 125 0.31 

-10.79 -o. no 0.34 

-10.49 -0.107 0.32 

- 9.13 -0.096 0.35 

XH 

-0.09 

-0.10 

-0.08 

-0.08 

-0.10 

-0.09 

-0.09 

-0.10 

-0.10 

-0.10 

-0.10 

-0.10 

-0.10 

1>2 is the segment fraction of iso-C16: X12 , the energetic 

interaction parameter, was calculated by using eq. (19) of 

ref. 50; XH represents the entha1py parameter and was cal

culated with eq. (4J) from our experimental calorimetrie 

determinations reported in co1umn 2 of this Table. 
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TABLLlg 

EXPERIMENTAL DATA AND CALCULATED PARAMETERS AT 250 

cf>2 l'lHM l'lH/r.x .v-r. X12 ~ 1 1 1 

( ca 1 /mo l e) (ca1/cm3) (ca1/cm3) 

CC l 1,+ i so-C 16 

0.86 72.33 0.397 3.60 0.41 
0.86 75.28 0.413 3.73 0.43 
0.83 79.71 0.459 3.58 0.41 
0.60 93.85 0.732 3.58 0.39 
0.59 93. 11 0.738 3.58 0.39 
0.44 65.38 0.610 3.06 0.31 
0.30 58.69 0.620 3.66 0.37 
0.22 30.39 0.343 2.61 0.25 
o. 19 38.23 0.442 3.66 0.36 
0.18 37.02 0.431 3.69 0.37 
O. 16 32.97 0.390 3.71 0.37 
0.16 32.47 0.384 3.63 0.36 

CC 1 1,+2 .2 ,4-t r imethy lpentane 

0.84 62.59 0.539 4.02 0.52 
0.82 68.61 0.599 4.02 0.52 
0.82 68.35 0.596 4.04 0.52 
0.78 78.05 0.700 4.03 0.52 
0.59 95.52 0.959 4.06 0.50 
0.41 78.52 0.867 3.80 0.45 
0.22 56. 11 0.678 4.35 0.50 
o. 17 46.28 0.571 4.40 5.51 
o. 16 41. 19 0.513 4.33 0.50 

CC1~+2,2-dimethylbutane 

0.77 56.72 0.609 3.42 0.44 
0.58 76.52 0.872 3.59 0.45 
0.57 73.51 0.841 3.44 0.43 
0.42 57. 16 0.681 2.86 0.35 
0.22 45.86 0.578 3.56 0·~3 
0.21 46.67 0.588 3.63 0.44 
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TABLE 12 (cont'd) 

1>2 .6HM .6H/I:.x.V~ X12 ~ 1 1 1 
( ca 1 /mo 1 e) (ca1/cm3) (ca1/cm3) 

Benzene+ i so-C 16 

0.86 212.19 1.989 10.29 1. 15 
0.83 228.52 1 .3~5 10. 14 1. 13 
0.80 247.03 1.5 7 10. 19 1.12 
0.73 285.41 1.977 10.87 1. 18 
0.5~ 253.79 2. 130 9.84 1.03 
0.5 396.60 3.524 15.83 1.66 
0.54 186.51 1.657 7.63 0.78 
0.23 120.74 1.463 10. 13 0.97 
o. 19 104.74 1.311 10.53 1.01 
0.16 98.68 1.259 11.25 1.07 

For symbo1s, see Table 11 
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of the heats. Therefore the large X12 values reflect merely 

the overestimafion of the free volume term in the theoretical 

expressions of the mixing functions. 

Accordingly, the X12 value found for the iso-C16+ 

n-pentane was used for PIB+n-pentane, and a more negative 

prediction is obtained for ~ versus ~2' as shown by curve (2) 

of Figure 14c. There remains, however, a striKing difference 

between the free volume theories predictions (curve (2) of 

Figure 14c) and the experimental data (broKen l ine on this 

graph); a pos it ive heat contr ibut ion mi.ght reconc i le theory 

and experiment. Moreover, the compensating effect, which is 

believed to be involved here, would have to have a different 

concentration depenqence from.the Il interaction" term and the 

"equat ion of state" terme 

There has been experimental evidence, that order 

ex ists in cha in-molecule l iqu ids, ... and part icularly in long 

n-alKanes, as evidence by Bothorel's worK~6and which will be 

discussed later. The disruption of such a structure in the 

PIB would be an endothermic phenomenon and could explain our 

results. This led us into a systematic study of heats of 

mixing of systems containing molecules which might be able to 

perturb order in a solution, such as carbon tetrachloride. 

ln Figures l7a, 17b and l8a, the heats of mixing 

per volume as a function of concentration are given for various 

systems: CC14+iso-C16, +2,2,4-trimethylpentane, +2,2-dimethyl-
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FIGURE 17 

THE HEAT OF M IX ING PER UN IT "HARD CORE" VOLUME, 
~H/xlVt + x2V~, AS A FUNCT ION OF THE SEGMENT 

FRACTION, ~2' OF THE ALKANE, AT 250 FOR 

a) 

b) 

CClll+2,2-dime~~ylbutane (open circles), 
+n-tiexane (solid line).85 

CC1h+2,2,4-trimethylpentane (open circles), 
+n-6ctane (sol id 1 ine) .M 
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FIGURE 18 

THE HEAT OF M IX ING PER UN IT "HARD CORE" VOLUME, ~H/xl 

Vt + x2V~, AS A FUNCTION OF THE SEGMENT FRACTION, 

a) 

b) 

~2' OF THE ALKANE, AT 25°, FOR 

CC1h + 2,2,4,4,6,8,8-heptamethYlnonane (open 
circles), +n-hexadecane (solid line). 

Benzene+2,2,4,4,6,8,8-heptamethylnonane (open 
circles), +n-hexadecane (sol id 1 ine). 
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butane. In addition, the data for the systems CC1 4+n-hexadecane, 

+n-octane, +n-hexane reported by Jain and coworKersS5 , have 

been treated and reproduced on the respective Figures for 

comparison purposes with the branched alKanes. The lower al

Kanes, in C6 and CS, do not show any difference in the heat of. 

mixing, contrary to the iso-C16 and n-C16. For this latter 

system, the difference is about 0.3 cal/cm3 at ~2 equal 

to 0.5, which is equivalent to about 40 cal/mole. In addition, 

there is a difference in the concentration dependence of the 

heats of mixing between the normal and the branched alKanes: 

the maxima are displaced toward higher concentrations (of the 

alKane) in the case of iso-C16 particularly. Apparently, the 

n-alKane and especially the n-hexadecane, is able to order 

more than the iso-C16. This order corresponds to a correla

tion of orientations of the chains parallel to one another. 

When the n-hexadecane is mixed with CC1 4, or another spherical 

molecule l iquid, the order is perturbed and gives rise to a 

positive heat effect. This would explain our results. 

Further evidence for this disordering effect is 

found by the studies of Bothorel et al. S6 on alKanes. They 

measured molecular optical anisotropies, (y2), by using 

Depolarized Rayleigh Scattering technique, of normal and 

branched alKanes in the pure 1 iquid and in dilute solution in 

carbon tetrachloride and cyclohexane. According to them, 
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n-hexadecane is particularly ordered, and the order of the 

n-alkanes is decreased by mixing them with CC1 4 or cyclo

hexane. 

Experimental heats of mlxlng data of cyclohexane 

with normal and branched alkanes59 show a behaviour similar 

to the CC1 4 systems we have investigated. 

Benzene also can play the role of the disordering 

molecule. Our results for the system iso-C16+benzene are 

given in Figure 18b, as well as the data taken from Lundberg87 . 

Again, an additional positive heat of 0.5 cal/cm3 is given 

off by the normal hexadecane. 

The above work shows thata l iquid composed of chain-

molecules, such as n-hexadecane, has a certain structure or 

orientational order which is lacking in a l iquid composed of 

spherical molecules. This indicates that these classes of 

l iquids should not obey the same corresponding states laws. 

The corresponding states principle essentially states that 

the (configurational) energy, when reduced through division 

by a suitable parameter, should be the same for all liquids 

when their free volumes or degrees of thermal expansion are 

the same. An effect of orientational order is present in the 

chain-molecule liquids but not in spherical molecule liquids, 

and only to a limited extent in the mixtures. Thus rr might 

be a different function of T or V for the two classes of 

1 iquids and their mixtures. There is much experimental evidence 
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that high polymers, as well as normal alkanes, display 

orientational order when they are in the pure state. Studies 

ûf strain birefringence of 1 ightly cross-l inked networks 

have provided the best evidence for much order88 . It seems 

likely that the thermodynamics of polymer solutions should 

reflect the presence of order in the polymer and this could 

be a reason for the failure of the corresponding states 

principle as applied to polymer solutions. It seems how

ever difficult to reach a definite conclusion here since 

neither the effect of free volume nor that of order are on 

a completely firm theoret·ical basis at present. It appears 

that further work is necessary before the discrepancies 

between experiment and the free volume theory can be ascribed 

to order in the polymer, and not to an inexact free volume 

term in the theory. 

3.3 GENERAL CONCLUSIONS 

1. The free volume or equation of state theory of Flory pre

dicts an incorrect concentration dependence of the enthalpy 

parameter 11 in solutions where free volume effects are pre

dominant. 

2. This failure is not confined to the Flory theory. A 

general corresponding states approach shows that all theories 

based on the corresponding states principle for polymers, 
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solvents and their mixtures would make the same error. The 

corresponding states principle is therefore called into 

question. 

3. An orientational order of chain-molecules such as n

hexadecane probably exists, and would lead to a failure of 

the corresponding states principle for solutions of these 

molecules. A similar orientational order probably exists 

for high polymers. 

4. The" parameter is the same when PIB or a low molecular 

weight model for P lB is mixed with n-pentane. This indicates 

that theory overestimates the effect of the very different 

free volumes of PIB and its low molecular weight model. 

5. In view of the probability that the effect of free 

volume is not properly taken account of by current theory, it 

is premature to associate the failure of the corresponding 

states principle in polymer solutions, with an orientational 

order of the polymer. 



4. CONTRIBUTIONS TO ORIGINAL KNOWLEDGE AND 

SUGGESTIONS FOR FURTHER WORK 
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 

The important results of this work were given in the 

two sections of this thesis. They are brieflY l isted below. 

1. The technique of l ight scattering was used to 

measure properties of polymer solutions under hydrostatic 

pressure. Therefore, the experimental pressure dependence 

of thermodynamic parameters could be compared with the pre

dictions of the current free volume theories •. 

2. Of particular interest to thermodynamics of 

polymer solutions, are the relative partial molar heat and 

volume, t,~ and t,V l . According to our results, it seems that 

fairly accurate values of t,H l and t,V l may be obtained from 

l ight scatter ing data. 

3. In our pressure range, it has been found that 

the effect on the chain dimensions of a pclymer, is similar 

to that of temperature. 

4. A simple "pressure cell" was designed for our 

l ight scatter ing exper iments. A lthough the l imit of res is

tance to internêll pressure was about 150 bars, the main advan

tage of such a cell was the simpl icity of use; no special 

instrumentation or technique is required, the standard SOFICA 

photogoniodiffusometer, which is now used inany research lab

oratory in polymer science, can be employed without modifica

tion for such an investigation. 
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5. It has been shown that non-solvent systems, 

such as pOlystyrene+n-alKanes, may have a negative volume of 

mixing in the reg ion of the ueST. This unexpected negative 

value is a contribution from the difference in free volume 

between the two components. 

6. The slope of the critical l ine, dP/dT, at the 

ueST has been obtained for a number of systems. previous 

worK had indicated the effect of pressure on the ueST to be 

several orders of magnitude less than on the LeST. We have 

shown here that the dependence of the UeST on pressure can 

be large. 

7. Negative heats of dilution have been obtained, 

by microcalorimetry, for a number of polymer-solvent systems, 

which shows the free volume contr ibut ion to the enthalpy of 

dilution. However, the concentration dependence of the 

entha'tpy parameter, ~, can not be explained by current free 

volume theories, and led us to call into question the corre

sponding states principle, the basis of these theories, as 

appl ied to polymer solutions. 

8. An order-disorder phenomenon has been observed 

by calorimetry, in mixtures of long chain alKanes, such as 

n-hexadecane, and spherical molecules l iKe carbon tetra-

ch 10 ride. 
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SUGGESTIONS FOR FURTHER WORK 

Our work on the pressure dependence of polymer 

solution properties has been satisfactory, in the sense that 

theory and experiment are in reasonable agreement for the 

systems which have been investigated. However, it seems 

desirable to carry out that type of study at higher pressures, 

but still using the same technique and equipment (except for 

the cell). Indeed, of major importance is the effect, if there 

is one, that pressure would have on the unperturbed dimensions 

of macromolecules. This was not found in our lower pressure 

range. 

It is in our heat of dilution determinations on 

polymer solutions, that the shortcomings of corresponding 

states theories appeared. In the l ight of our conclusions, 

two features are of concern: 

- we need a more accu rate prediction of the free 

volume contribution to any thermodynamic function which is 

meant to describe a polymer solution, 

a better understanding and estimation of the 

orientational order in such solutions. 

Heat of dilution determinations on model compound mixtures 

and polymer solutions at higher temperatures, should provide 

us with some answers. 
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This would also el iminate a difficulty to apply 

free volume theories: the estimation of the Ifcontact inter

action lf term X12 , which is done by fitting a thermodynamic 

quantity to experiment, and presupposes therefore a most 

accurate "equation of state lf term. 

F inally, in conjunction with obtaining chemical 

potential values from l ight scattering data, by studying sys

tems under hydrostatic pressure, it might be desirable to 

measure, by calorimetry, heats of dilution of the same systems 

under pressure. 

_T 
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APPENDIX 

TABLES OF SUPPORTING DATA FOR FIGURES 



P 
( bar) 

0 
30 
60 
90 

110 

c x 102 
(gl cm3) 

1 .070 

0.616 

0.356 

0.285 

0.116 

(S2>t 

rO 24 

338 
364 
384 
390 
382 

P 
(ba r) 

0 
40 
80 

110 

-A 1-

FIGURE 2, Page 23 

2.018 

1.227 

0.667 

0.539 

0.219 

FIGURES 3 and 4, Pages 27 and 28 

P IB+ 2-Methy1butane 

° A2x104 (cm?moleg-2) (A) 

57 64 24 57 64 

300 0.71 -0.46 
300 300 0.99 -0.05 -0.45 

318 325 1.24 0.45 0.12 
359 378 1.45 0.80 0.70 
380 355 1.58 1.13 0.90 

PS+2-Butanone at 220 

A2 x 104 
(S2)t 

(cm3mo 1 e 9-2) (~) 

1.08 335 
1.24 340 
1.30 367 
1.64 374 



FIGURE 6, Page 42 

C x 105 
(g/c~) 45 60 75 90 105 120 135 

Cl 194. 1 1.465 1 .500 1.550 1 .595 1.650 1.685 1 .725 

C2 150.2 1.365 1.405 1.460 l .500 1 .555 l .590 1.630 

C3 125. 1 1.305 1.340 1.390 1 .440 1 .490 l .530 1 .575 
1 

l> 
1\) 

C4 97.5 1.250 1.285 1 .335 1.380 l .435 1 .470 1 .510 
1 

C = 5 
67.0 1 . 180 1 .215 1.265 1 .310 1.360 1 .395 l .430 

C6 36.4 1 . 115 1 . 150 1 .200 1 .245 1 .290 l .325 1 .360 

l. 
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\ 
'. 

FIGURE 8, Page 51 

System P AL l!>2..!:l 

PS+n-hexane 260 8. 
100 13. 
80 15. 

0 19. 

PS+n-octane 95 26. 
60 27. 
8 28. 

PS+n-dodecane 200 27. 

95 28. 
8 28. 

PS+n-hexadecane 320 28.5 
0 29. 

PS+2,2-dimethy1butane 210 13. 
174 13.5 
130 15.5 
68 18.5 
0 21.5 
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FIGURE 10, Page 54 

2,030 4,000 10,000 2,030 4,000 10,000 

17.5 31.0 71.5 224. 200. a 155. 

r 14.5 28.4 68.1 10.2 20.6 59.5 

0.30 0.20 0.13 0.36 0.24 0.14 

3.44 3.30 2.90 2.01 2.07 2.34 



-A5-

FIGURE 13, Page 69 

M2 !:In 1 <l>i 
2 

<l>i 
2 

<l>a 
2 !:IHd XH 

(mole) ( ca 1) 

PS-:!"CYCLOHEXANE 

600 0.0247 0.738 0.667 0.70 5.61 0.89 
0.0456 0.667 0.554 0.61 8.42 0.83 
0.04~3 0.~54 0.457 0.~1 t4~ 0.79 
0.05 6 o. 57 0.364 o. 1 0.76 
0.0559 0.239 O. 191 0.22 1. 17 0.76 
0.0569 O. 142 0.114 o. 13 0.44 0.69 
0.0567 0.082 0.066 0.07" o. 11 0.63 

2100 0.0522 0.427 0.346 0.39 2.99 0.64 
0.0526 0.346 0.281 0.31 1.89 0.61 
0.0561 0.281 0.223 0.25 1.24 0.59 
0.0549 0.223 0.178 0.20 0.81 0.62 
0.0538 o. 178 0.142 0.16 0.41 0.50 
0.0533 O. )42 0.115 o. 13 0.26 0.49 
0.0550 o. 115 0.092 O. 10 0.17 0.49 
0.0551 0.092 0.073 0.08 o. 11 0.52 

20,400 0.0536 0.283 0.229 0.26 1.02 0.49 
0.0542 0.22~ 0.184 0.21 0.59' 0.43 
0.0525 o. 18 0.149 0.17 0.40 0.46 
0.0498 o. 149 0.122 o. 14 0.24 0.44 
0.0497 0.122 0.099 o. 11 o. 16 0.45 
0.0506 0.099 0.081 0.09 O. 12 0.49 

PS+CYCLOPENTANE 

600 0.0397 0.755 0.652 0.70 5.61 0.48 
0.0408 0.652 0.560 0.61 4.28 0.48 
0.0615 0.560 0.456 0.51 3.97 0·.42 
0.0695 0.456 0.367 0.41 1.99 0.32 ' 
0.0625 0.367 0.296 0.33 1.64 0.40 
0.0645 o. 159 0.126 o. 14 0.28 0.36 
0.0385 0.419 0.341 0.38 1.35 0.41 

2100 0.0689 0.495 0.368 0.43 2.92 0·39 
0.0682 0.368 0.290 0.33 6:~~ 0.35 
0.0670 0.290 0.233 0.26 0.32 
0.0657 0.233 0.185 0.21 0.54 0.32 
0.0634 O. 161 0.129 o. 14 0.25 0.32 
0.0661 0.095 0.076 0.09 0.08 0.30 
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FIGURE 13, Page 69 

M2 I\n
1 ~~ ~; ~a 

2 6Hd XH 
(mole) ( ca 1) 

PS+2-BUTANON E 

2100 0.0677 0.559 0.450 0.50 -0.29' -0.03 
0.0679 0.450 0.354 0.40 -O. 17 -0.03 
0.0667 0.354 0.284 0.32 -o. 15 -0.04 
0.0705 0.284 0.224 0.25 -0.09 -0.04 

0.0720 0.298 0.235 0.27 -0.13 -0.05 
0,.0670 0.604 0.467 0.54 -o. 19 -0.02 

10,000 0.0698 0.362 0.264 0.31 -o. 13 -0.03 
0.0702 0.264 0.205 0.24 -0.05 -0.02 
0.0678 0.205 0.163 0.18 -0.07 -0.05 

51,000 0.0722 0.217 0.160 0.19 -0.08 -0.05 
0.0705 0.160 o. 123 0.14 -0.03 -0.04 

97,000 0.0709 0.244 O. 181 0.22 -0.05 -0.02 
0.0711 O. 181 O. 141 0.16 -0.02 -0.02 
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FIGURE 14, Page 70 

M2 6n1 1J~ rpf rp~ 6Hd 'XH 2 
(mole) ( ca 1) 

PS+ TOlUEN E 

600 0.0590 0.532 0.423 0.48 -1 . 17 -0.15 
0.0609 0.423 0.333 0.38 -0.71 -0.14 
0.0600 0.333 0.263 0.30 -0.44 -o. 14 
0.0605 0.263 0.207 0.24 -0.26 -0.13 
0.0604 0.207 0.16S O. 19 -0.17 -0.14 
0.0606 0.16S O. 12 o. 15 -0.09 -0.12 
0.0601 O. 12 O. 101 0.11 -0.05 -0.12 
0.0609 O. 101 0.079 0.09 -0.03 -0.12 
Q.0610 0.679 0.062 0.07 -0.02 -o. 13 
0.0607 0.049 0.039 0.04 -0.01 -0.10 

2030 0.0565 0.304 0.235 0.27 -0.33 -0.14 
0.0566 o. 156 O. 122 o. 14 :..0.1"1 -0.17 

2100 0.0568 0. 51S 0.408 0.46 -1 .60 -0.22 
0.0575 0.40 0.327 0.37 -0.88 -o. 19 
0.0574 0.327 0.262 0.30 -0.51 -0.17 
0.0551 0.262 0.211 0.24 -0.26 -O. 14 
0.0564 0.211 0.167 o. 19 -0.17 -o. 14 
0.0551 0.167 0.134 o. 15 -0.10 -0.14 
0.0558 o. 134 o. 107 O. 12 -0.06 -O. 13 

20,400 0.0390 0.437 0.370 0.40 -0.64 -0.17 
0.0576 0.370 0.292 0.33 -0.58 -o. 16 
0.0578 0.292 0.233 0.26 -0.26 -0.11 
0.0573 0.233 0.185 0.21 -0.18 -o. 12 
0.0556 0.185 0.148 o. 17 -0.10 -o. 12 
0.0581 0.148 0.118 o. 13 ··0.05 -0.08 

PS+ETHYlBENZENE 

2100 0.0480 0.558 0.439 0.50 -0.45 -0.06 
0.0518 0.439 0.337 0.39 -0.30 -0.06 
0.0511 0.397 0.259 0.30 -0.15 -0.06 
0.0499 0.259 0.199 0.23 -0.08 -0.06 
0.0522 o. 199 0.152 0.18 -0.04 -0.05 
0.0506 0.152 o. 116 0.13 -0.01 -0.03 
0.0460 0.309 0.228 0.27 -0.11 -0.06 
0.0499 0.298 0.174 0.20 -0.06 -0.06 
0.0502 0.174 o. 134 o. 15 -0.ô3 -0.04 
0.0518 0.134 0.101 0.12 -0.01 -0.04 
0.0501 0.101 0.077 0.09 -0.01 -0.04 
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FIGURE 15, Page 93 

X t6HM 
(molar fraction of 

cyclohexane) 
( J/mo1e) 

o. 18 108.8 

0·32 167.0 

0.47 206.0 

0.76 180.8 

0.87 128.5 


