5 Pure Component Solubility Parameters

5.1 Hildebrand Solubility Parameters — Pure CO?

In his high pressure gas chromatography work, Giddings®™® recognized that gases
subjected to high pressures, where densties approach those of liquids, acquire solvent
properties much like liquids (see Table 2-1). This gmilarity with liquid solvents led
Giddings to develop a corresponding states approach, based on Hildebrand's (liquid)

solubility parameter concept.

5.1.1 Giddings Approximation
Hildebrand and Scott,®® developed a relationship between the solubility

parameter and the critical pressure, P, from the equdity of egn(4-18), when »n =1, eqgn.

(4-15), and egn. (4-21).

Lo _DE gaEQ __a _aEQ
&g V' &g V¥ eV g
(5-1)
1/2
\ d=2
V

where a is known as the van der Waals attraction parameter and the volume, V, is
identified with van der Wads paameter b This determingtion of V was origindly

proposed by van Laar,?®! who assumed that liquids not significantly expanded could be
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gpproximated by the minimum volume according to the van der Wads equation, namdy

the parameter b, 252

d= (5-2)

Expressng the van der Wads parameters e and b in terms of critical properties,

27R*T? RT
a=——, and b=—-+= (5-3)
64P, 8P

c c

0 that

EDTRT?G

4P,
\ d=f——2_=(27p)" (5-4)
8P

c

However, Hildebrand found that to obtain satisfactory agreement with directly measured

vaues of (1P/17),, referred to by Hildebrand as the “therma pressure coefficient” 263

the numerical constant +/27 should be replaced with 1.25, so that

d =1.25P""2 (5-5)

where P, isthe critical pressurein atmospheres and disin (ca/cnt)Y2.

Hildebrand®®* compared the accuracy of egn. (5-5) with solubility parameter
vaues cdculaed from egn. (5-1) and egn. (5-77) (reviewed later in this chapter). The

result of his comparison is reproduced in Table 5.1.
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Table 5-1. Comparison of solubility parameter equations.

Substance Eqn. (5-77) A% a Eqgn. (5-1) P Eqn. (5-5)
- a2 | (L) | (liter® 42 (atm) | d =1.25P"
d gOH - RT g atm) d @—
% v r

n-Hexane 7.3 132 | 244 58 29.5 6.8
Ethyl ether 7.5 105 | 174 6.2 35.5 74
Cyclohexane 8.2 109 | 228 6.8 40.4 8.0
Carbon 8.6 97 204 7.2 45.0 8.4
tetrachloride
Benzene 9.15 89 18.0 1.4 47.7 8.6
Chloroform 9.3 8l 254 9.7 65.8 10.1
Carbon 10.0 61 11.6 8.7 76 10.9
disulfide

All vaues were determined & 25°C; d unitsin ca”? cm

As can be seen from the table, the gpproximate ranking of the solvents according to

solubility parameter vaue is retained, but the numerical vaues for individud substances

differ condderably.

Giddings followed the development of Hildebrand and Scott, but instead of using

the van Laar assumption, egn. (5-2), he subgtituted van der Waas constants and used

_RT
8P

c

and b :ﬂ
3

V=P V=V =3b

reduced variables,
_27TR°T?
a=—"-">,
64P,
v
and

(5-6)



2 2_,1/2 2 2__ZI./2
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g 64P. g 64P. 4 p )2
d=t— =t —"2 -(3;) =), 6
‘ e 2 f
8P ¢

Giddings then adopted Hildebrand's empirica congtant of 1.25 in place of J3,
d=125P"%r, (5-8)

Giddings extended this equation, drictly applicsble only to liquids to
supercritica  fluids by assuming the equivdence of gases and liquids a a common
dendty. This equivdence says smply that the solubility parameter remans a smple
lineer function of dendty in the liquid, gas, and supercriticd fluid regions. That is
dendty changes smoothly and continuoudy as you trace a peath, shown in Figure5-1,
from the liquid region, around the critical point (in the supercritica fluid region), and into

the gas region.

T
|

Solig | Liguid Supearcritical
| Fluia

Pressure

Temperature

Figure 5-1. Schematic illustration of the continuous change in fluid density on going
from a liquid, to a supercritical fluid, to a gas.
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This corresponding dtates assumption leads to the following equation for
describing the solubility parameter of a fluid, applicable to the liquid, supercritical, or gas

state

Xr O

d= 1.25Pj’2§—’j (5-9)
Voo @

where r,4i, is reduced densty of the liquid phase a its norma boailing point. Giddings

made an andyds of some fluids “commonly used as chromatographic dationary phases’

and determined an averagevaueof r, =266, so that,

d =1.25P"%r *" [ 2.66
=0.47P"%r }" &9

Equation (5-10) has become the most widdy used method to cdculate the (1-
component) solubility parameter for supercritical fluids26®266:267:268  Unfortunatdy, little
or no experimental verification of reaions such as the one presented by Giddings exids,
and hence their accuracy cannot be assessed.  This type of empirical corrdation,
however, is expected to be less accurate for fluids that are gases & room temperature and

pressure and for polar and/or hydrogen bonding fluids where specific interactions occur.

The liquid solvents evduated by Giddings to arive a the vauer """ = 2,66 are

unknown. In Tables5-2, 53, and 54, vaues of r " = rl“"”% are given for a range
C

of fluids, including those which are gases and liquids a room temperature and pressure
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(RTP).

COo sublimates from a gas to solid phase a 25°C and 1 atm, and therefore

boiling point data are not available, at the stated conditions, for this compound.

Table 5-2. Reduced density of (gaseous) fluids at the normal boiling point.

Fluid

(Gas at RTP) c "1 atm BP "Latm BP
(glom’) (gemd) "¢
Sulfur Dioxide 0.524 1.462 2.79
Argon 0.536 1.39 2.59
Nitrogen 0.311 0.808 2.60
Hdium 0.0696 0.125 1.80
Krypton 0.9085 2412 2.65
Hydrogen 0.031 0.0708 2.28
Oxygen 0.436 1.141 2.62
Methane 0.1625 0.4241 2.61
Propane 0.225 0.582 2.59
Average = 2.50

Table 5-3. Reduced density of (liquid) fluids at the normal boiling point.

Fluid r r r
(Liquid at RTP) C latm BP latm BP
(gom?) (gem) "¢
n-Pentane 0.232 0.609 2.63
Benzene 0.3063 0.818 2.67
Toluene 0.291 0.779 2.68
Acetone 0.2683 0.745 2.78
Acstic acid 0.351 0.911 2.60
Formic acid 0.4322 1.059 2.45
Acetonitrile 0.2373 0.708 2.98
p-Dioxane 0.369 0.936 2.54
Pyrrolidine 0.2856 0.793 2.78
Pyridine 0.3268 0.889 2.72
Aniline 0.340 0.868 2.55
Average = 2.67
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Additiond errors will likdy arise when empirica relations designed for pure fluids are
used to cdculae the solubility parameter for fluid mixtures, particularly if one or more of

the componentsis highly polar.

Table 5-4. Reduced density of (polar liquid) fluids at the normal boiling point.

(Polarl°7 }ilil(;luid at ' c "Latm BP —r LatmBP

RTP) (gomd) (gemd) re
Methanol 0.2715 0.75 2.76
Phenol 0.4104 1.16 2.83
Isopropy! acohol 0.2735 0.713 2.61
Ammonia 0.235 0.683 291

Average = 2.78

Overall Average of All Fluids = 2.63

5.1.2 Thermodynamic Equation of State

As previoudy discused, Hildebrand derived an gpproximation of the internd
pressure, cdling this approximation the cohesve energy dendty, by assuming a paticular

volume dependence of E (see egn. (4-16)).

» 5-11
eV g g‘HV@ &1

but from the thermodynamic equetion of Sate, egn. (4-11)
HEQ _ &0 p (5-12)

50 that
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a2 »JES - HPY (5-13)

Total (1-component) solubility parameters can therefore be calculated using an equation
of state (EOS) of the form, P=£{r,T). This approach has been used in this work to

caculate the total solubility parameter for pure COp, usng the empiricd EOS of Huang

et al®®
¢ u
gl+ b,r +b,r 2 +b,r *+b,r *+b,r *+b,r? exp(- Cpf '2)+ bgr exp(- Cpul 2)3
é : Dr a
P=r RTgrc,r exp[— c,, (DT)2]+CZ3Texp[- ¢, (Dr)” - c27(DT)2] (
é a
é Dr a
étcC, —exp [' Cu (Dr )2 - Cz7(DT)2] l;|
é r a
(5-14)
where
=14 Dr=1-T; r':%; Dr =1-1/r’ (5-15)
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Table 5-5. Huang equation of state constants, C;

i |G I |G

1 | 0.376194 15 | -2.79498

2 | 0.118836 16 | 5.62393

3 | -3.04379 17 | -2.93831

4 | 2.27453 18 | 0.988759

5 | -1.23863 19 | -3.04711

6 | 0.250442 20 | 2.32316

7 | -0.115350 21 | 1.07379

8 | 0.675104 22 | .0.599724° 10-4
9 | 0.198861 23 | 0.885339° 10-4
10 | 0.216124 24 | 0.316418° 10-2
11 | -0.583148 25 | 10

12 1 0119747~ 1001 | 26 | 50

13 | 0537278 101 27 | 80,000

14 | 0.265216" 10°1

and,

®’ cC c c c c, O &, 0
b2=gcl+—2,+—?é+—j43+—,54+—,65+; by =¢2+
e T T T T T g el g
_®& ¢ ¢ 0 _ &5 | Cyp
b=+ 08 by =B 4 G
e T T g el T
_®& ;0 _
b, _cho'l'L-lT’ bg = -y )
e T g el” T
_x €130
bs_g;clz"'T-T
e 9

€17 O

T'Sg

gels 4 G0 4 6209

T° g

(5-16)

These equations and the appropriate derivatives (presented in the Appendix A)

have been written into a computer program and CO» solubility parameters have been

cdculated over the temperature and pressure range for which the EOS is dated to be

vaid (220K £T £ 420K, and lam£ P £ 600 am). Fgure5-2 is a plot of the resulting

solubility parameters,
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Figure 5-2. Total (I-component) solubility parameter of pure CO), calculated using
eqns. (5-13) and (5-14).

Figure 5-3 is a contour plot comparison of COp solubility parameter vaues
cadculaed with Giddings approximeation, egn. (5-10), versus CO» solubility parameter

values caculated from the CO» equation of state egn. (5-14) and egn. (5-13). Vaueson

. from Giddings 0
the contour plot lines represent vaues of gj d from EOS & In the

supercritical  fluid region (identified by the dashed lines), the solubility parameters
obtained from Giddings approximation are 10 to 20 % greater than those caculated from
the EOS. Smilaly, in the lowtemperaiure gas region, Giddings eguation

underestimates the true solubility parameter by about 15%.
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Figure 5-3. Contour plot comparison of Giddings solubility parameter approximation
(egn. 5-10) versus equation of state solubility parameter calculation (eqn. 5-13) for CO).

5.2 3-Component (Hansen) Solubility Parameters — Pure CO»

While the thermodynamic equation of state method gives an accurate representation

of the total (1-component) solubility parameter for CO» over arange of temperatures and
pressures, we have seen that the (Hildebrand) 1-component model does not accurately
predict the solubility behavior of ared fluid. We need to be able to express the solubility
behavior of CO2 in terms of 3-component (Hansen) Solubility Parameters (d, d,, d).
Extending the HSP methodol ogy to supercritical fluids would significantly enhance the

understanding of their solvent properties; however, no such studies appear to have been
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done. For grictly nonpolar gases (gases with no permanent dipole or higher moments,
such asargon), the values of d, and d, will be zero, and we could equate d; with the total
solubility parameter, dr,.,;.. However, CO», which posses alarge quadrupole moment and
can display Lewis acid-base characterigtics, has non-zero vauesfor both d, and d,.?”°
Determination of HSP's for (ambient condition) gases is usudly based on room
temperature solubility of the ges in different liquids of known d,, d,, and d,. . Those
liquids that show the highest solubility for the gas are assumed to have HSP's closer to
those of the gas than those liquids which have lower solubilities for COo. In the
following section, published data of CO» gas solubility (&t 25 °C and a COp patid
pressure of 1 amosphere) in a large number of liquid solvents is evaluated. From this
data, a set of HSP vaues a a particular temperature and pressure can be determined.

HSP vaues a other pressures and temperatures will be based on this set of HSP values,

using pressure and temperature derivative functions, which will be derived subsequently.

5.2.1 Optimized CO2 HSP Values from Published Solubility Data

Published CO2 solubility data at 25°C and 1 amosphere partial pressure of COp
in various liquid solvents are collected in Appendix B. CO2 HSP vaues were calculated
based on a smple weighted average,

a xidd,-

defe = (5-17)
ax,
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d: =% 5-18

o T (5-18)
én xidly

do2 = 5-19

h 2 (5-19)

using the entire data set of 101 solvents, heresfter called dataset #1, as well as the subset

of data where the measured CO» solubility was greater than the ided solubility a 25 °C
and 1 atmosphere, x4 =0.0229 (CO2 ided solubility development is induded in the
Appendix B). This subset of data, heresfter cdled data set #2, is comprised of 10

olvents.

These andyses resulted in the following HSP vaues for CO» at 25°C

Data set #1: d, = 16.4 MPa?
d, = 5.5 MPa'?
d, = 5.8 MPa*?

Data set #2: d, = 15.6 MPa*?,

d, =52 MPa?
d, = 5.8 MPa”?

The experimentad COo solubilities and HSP vaues for the solvents included in

data st #2 are shown in Table 5-6, while the vdues for data st #1 ae given in

Appendix B.
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Table 5-6. CO) solubility, and HSP values for the solvents included in Data Set #2.

P d, d, d,
Solvent X co, (MPa)"? | (MPa)"? | (MPa)"?
Tributyl phosphate,
(C12H2704P) 0.03550 16.3 6.3 4.3
Amyl acetate,
(C7H1409) 0.02800 15.8 3.3 6.1
Butyl oleate,
(C22H420, 0.02790 14.7 34 34
Tetrahydrofuran
(C4HsO) 0.02700 16.8 5.7 8.0
Methyl olegte
(C19H36052) 0.02690 14.5 3.9 3.7
Isobutyl acetate
(CsH1202) 0.02500 15.1 3.7 6.3
Methyl ethyl ketone
(C4Hs0O) 0.02444 16.0 9.0 5.1
Propyl acetate
(CsH1002) 0.02429 15.3 4.3 7.6
Ethyl acetate
(C4Hs0O) 0.02300 15.8 5.3 7.2
Methyl acetate
(C3Hs0O2) 0.02253 15.5 7.2 7.6

271,272,273 was aso used to

A second gpproach, known as the solubility sphere,
evaduate the published solubility data The solubility sphere approach is essentidly a trid
and error method, whereby dl the “good” solvents are included within the sphere and dl
the “bad” ones are excluded, and the radius of this sphere is known as the interaction
radius, or Ro. The criterion of *“good” versus “bad” can vary, based on the interaction
being dudied. This can include percentage polymer swelling, dissolution, breskthrough
times, permedtion coefficients higher than a given vadue, long-time suspenson of a
pigment, etc. Based upon the criteria selected, spheres are then produced for three plots,

d;vs d,, d;vs d,, and d, vs. d,, and the sphere radius Ro is adjusted until an identical

radius for each of the three pots can be found which incorporates the “good” interactions

5-75



and excludes the “bad” interactions. Using this gpproach, other solvents or compounds
of interest can be screened to determine if they are within the interaction radius, Ro, and
therefore appropriate (“good’), or inappropriate (“bad”) for the application they are being
consdered. This type of evauation or predictability is aded by an equation developed
by Skaarup for determining the distance, Ra, between two materids based on ther

respective HSP values, 274
(Ra)2 = 4(dd2 - ddl)2 +(dp2 - dp1)2 +(dh2 - dhl)z (5'20)

where d;», d,,, and d,, are associated with a given solvent and d;;, d,;, and d,; with the
center of the solubility sphere. This equation was developed from plots of experimenta
data where the congtant “4” was found convenient and correctly represented the solubility
data as a sphere encompassing the good solvents. Figure 5-4 is a schematic

representation of this approach.

dy (MPa) 1/2

Figure 5-4. Interaction radius, where Ro incorporates all “good” solvents and excludes
all “bad” solvents.
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For this evauation, “good” was defined as solvents with the COo solubility
greater than ideal and “bad” were those solvents where the CO2 solubility is less then
idedl. It is clear that for cases where COo solubility is grester than ided (where the
(ettractive) COo/solvent interactions are grester than solvent/solvent interactions) Ra

should be less than Ro. A convenient index for relative “goodness’ of a solvent is the

ratio Ra/Ro, which has been cdled the relative energy difference (RED) number

RED = R%O (5-21)

For an individud solvent, an RED less than 1 indicates high affinity, while an RED vdue
close to 1 is a boundary condition (between “good” and bad”). Progressively higher RED
numbers indicate progressively lower affinities®”®  Computing Ra from egn. (5-20) and
the RED from egn. (5-21) dlows for easy scanning of large data sets, such as the 101
solvents in data set #1 used for the HSP optimization. The solubility spheres optimized
for data set #1 and data set #2 with the two HSP center points are shown in Figures 5-5a,
b, and c. As can be seen from these spheres, an interaction radius Ro = 4.0 for data set #2
incorporates the “good” solvents as defined, whereas for data set #1, an interaction radius
Ro =47 is necessary to incorporate the “good” solvents. In addition, the solubility
sphere for data st #1 rexlts in the incluson of 7 “bad” solvents (2-
Methylcyclohexanone, cyclohexanone, oleic acid, dichloromethane, trichloromethane,
propylene bromide, and 1,2-dibromoethane) whereas the sphere generated for data set #2

results in the induson of only 1 “bad” solvent (oleic acid), for which the high CO2
solubility may be a result of a chemicd reaction with CO2, smilar to the type of reaction

described in Section2.2. In terms of the Sphere technique, occurrences of “good”
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solvents fdling outdde of the sphere radius, and “bad” solvents fdling insde the sphere

radius are known as errors and can be viewed as an indication of the “goodness’ of the

fit. The Exceld oreadsheat of RED cdculationsis given in Appendix B.
Literature Ro values for the mlymers evauated in Chapter 6 are reportedly based
on the dissolution behavior of the respective polymers in a range of liquid solvents.

These Ro vaueswill beidentified in thiswork by R
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CO, Solubility in Liquid Solvents, P.,, = 1 atm., T=25°C CO, Solubility in Liquid Solvents, P.,,= 1 atm., T=25°C
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Figure 5-5. Solubility sphere plots of CO) in organic solvents. (a) d, versus dj, (b) d,
versus dy, and (c) d, versus d,.
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Usng the optimizetion routines to identify COp HSP points and then the

solubility sphere as a graphica representation of “good” and “bad” solvents, it has been

determined that the set of HSP' s optimized from data set #2,

d, = 15.6 MPa'’?
d, =52 MPa"? (5-22)
d, = 5.8MPa"?

best characterize COp at [T =25°C|. The rationd of this choice is further supported by

problems noted by Hansen,’®

who notes the gpproach of usng dl solvents to establish
the center of a solubility sphere results in this sphere boundary (and center) being
determined by the poor solvents or nonsolvents, rather than the best solvents in the
middle.

It is next necessary to establish a pressure corresponding to this T= 25°C set of

HSP vaues in order to use them to determine HSP's a arbitrary conditions of T and P.

From egn. (4-27), the determined HSP values for CO» result in a totd COo solubility
parameter of 17.4 MPa?,
d; =dj+d> +d;
= (15.6)° + (5.2)° + (5.8)* = 304.04MPa (5-23)
= 17.4 MPa""*
The PVT eguation of doate, which caculates totadl COo solubility parameters
(Section5.1.2) was used to determine the combination of pressure and molar volume

correspondingto T=25°Cand d,, = (;HEE - P =17.4MPa"?, which gave

ef By
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P = 13,300 psi (905 atm)

524
yo:=3013em’/ 24

5.3 Temperature and Pressure Effects

Both temperature and pressure will influence total  solubility parameters.
However, other than Giddings extenson of the 1-component (Hildebrand) solubility
parameter model to supercritical fluids (Section’5.1.1), there appears to be no published
reports on methods to caculate tota solubility parameters as a function of pressure, and
only limited reports on the cdculation of solubility parameters as a function of

temperature 277,278,279

Generdly, an increase in pressure a condant temperature will
increese the total solubility parameter through an increese in the solvent dengty.
Smilarly, an increase in temperature a congant pressure will decrease the totd solubility
parameter. Both of these trends can be seen in Figure 5-2, where the total CO2 solubility
parameter, caculated usng egns. (5-13) and (5-14), is seen to be Smilar in gppearance to
the PVT surface, shown in Fgure2-3, illudrating the predominant dependence of
solubility parameter on density.

The temperature and pressure dependence of individud HSP's, as a function of
temperature and pressure, has apparently not been evduated for any liquid, gas or
supercriticad  fluid.  An gpproximate agpproach for this cdculation is outlined in the
following Sections, where the temperaiure derivatives, origindly derived by Hansen and

0

Beerbower,?®® are verified. Pressure derivatives, not found in any literature search, are
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derived in a manner pardld to the temperature derivatives.

are developed

5.3.1 Temperature and Pressure Effects on HSP’s : &5

From Section 4.2.3, the dispersion solubility parameter, d;, was defined as

In addition, integrds forms

(5-25)

where E, is the dispersion, or nonpolar, contribution to the total cohesive energy, E.

Hildebrand, in his 1950 work, discusses the effect of temperature on solubility parameters

by recalling the expression for the dependence of E on the volume?®

(5-26)

where k is a constant dependent upon the nature of the particular liquid and nisabout 1.5 for

norma liquids. Subgtituting egn. (5-26) into Hansen's definition for the dispersion

solubility parameter, egn. (5-25),

50 that

d2 = - k
Vn+l
k1/2

d, = ——

d V(n+]%
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The change in oy produced by a change in volume can be calculated by taking the partial
derivative of egn. (5-28) with respect to volume at constant temperature and pressure,

(n+ 1 &

i pemmeled, Sy
éﬂVﬂT,P e gea O

k1/2 w/l-l-lg[Vl]

= ————c— 5-29
V(n+%g 2 . ( )
an+lp®lo
=-d, ¢ +6—7
¢ 2 ofV 4
and
d 51V i 5TV W
Mo @rrlol” _ g@hordol” _ 15l (5-30)
dd e 2 QV e 2 QV V

Equation (5-30) can now be differentiated for either a change in temperature or pressure, or
integrated. The partial derivatives will be discussed first, followed by the integration of

egn. (5-30).

The partial derivative of d, with respect to temperature at constant pressure is

gei?aeﬂdd L kL (5-31)
gd, & 1T g, eV el g,

The isobaric coefficient of thermal expansion, a, is defined by

a=—HMVY (5-32)
VéﬂT dp

so that by combining egn. (5-31) and egn. (5-32),

5-83



= - 1.25d,a (5-33)

The same type of derivation can be performed to generate an expression for the changein d,

with respect to pressure at constant temperature:

aeit;jea]ddg 12§103e‘ﬂVo (5-34)
§ d. ﬂPﬂT eVm Pﬂr
The isothermal compressibility, b, is defined by
p=. LAV (5-35)
VéﬂPﬂT

so that by substituting egn. (5-35) into egn. (5-34),

%2 - 1254, (5-36)
e ﬂP @

The integrated form of egn. (5-30) is obtained by integrating between the limits of an

initial reference state ey, Viyer (8t Propand Tef), to SOmenew dy , V' (at P and 7)),

dg

oMy - 125 Oﬂ (5-37)
d, - d V
dref /
and
Ind,,, - Ind, =-1.25(n%,, - In¥) (5-38)



dref _ I/ref

d
In = -1.25In (5-39)
d, 14
d ref aI/re' o e
=g (5-40)
dd e v (%)
5.3.2 Temperature and Pressure Effects on HSP’s: 3p
From Section 4.2.3, the polar solubility parameter, d,, was defined as,
E
2 _
d; = 7p (5-41)

where E, is the polar contribution to the total cohesive energy. The first values of g, were

assigned by Hansen and Skaarup using the Bottcher equation, as described in

Section 5.4.2.2.1,

12108 e-1
42 = 2 o) ¢ 5-42
P V2 26+}’l12) (nD+ )TI SCMSH ( )
A simplified equation was |ater developed by Hansen and Beerbower, %2
37.4m
P = [MPa¥?) (5-43)

where mis the dipole moment. This equation is utilized for determining the change in %

with respect to either temperature at constant pressure or with respect to pressure at constant
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temperature. First, the partial derivative of egn. (5-43) with respect to volume at constant

temperature and pressure is determined,

&fd, o

0 2 (37.4m)
eV g, €2¢
1#37.4m6_ d,

VYR sy

(5-44)

and

|, W
d v

(5-45)

Equation (5-45) can now be differentiated for either a change in temperature or pressure, or

integrated. Differentiating d, with respect to temperature at constant pressure,

21 Geefld 6 5 5
g13% 2 | eloldlbs (5-46)
§d, RT3 e20VeTT o,

Substituting in the isobaric coefficient for thermal expansion, a,

Q

A, 0 a8
g1 5, "é2g

(5-47)

A similar derivation can be performed to caculate the change in 9 due to pressure at

constant temperature,

] oxd, 6 eloladlV 6
G, m1Ps 2 iers &9
¢d, TP 5 e2aVelPg
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and substituting for the isotherma compressibility, b,

aeﬂd o ..
2% = dp?fEE
g 1P . e2g
The integrated form of egn. (5-45) is
d, 1d 14 v
C‘) £ = 0.5 07
9 pref P Vrf/
S0 that by integrating, we have
Ind,, - Ind, =-05(n7,,

d ef Vre'
In— - . 0.5In—~
V

5.3.3 Temperature and Pressure Effects on HSP’s: 5,

- InV)

(5-49)

(5-50)

(5-51)

(5-52)

(5-53)

In Hansen's early work, the hydrogen bonding parameter was amost always found

by subtracting the polar and dispersion energies of vaporization from the total energy of

vaporization. This is sill widely used where the required data are available and reliable.

Hansen,?®® however, while noting that “thereis no rigorous way of arriving at values of the

temperature dependence of the hydrogen bonding solubility parameter”, developed an

empirical approach for the determination of the temperature dependence of ¢, which
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involves experimental heats of vaporization data for hydrogen-bonded substances, which, in

turn, are taken from Bondi.?%

From Section 4.2.3, the hydrogen bonding solubility parameter, d,, was defined as

d,f —ﬂ
V

50 that
E, =Vd:

(5-54)

(5-55)

where E, isthe hydrogen bonding contribution to the total cohesive energy. Differentiating

egn. (5-55) with respect to temperature at constant pressure,

EﬂEh 0 _ dh O ZﬁVO
¢+ =V(2d,) tdig =
e ﬂT ap e ﬂp eﬂT @p

d E,
v, 2 afld, 6 _ ae‘IT 6 -di?ﬂo

e‘ITT ap eﬂT op e 17 g,

aTEhO dzai‘ﬂVO
- dic—=
ofd, 0 _ e 1 ap heﬂTﬂP

9 0
e 17 g, 2rd,

(5-56)

Simplifying, rearranging terms and substituting in the isobaric coefficient of therma

expansion, b,
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ad,o 2 1 %o d,eliVs
e 1T g, éZth;éﬂTgp 2 &V 1T g,
ST o, S22 LT g, 'é24
e E), 6 0
Co——+ +
Ao _gcell g 2a-
$9T o, 'S 2E, 27
g p

(5-57)

Bondi,** through exploratory cal culations, has shown that the difference between the

heat of vaporization of a hydroxylic compound (a compound displaying strong hydrogen

bonding) and that of its hydrocarbon (or other nonpolar) homomorph constitutes a good

measure of hydrogen bond strength. This work also discusses the decrease in the heat of

formation of the hydrogen bond with increasing temperature.

#E h

Reference curves of

¢ dTgwere constructed™ for various functional groups and are shown in Table 5.7,
(7]

along with experimentally derived values of E, 2%

Table 5-7. Experimentally determined values of E, and S@ZE%TQ
é 2

Functional Hydrogen-bond parameter, dE,
Group E. dT
(Ca%wle) (Ca%nole xK )
¥, OH (aliphatic) 4650 + 400 -10
¥a NH, (aiphatic) 1350 + 200 -4.5
% CN (aliphatic) 500 + 200 -7.0
¥ COOH (diphatic) 2750 + 250 -2.9
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Averaging the rate of change of the hydrogen bond heat of vaporization with

temperature (dE, /dT ), and dividing by the average excess heats of vaporization (heat of

vaporization of the hydrogen bonding compound minus the heat of vaporization of its

nonpolar homomorph) results in the following form of egn. (5-57):

C =
e ﬂT Bp

x264" 10°
dh 8—2
e

-d, 132" 10+
e

+

aod
25
ao

2g

(5-58)

The change in the g, with respect to pressure at constant temperature is obtained by

utilizing the relationship

fd, 1d, 1T
WP 97 1P
and, from egns. (5-32) and (5-35),
17_.b
1P a
so that
d P
o | g H3 10°+20&E RO
e 1P o, e ge ag
and
ofd, 6 #.32"10°b b
¢—= =d,g—+ %
e 1P g, a 25
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(5-60)

(5-61)
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Equation (5-58) can be rearranged to aform that can be easily integrated,

A9 _a,B 32 107420
e TIT dp e Zg
- .a,83210° . 40 (5-63)
e 2VdTg
dd ;
Lo B3 10ar+ 22
d, e Y g
Upon integration of egn. (5-63) from(d,, T., and V) to (d, T and V),
dy dd s} T vV o}
O——+=-132"10° T+ 58— (5-64)
d href d, g Tig Vier :
d . e ‘"0.5
In—L =132 10°(T,, - T)- Ing— (5-65)
d, ‘ &V 5
dhref - & ? , -3 aI/"e.f' 905[:'
— = expé- 1.32°10°°(T,,, - T)- Ing—"r% u (5-66)
d, & ’ &V g H

The total solubility parameter, incremented for small changes in temperature and

pressure, can be calculated from egns. (5-33), (5-36), (5-47), (5-49), (5-58) and (5-62) using
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2 B ‘2
é d, o d, o ua € &d, o id 6 u
d2:édd+8d]ﬂngT+§dTﬂlngPu +(:adp+gﬂ7fiDT+ ﬂPpiDPL:J
2] e 2p e or 1] & e op e o H
, 2
e = u
+ édh+geﬂdhg DT+geﬂdhg DP ¢
& e 17 g, eTP g
(5-67)
or from egns. (5-40), (5-53) and (5-66) usng
¢ R o € ‘?2
é u e U g 3
d? = é dy,.r ua @ d,. u ‘a dyr a
G ~1250 e _os5U 7 05
o 6 o a0 .0 @ & 5 0u
Zg L+ 0 ZE L 0 éexp? 132" 10°°%(T,, - T)- Ing ’e”g i
&V g o &V i 8 g eVﬂ;H
(5-68)

The derivative forms are summarized in Table 5.8 and the integrated formsin Table 5.9.

Table 5-8. Equations (derivative form) for the temperature and pressure effects on

HSP's.
Temperature increment Pressure increment
d, .
9,0 . 1254,a & 2~ 125d,b
17 g, P g,

d, 8611dp 0 » 0 &b o
- Q—— o oTd,eoT
€T "é2p 1 E, "é2g

d, d & ;

e ﬂT dp 2 ﬂ e ﬂP or é a 2
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Table 5-9. Equations (integrated form) for the temperature and pressure effects on

HSP's.
-1.25
dd ddref - ?/refg
dd e v B
-0.5
C!v dpref - ?/ref 9
dp e V Ef
- .5
dyver © ., 0 U
d, " - expeé- 1.32° 103(T,, - T)- Ing—L+
~ ref 8 Vo
d, & e o Y

Appendix C includes resuilts of the equations summarized in Table 5-9 for CO2.

5.4 Cosolvent Solubility Parameters

5.4.1 1-Parameter Models (Hildebrand)

As edablished for COp, totd (Hildebrand) solubility parameters can be
determined for nonpolar and weskly polar solvents using an appropriate equation of state
and equating the cdculated internd pressure to the cohesive energy density (see egn. (4-
17). However, EOS data are often unavailable for compounds used as cosolvents or is
avalable only over a very limited range of T and/or P. In these cases, the totd solubility
parameter can be found from the isobaric coefficient of thema expandon, a, and the

isotherma compressibility, b, sinceit can be shown that

S0 _r2l L p| (5-69)
éﬂVﬂT bgV
where, as before,
a=tZ0 ggp-. 1O (5-70)
VelT g, V&P g,



An dternative method for cdculaing the totd (Hildebrand) solubility parameter
is based on equating the cohesive energy dengty to the heat of vaporization.
The molar cohesive energy, E, can be divided into two parts?®® (1) the molar

vaporization energy, required to veporize a mole of the liquid to its saturated vapor (at

congtant volume), D E, and (2) the energy, required to expand the saturated vapor to

infinite volume a condant temperature; that is, the energy necessary to completely

separate the molecules, , D, £, sothat
E=D,E+,D E (5-71)
The molar vaporization energy is related to the molar vaporization enthapy, ;D H , by*®
,D,E= D, H- PV (5-72)

Assuming ided behavior for the vapor phase, sothat PV = RT

,D,E= D,H- RT (5-73)

The isotherma energy of expangon is related to the isotherma heat of expandon, i.e, the

enthdpy change on isothermaly expanding 1 mole of saturated vapor to zero pressure,

.D, H, by

D,E= ,D,H+pV (5-74)
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where p; is the saturation vapor pressure at temperature 7 and V' is the molar volume of

the liquid. The molar cohesive energy can therefore be written as
E=p,H+ D, H-RT +pV (5-75)
At pressures below 1 atmosphere , D, H and p,” are usudly negligible° so that

E=,D H - RT (5-76)

1/2
and the total solubility parameter, (%) , can therefore be written as

d (5-77)

_ongH-RT('jl/z
e V g

where, D H isidentified with the molar heat of vaporizetion, DH .

From egn. (5-77), it can be seen tha totd solubility parameter vadues of liquids
can be cdculated from the molar volume and molar heat of veporization, determined at
temperature 7. It is usudly possble to find a reiable vaue for the molar volume, but
discrepancies frequently exist between reported vaues for DA, depending on whether
the reported vaue is obtained experimentdly, from caorimetric measurements, or by an
estimation method. Some of these estimation methods will now be discussed.

The heat of vaporization is the difference between the enthapy of the saturated
vapor and that of the saturated liquid a the same temperature. Most estimation methods
for DH are based on the Clausius-Clapeyron equation,®®* where it can be shown that DH

isrelated to the dope of the saturated vapor-pressure curve by
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dps DH _ DH
dT  ToV (RT?/ p,)pZ

(5-78)

Here, p, is the saturation vapor pressure, and DV andDZ ae the differences in the
molar volume and compresshility factor of saturaied vapor and saturated liquid,
respectivdy. Other empiricd formulas rdlate DH a T to the heat of vaporization a the

normd boiling point, 7,. Severd vaiations of this type exid, including those due to

Riedd,2%2
é InP - 1.0130
pH, |/, =1.093RT AT, —< 2 5-79
b(A/lol) & 0930- 7, ! (5-79)
Chen 293
3.9787T. - 3.958+1.555In P
J _ br c _
DHb (A/lol) - RTcT;)r 107 j T;’ (5 80)
Vetere?®*
0.4343In P - 0.69431+ 0.89584T
DH, (‘V ;)= T.T, . - e (5-81)
mo 0.37691- 0.373067, + 0.15075P T,
and Hildebrand, 2%°
DH, (cc% ;)= 17.07, + 0.0007;" (5-82)

In egns. (5-79) to (5-82), P. and T. refer to the critical pressure and temperature,

respectively, and T, is the reduced boiling temperature (7,/7.). A number of other

methods for esimating DX have been proposed, however none appear to offer significant

advantages over those given above.
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A third corrdation for the latent heat of vaporization as a function of temperature
makes use of the fact that DH decreases continuoudy with temperaiure aong the boiling
line and vanishes a the termindion of the bailing ling, i.e, the criticd point. An ealy
functiona reationship proposed to express the variation of DH with 7' is the Watson

equation?®®

(5-83)

where subscripts 1 and 2 refer to temperatures 1 and 2. A common choice of # is 0.375
or 0.38. Other variations of the Watson reation exist in the literature, with different
functional formsfor the temperature dependence.

Despite the differences between vaues obtaned from the various edimation
methods, the molar veporization enthdpies (DH) and the solubility parameters (d)
obtained from them generdly do not differ too widely, and each of the variety of methods
usudly provides vadues that ae acceptable for many purposes. However this
methodology will only be applicable beow the critica temperature, as DH , as noted

earlier, vanishes at Te.

5.4.2 Calculation of HSP’s

The totd cohesve energy density can dso be subdivided into contributions from
various types of molecular interactions. In al cases, however, some gpproximations or
assumptions are made, and the expressons resulting from these assumptions and

goproximations are not exact even for liquids, let done polymers.  Raher, the
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expressons are best consdered as useful, empirical relations which have some theoretica
foundation but which are chosen for ther practicd ussfulness in particular Stuations.
The mogt important Stuation where caution is required is where specific interactions
within a component exis. The most common of these, and the most problemdtic, is

hydrogen bonding within a pure component.®”

Methods to caculate individuad HSP's depend to a great extent on what data are
avalable. Commonly, a tota solubility parameter is firs determined from Hildebrand's
origind  1-component solubility parameter modd, using ether egn. (4-21) or egn. (5-77).

The general gpproach is then to calculate two of the three parameters, dj, b from

methods to be described below and to then obtain the third parameter by difference from
the tota solubility parameter. HSP vaues cdculated this way ae avalable in the

literature for alarge number of liquid solvents and polymers2982%°

5.4.2.1 Dispersion Solubility Parameter, &4

5.4.2.1.1 Homomorph Method

The initid gpproach to dividing the totd solubility parameterinto components
representing disperson, polar, and hydrogen bonding interactions was based on the
homomorph concept and empiricaly on the basis of many experimenta observations3%
The disperson component, DE,;, was cadculated directly from the energy of vaporization
of the nonpolar homomorph.  Following the addition recommendation that the
homomorph should have the same molar volume as wel as a smilar dructure to that of
the polar compound, Blanks and PrausnitZ®* published a homomorphic plot of the energy

of vegporization for draightchain hydrocarbons againg molar volume a various reduced
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temperatures.  On the same basis, Weimer and Prausnitz%? prepared homomorph plots of
the cohesve pressure agang molar volume a various temperatures for normal akanes,
cyclodkanes, and aromatic hydrocarbons. Using the agppropriate homomorph, DE, used
to approximate DE,, or the cohesive energy density (d.’) as a function of molar volume

and reduced temperature, is obtained. The dispersion solubility parameter isthen

DE
d, = Vd (5-84)

5.4.2.1.2 Index of refraction (np) Corrdation

The main idea in this correation is that the interaction energy between nonpolar
molecules, due to van der Waas-London forces, is dependent on the polarizability (see
egn. (3-1)).3°  The polarizability, in turn, is reated to the refractive index, np, by the

Lorentz Lorenz equation,

4p N n’ -1
ENY &9
D

where N is the number of molecules per cubic centimeter (the Loschmidt number) and a
is the average polarizability of the molecule.  Subsequently, Koenhen and Smolder®®
found a nearly linear reaionship between d; and np for 60 nonpolar and polar liquid
organic solventsin theregion of np vaues (1.3<np < 1.6).

d, =9.55n, - 555 (cal/cm?®)"'?

(5-86)
=195n, - 114 (MPa'?)

Therdation resulted in a correlation coefficient of 0.90 and a standard error of 0.32.
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5.4.2.1.3 Group contribution method

This method provides a quick estimate of the disperson parameter (or polar or
hydrogen bonding parameters) based on a summing of the disperson (or polar or

hydrogen bonding) contribution of individua structura units within the molecule,

A,

d, -

(5-87)

where F;; is the molar attraction congtant for digperson forces of a specific functiond
group i. Molar atraction constants have been derived by Koenhen and Smolders%® van

® and Hansen and Beerbower3®” A summary of these tables is presented in

Krevelen,*°
Barton3®®  When using the group contribution method, it is essentid to check that the
molar attraction congtants and coheson parameter data from different literature sources

are based on the same models and assumptions, and are therefore self- cong stent.

5.4.2.2 Polar Solubility Parameter, dp

5.4.2.2.1 Bottcher Equation

Boticher derived an empiricd relaion for caculating the contribution of
permanent dipoles to the coheson energy of a liquid or a gas. This energy is given as W

in egn. (5-88).3%°

- dN? - 242
W= 4 dN, e 12 (n} +2) nt (calories) (5-88)
3 M 2e+n;, 3
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Hansen and Skkaarup®'° equated (V%) with d}, to assign polar HSP values:

V: 2e+n’

12108 e- 1 /2
.

The use of this eguation requires the molar volume (), dipole moment (N, refractive

index (np), and the didlectric constant (€) of the compound.

5.4.2.2.2 Hansen/Beerbower Equation

This equation is a amplified verson of the Bottcher equation, egn. (5-89), and has

been used extensively by Hansen.3!*

m
Vl/2

d, =374 (MPa)"'? (5-90)

An extensive listing of dipole moments can be found in McClellan.3*? It must be noted

thet m= 0 (for nonpolar molecules) is not asufficient basisto assign g, = 0.3

5.4.2.2.3 Group Contribution Method

When the dipole moment of a molecule is unknown, group contributions can be

used to estimate dh:

d = z (5-91)
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Molar atraction constants have been derived by Koenhen and Smolders* van
Kreveden,®® and Hansen and Beerbower3'® A summary of these tables is presented in

Barton.3'’

5.4.2.3 Hydrogen Bonding Solubility Parameter, &y,

5.4.2.3.1 Difference Method

In early tabulations of HSP's, the hydrogen bonding parameter was amost dways
found by subtracting the sum of the polar and disperson energies from the totad energy of

vaporization, so that

(d,)*=d?- d?- d? (5-92)

p

Thisis gtill widdly used where the required data are avallable and reliable,

5.4.2.3.2 Group Contribution Method

Edimation methods based on group contribution are consdered reasonably
rdligble for most of the required caculations. Hansen and Beerbower,*!® however, have
determined that the group contribution method usng molar attraction congtants, as in
egn. (5-87) and egn. (5-91), is not directly gpplicable to the cdculation of d,. Instead,
they have assumed that hydrogen bonding contributions from structurd units within a
molecule to the overal molecular hydrogen bonding cohesve energy are additive,

leading to
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(5-93)

Caution is needed, however, in adding group contributions in the use of a sngle hydrogen
bonding parameter to describe an interaction redly requiring both donor and acceptor
components.  Hydrogen bonding parameter group contributions, based on dsructurd
group, have been comprised by Koenhen and Smolders®'® van Krevden,** and Hansen
and Beerbower.*! A summary of these tablesis presented in Barton. 3

Figure 5-6 gives asummary of the methods for the determination of HSP vaues.

Total Solubility

Parameter
d
|
[ | |
Dispersion Solubility Polar Solubility Hydrogen-Bonding Solubility
Parameter Parameter Parameter
dad dp dh
Literature Values | Literature Values | Literature Values
|| Homomorph Method || Bottcher Equation || Difference Method
Eqn. (5-84) Eqgn. (5-89) Eqgn. (5-92)
| | Index of Refraction Correlation| | | Hansen/Beerbower equation | | [ Group Contribution Method
Eqn. (5-86) Eqn. (5-90) Eqn. (5-93)
| | Group Contribution Method | | Group Contribution Method
Eqn. (5-87) Eqgn. (5-91)

Figure 5-6. Available methods for the calculation of Hansen solubility parameters dj,

b h.
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5.4.3 Temperature and Pressure Effects

Adjusting cosolvent HSP vaues for temperature and pressure effects will require
obtaining either an EOS for the desred cosolvent, or reliable coefficient of thermd
expanson (a) and isothermd compresshility (b) data. Depending on which of the two
methods is used, cosolvent HSP vadues can be adjusted using the derivative eguations

summarized in Table 5-8, or the integrated equations summarized in Table 5-9.

5.5 Polymer Solubility Parameters

5.5.1 1-Component Models (Hildebrand)

The solubility parameters of polymers can be evauated directly from the heat of
vaporization and egn. (5-77) only for those polymers that can be vaporized. However, as
with the solvent and cosolvent (section 5.1.2 and 5.4.1), polymer solubility parameters
can be gpproximated from caculation of the internd pressure, egn. (5-12), dong with

suitable PV T data or EOS,

2Eo _#Pe p (5-94)
el Vﬂ]‘ éﬂTﬂV

It has been observed, however, that the internal pressure of polymers measured

above and below the glass transiion temperature, Tg, shows unusual behavior3?® At
temperatures above Tg where the polymer is in the rubber date, the variation of interna

pressure with temperaiure is quditatively indiginguishable from the behavior shown by
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other organic molecules. However, as the temperature is lowered and Ty is reached, the
interna pressure has been observed to drop, fdling rapidly with decreasing temperature.
Yet in passng through Tg no sudden change in the magnitude of the interna pressure

should be expected?* This behavior is illustrated in Figure 5-7, where the internd

pressure, Pj, is plotted againg T from 20°C to 150°C for polymethylmethacrylate

(PMMA).3%

550

500
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400

P, (MPa)

350 1

300

250

200

0 20 40 60 80 100 120 140 160
T.(°c)

Figure 5-7. The internal pressure of PMMA as a function of temperature. Symbols:

“data of Allen, Sims and Wilson,>*® Ddata of Hellwege, Knappe and Lehmann,**” O
calculated from solution data after Hansen’*°.

Additiondly, internd pressure vaues have been calculated from egn. (5-69)

&k o a0
¢+ = T'xc—+ - P (5-95)
eV agr eb gy
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and a and b ae determined from polymer PVT data Representative PVT data for

PMMA, poly(vinyl butyrdl), and PC are shown in Figures 5-8, 5-9, and 5-10.

1.00
0o J|—*—— P=0MPa
........ O.oeeeee P =20 MPa
0.96 - ——-%¥—— P=40MPa
—-—v-—- P=60MPa
004 || —=— P=80MPa
— —0—-— P =100 MPa
— 0.92 ——F— P =120 MPa X __.O
K<Y ——— P =140 MPa RS /
ME 090 4| Y R P = 160 MPa X’.-—V
S ———-—— P=180MPa -
> g3 /| ——®—+ P=200MPa
0.86 -
0.84 -
0.82
080 T T T T T T T
0 30 60 90 120 150 180 210 240
T(C)

Figure 5-8. Plots of standard PVT for PMMA (M = 1~ 109)3%
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| ——e—— P=120MPa __0-0,,/7
- { —<o—— P =140 MPq| o° ¥V v
oA p= o” v
2 100 4 A P = 160 MPa v e
o " H-——a—— P=180MPa 0 V’V,V'V "
£ —.-—@—-- P =200MPa : o
N—r
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T(%0)
Figure 5-9. Plots of standard PVT Poly(vinyl butyral).’*’
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Figure 5-10. Plots of standard PVT for Polycarbonate.’>’!

From an examination of the PVT daa plotted in Fgure 5-8 through 5-10,
noticeable “breaks’, or changes in dope, in the various isobars are observed for each of
the polymers. This change in dope represents the polymers glass trandtion (from rubber
to glass on cooling). Therefore, the data well to the Ieft of the bregk represents PVT data
for the polymer's glass date, while the PVT data to the right of the break, represents data
for the polymer’s rubber gate.  Although not quantified at this time, it is gpparent that the
isobaric therma expanson coefficient, a, decreases sgnificantly, whereas the effect on
the isotherma compressibility, b, is much less marked in the rubber-glass transtion.3
The lower vaues of a in the glass versus rubber gate will dso result in a lower internd

pressure, for the glass, as caculated from egn. (5-95).
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In congdering the reason for this apparent decrease in interna pressure it is
necessary to reconsder the concept of internal pressure, as utilized in this work, as an
equilibrium quantity. It is therefore gpplicable to materids, including polymers, only
when locd, internd equilibrium can be maintained, i.e, above Ty Internal pressure, as
defined in section 4.1 has no meaning below Tg It is therefore pointless to talk about the
internal pressure (as defined here) d a polymer below Ty since Tg represents the loss of

internal degrees of freedom of the polymer matrix, and, a any temperature below Tg, the

polymer is therefore in a nonequilibrium date.

Experimentd PVT data, such as shown in Figures5-8 to 510, is avalable in the
literature for some polymers. One excdlent source is a compilation by Zoller and
Wash.3*®  In the absence of extended tabulations of measured data, empiricdl models for
the PVT behavior of polymers must be used.  The most widdy employed equation for
representing the PVT data for polymers is the Tait equation.®** The Tait equation relates

the specific volume, V(P,T), in terms of the zero-pressure volume, V(0,T), and the Tait

parameter, B(T),
V(P.T) = V(O,T)gi- Cingl+ BZ)S‘? (5-96)
e ug

The parameter C is often taken to be independent of temperature and pressure, and a

universd vaue of 0.0894 is commonly assumed. B(T) is parameterized as

B(T) = B, exp(- B,T) (5-97)

and the zero-pressure volume V(0,T) is parameterized by
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V(O,T)= A, + AT + A,T? (5-98)

where By, Bi, Ao, A1 and A, are materia dependent parameters and T is in degrees
Centigrade.
The Tat eguaion provides a convenient means to compute the of thermd

expangon coefficient, a, and isotherma compressihility, b,

a(p,7) = <& _(0,7)- PB(P,T) (5-99)
Velr g,
and
_laVe _ C/(P+ B(T)) ]
o(P.T) = VéTPg 1- Cin(1+ P/B(T) (5-100)
where

A+ 24,T
A + AT + A,T?

a(0,7) = (5-101)
This dlows for cdculation of the internd pressure, and the solubility parameter, using
egqn. (5-95).

Application of the Tat equation, however, is redricted to polymers where the

parameters A4;, B; have been regressed from experimental data, since no methods are

currently available to edimae them from chemicd dructure  Tabulated vaues ae
currently available for 56 polymers3*°
A vaiety of other empirical equations have been proposed to describe the PVT

behavior of polymers, dthough none of these equations have been used as extengvey as
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the Tait equation. These equations will be briefly mentioned here, dong with a reference

containing more detailed discussons.

1. Spencer and Gilmore®*® modified the van der Waals equation of state for

polymers, employing a congant value for the internd pressure ingtead of

the van der Waals' atractive term 88%9,
é

2

(P+p)(V - w)=RT (5-102)

where P is the externd pressure, p is the internd pressure, V is the
volume, and w is the polymer volume a absolute zero temperature. The
Spencer-Gilmore equaion is a vey dSmple two-parameter equation,
however, it has only been agpplied with moderate success to a limited

number of polymers3’

2. Wer*® developed an empiricd isobaric equation to describe the PVT
relationship of polymers. Along an isobar, the volume is expressed as a

polynomid equation in temperature

V=V|[l+aP+a,P?)+ 1+ bP+b,P*)T+ [0+ cP+c,PP)l?] (5103)
where V, is the specific volume a 21°C, a;, b; and ¢; are materid congtants
of the polymer. The Wer equation, with its 10 undetermined coefficients,

is cumbarsome to use. Furthermore, it is dso noted to be less accurate

than the Tait equation.°
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3. Whitaker and Griskey®*® observed that a any given temperature, the
correlation between the compressibility factor, i.e. PV/RT , and a reduced
temperature, T/T(g , resulted in a family of curves that can be collapsed

into a dngle master curve. Ther equation for this corresponding States

curveis

+1

£ N o) ﬁm
€0.012050 ,, T 2 ¢ (5-104)

Vzé_ 09421 U T *
e, u e'g @

where n and m are universd parameters for al polymers that depend on
pressure and are given grgphicaly in the origind aticle.  Consequently,
only the polymer densty a 25°C and 1 atm, r,, and the glass trandtion
temperature, 7,, are needed to estimate the temperature and pressure
dependent specific volume.  Although the Whitaker-Grisky equation has
limited predictive cgpability if r, and T, of the polymer are known, it does

not have the accuracy offered by the other empirical PV T equations*

4. Hatman and Hague®*? derived an equation of state by combining the
theoreticd temperature dependence of thermd pressure from Pagtine and
Wafidd®*® with the zero pressure isobar of the Simha-Somcynsky®*
equation of date and an empirical volume dependence of the thermd

pressure. The equation, in reduced form, is given by

PVe=T%_InV (5-105)
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where

(5-106)

i
1
V|~
~
1
N =
~
1
SN

and P,, V,, and T, are the reducing parameters. P, is the isotherma bulk
modulus extrapolated to zero temperature and pressure, 7, is the polymer
liquid volume extrapolated to zero temperature and pressure, ad 7, is
defined implicitly from the rdaion V(P,T,)=V(0,0). The Hartman
Haque equetion is a rdativdy new but promisng empiricd equation of
gate with only three parameters and has an accuracy comparable to the
Tat equation. Both the Tat and HatmanHague equations have been

evaluated for avariety of polymers34®

Other corrdation methods can aso be utilized for determining polymer solubility

parameter values. As with solvent and cosolvent, a polymer interna pressure can be used

as an approximaion of the cohesive energy density and of. Correlations between interna

pressure and cohesive energy density have dso been evduated for polymer systems. A

theoretical derivation by Voeks**® resulted in

(5-107)
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Where the internd pressure and cohesive energy density are again related by the quantity

n (see egn. 4-18).

Vaues of internd pressure and cohesive energy dendity for a number of polymers are

Table 5-10. Comparison of internal pressure and cohesive energy density of polymers at
20°C.

Polymer =TE 6 (D % )T n
eV o, (bar)
(bar)
Polyethylene 3200 | 2500/2900 | 1.3/1.1
Polyisobutylene 3300 | 2500/2700 | 1.3/1.2
Polystyrene 4600 | 3000/3600 | 1.5/1.3
Polyvinyl acetate 4300 | 3600/5100 | 1.2/0.8
Polyethyl acrylate 4400 | 3500/3700 | 1.3/1.2
Polymethyl methacrylate 3800 | 3400/6900 | 1.1/0.6
Polypropylene oxide 3700 2300/4200 | 1.6/0.9
Polydimethyl sloxane 2400 | 2200/2400 | 1.1/1.0

compared in Table 5-10,%*” which shows egn. (5-107) to be a valid first approximation.

Another method to estimate tota solubility parameters of polymers is based on
aurface tendgon.  Since surface tendon is a direct manifestation of intermolecular forces,
it may therefore be expected that a relation exists between surface tenson and cohesive

energy density.  The rdaionship is>#®

d?»3 (5-108)
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where g is in mInf and o is in Jen?. Vaues of surface tension for mlymer melts have
been determined and are available in the literature.  According to Macleod's relation, the

surface tension varies with density according to®*°

g=g°r* (5-109)

where g° and k are congtants, independent of temperature. The k is known as Macleod's

exponent, and usudly hes a vaue of 3.0-45 for polymers™®.  Alternaively, the
interfacid energy of solid polymers may be cdculated from an additive function, known

as the parachor, by applying the following equation.

£

(5-110)

i)

Q O

where P is the parachor parameter and V' is the molar volume of the repeat unit.
Parachor aomic and dructural contribution congtants were origindly introduced by
Sugder®™! and later modified by Mumford and Phillips®®? and by Quayle®*® The group
contributions to the parachor as presented by different investigators are given in Table 5-

11.354
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Table 5-11. Atomic and structural contribution to the Parachor.

Unit Vaues assgned by [(cnr/mal) x (mInt)“4]
Sugden Mumford and Quayle
Phillips

CH, 39.0 40.0 40.0
C 4.8 9.2 9.0
H 171 154 15.5
O 20.0 20.0 19.8
05 (in esers) 60.0 60.0 54.8
N 12,5 175 17.5
S 48.2 50.0 49.1
F 25.7 25.5 26.1
Cl 54.3 55.0 55.2
Br 68.0 69.0 68.0

I 91.0 90.0 90.3
Double bond 23.2 19.0 16.3-19.1
Triple bond 46.4 38.0 40.6
3-membered ring 16.7 125 12.5
4-membered ring 11.6 6.0 6.0
5-membered ring 8.5 3.0 3.0
6-membered ring 6.1 0.8 0.8
7-membered ring -4.0 4.0

In Table 5-12, polymer solubility parameter vaues obtained in the literature are
compared with vadues cdculated from the polymer surface tenson, egn (5-108) and

egn. (5-110).
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Table 5-12. Polymer surface tension and solubility parameters.

Polymer Surface Tenson Solubility Parameter
mJn? MPa2
Observed | Cdculated | Egn. (5-108) |Egn. (5-110) Lit.
from Ps Lit. g from Ps
Polytetrefluoro 185 26 10.3 13.3 13.1
ethylene
Poly(dimethy! 24 215 12.5 115 14.9
sloxane)
Polyisobutylene 27 30.5 13.7 15.0 16.3
Polypropylene 29 32.5 14.4 15.7 16.6
Polyethylene 31 315 15.2 15.3 16.5
Poly(vinyl 37 40 17.3 18.4 19.2
acetate)
Poly(vinyl 37 59 17.3 24.6 25.6
acohol)
Poly(ethylene 415 49 189 214 21.7
terephthal ate)
Poly(methyl 39 42 18.0 19.0 224
methacrylate)
Poly(vinyl 39 42 18.0 19.0 19.4
chloride)
Polycarbonate 45 42.5 20.1 19.2 20
Poly(vinyl 38 - 16.6 - 23
butyral)

Another polymer property that shows a generad corrdaion with cohesve energy
is the glass trangtion temperature, Tg It iIs generdly observed that there is an
approximately linear dependence of Tg on cohesive energy dendgty, so that polymers with
high values of T tend to have high (Hildebrand) total solubility perameters®®  Although

there is no direct mathematicd relationship, Table 5-13 illudrates the generd trend (with
the exception of poly(vinyl dcohal), and poly(vinyl butyrd)) in polymer glass trandtion

vaues and solubility parameters.
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Table 5-13. Polymer glass transition temperatures and solubility parameters.

Polymer Tg (°C)356’357 S, (MPa)l/Z 358
Poly(dimethyl sloxane) -128 14.9
Polyethylene -125 16.4
Natura rubber -72 16.6
Polybutadiene -25 17.6
Poly(tetrafluoroethylene) 27 13.1
Poly(vinyl acetate) 30 19.3
Poly(vinyl butyrd) 51 23.1
Poly(ethyl methecrylate) 66 18.6
Poly(ethylene terephtha ate) 69 21.8
Poly(vinyl chloride) 75 19.4
Poly(vinyl acohol) 85 25.6
Poly(methyl methacrylate) 105 18.8
Polycarbonate 148 20.0

5.5.2 Calculation of Polymer HSP’s

Hansen's origind solubility parameter work was developed out of dudies into
film drying and solvent retention, the phenomenon that solvent can be found in many
pant and varnish films years dafter their gpplication. The assumption was that hydrogen
bonding between the solvent and polymer molecules was responsble for this retained
olvent.  Although this assumption was ultimatdly found to be fase, the Statement that
hydrogen bonding had no dgnificant effect on solvent retention without defining
hydrogen bonding was not satisfactory for Hansen. Therefore, in order to better define
hydrogen bonding and polar bonding, Hansen initiated a study based on the Hildebrand
solubility parameter.  This dudy eventudly led to the concept of a three dimensiond

solubility parameter,3>°

a concept that has gone on to become an important tool for the
dudy of solubility, swelling, and other physcd interactions between polymers and

solvents.  For this reason, extensve compilations exist of tota solubility parameters and
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disperson and polar HSP's for polymers. Also, hydrogentbonding HSP's have been
determined from turbidimetric titrations of solubility in solvents and from sweling of
polymersin solvents, where the solvent has been previoudy characterized for its HSP's.
Because many polymers are amorphous and, therefore, “liquid-like’ in some of
their properties, their solubility behavior can be treated by many of the methods used for
liquids. For this reason, the correations developed in Section 5.4.2 for cosolvents, are

aso gpplicable for polymers.

5.5.2.1 Dispersion Solubility Parameter, &

Two of the reations discussed in Section5.4.2.1 can be utilized for polymers: the

index of refraction correlation and the group contribution method.

55.2.1.1 Index of refraction (np) Correation

Koenhen and Smolder®®® predicted d, for severd polymers using the index of

refraction, np,

dy =9.55n, - 555 (cd/cm?®)"?

5-111
=195n, - 114 (MPa'?) (>-111)

5.5.2.1.2 Group contribution method

As discussed earlier for cosolvent HSP's, this method provides a quick estimate

of the disperdon parameter (a sSmilar gpproach has been developed for the polar and
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hydrogen HSP's) based on a summing of the contributions of individud sructurd units

within the molecule to the totdl disperson energy

d, = (5-112)

where Fi; is the molar attraction condtant for disperson forces of a specific group .
Molar attraction constants have been derived by Koenhen and Smolders®! ven
Krevelen,®®? and Hansen and Beerbower3®® A summary of these tables is presented in

Barton.3%*

5.5.2.2 Polar Solubility Parameter, 81,

Two of the rdations discussed in Section5.4.2.2 can be utilized for polymers: the

Hansen/Beerbower equation and the group contribution method.

55.2.2.1 Hansen/Beerbower Equation

If the dipole moment of the polymer is known, egn. (5-113) can be used to predict

%. The measured average dipole moments of polymers are generdly 70-90% of the

dipole moment of the corregponding monomer unit, therefore for polymer mvaues not
found in the literature, an edtimated dipole moment of 80% of the dipole moment of the

monomer is recommended,®®® so that

m
Vl/Z

d, =374 (MPa)"'? (5-113)
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5.5.2.2.2 Group Contribution Method

When the dipole moment of a molecule is unknown, group contributions can be

used to estimate the polar solubility parameter.

d, = 4 (5-114)

Molar attraction constants have been derived by Koenhen and Smolders®%® ven

7

Krevden,*®” and Hansen and Beerbower®® A summary of these tables is presented in

Barton.3%°

5.5.2.3 Hydrogen Bonding Solubility Parameter, &y,

55.2.3.1 Difference Method

In the earlier tabulations, the hydrogen bonding parameter was admost aways
found by subtracting the sum of the polar and dispersion energies from the totad energy of

vaporization, so that

(d,)?=d?- d?- d? (5-115)

Thisis till widdy used where the required data are available and religble.
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5.5.2.3.2 Group Contribution Method

As with the cdculdion of d, for cosolvents, Hansen and Beerbower have assumed
that the contribution of individuad molecular subunits to the tota hydrogen bonding

cohesive energy are additive, leading to

R 1/2

_aﬁaUh
P =€

§ 7

I-O

d

(5-116)

Q .-

Hydrogen bonding contributions, based on dructura group, have been compiled by
Koenhen and Smolders®"® van Krevelen,*”! and Hansen and Beerbower®? A summary

of these tables s presented in Barton.®"®

In Fgure5-11 a summary of the methods for determining polymer HSP vaues is

Total Solubility

Parameter
d
|
[ | |
Dispersion Solubility Polar Solubility Hydrogen-Bonding Solubility
Parameter Parameter Parameter
ad dp dh
Literature Values || Literature Values || Literature Values
|_|Index of refraction correlation | | | Hansen/Beerbower equation | | | Difference Method
Eqgn. (5-111) Eqgn. (5-113) Eqgn. (5-115)
| | Group Contribution Method | [ | Group Contribution Method | | | Group Contribution Method
Eqgn. (5-112) Eqgn. (5-114) Eqgn. (5-116)

Figure 5-11. Diagram of the components, dj &, dy, to the total Hansen solubility

parameter, d and methods for their determination.

shown.
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5.5.3 Temperature and Pressure Effects

Adjugting polymer HSP vadues for temperature and pressure effects can be
gpproached in severa ways. One option is the use of published PVT data for the given
polymer and using the equations developed in Section 5.3 and summarized in Table 59.
Alternatively, the coefficient of themd expanson and the isotherma compressibility in
the rubber date, dong with the equations deveoped in Section 5.3 and summarized in
Table 5-8 can be used. Ladly, empiricd equations of date (such as the Tait equation)
can be used to generate the necessary PVT data or a and b for use in dther the derivative
or integrated equations. All of these approaches, however, are gpplicable only to PVT

gatesin the polymer’ s rubber phase.
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