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Chapter 2

TI-IERMODYNAMICS

2.1 COHESIVE ENERGY

If U is defined as the molar internal energy (the molar potential energy of a material
relative to the ideal vapor at the same temperature}, then U has a numerically negative value
for a condensed material. It follows, therefore, that the molar cohesive energy (the energy
associated with the net attractive interactions of the material and defined as — U) has apositive value.

can be divided into two parts:

I. The molar vaporization energy, ,AgU, required to vaporize one mole of the liquid to
its saturated vapor

2. The energy, EANU, required to expand the saturated vapor to infinite volume at constant
temperature; that is, the energy necessary to completely separate the molecules

As presented by Polak,’ this can be expressed
V‘m

—U = ,A,U + ,,.A_,IJ = ,A,u + LEV (av/aV),dV (1)

according to the relationship

—U=,AsH+,,A,.,H—RT+p,'V (2)

where 131,11‘ is the molar vaporization enthalpy; ELLE is the enthalpy change (increase) on
isotherrnally expanding 1 mol of saturated vapor to zero pressure; p, is the saturation vapor
pressure at temperature T; ‘V is the molar volume of the liquid (the superscript I is frequently
omitted if there is no chance of ambiguity); and 1? gas constant (8.314-41 .1 K“ mot").
At pressures below atmospheric pressure (that is, at temperatures below the normal boiling
point) SANH and p,‘V are usually negligible compared with AEH and RT:

-U=,A,,U=,figH—RT (3)

However, at higher pressures the other terms cannot be neglected, and in fact at the critical
point pig}! is zero, so Equation 3 erroneously leads to a negative vaiue for the cohesive
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24 CRC Handbook of Solubility‘ Parameters and Other Colzerion Parameters

energy while the full Equation 2 correctly predicts a small positive cohesive energy at the
critical point. Values of ,dgH, A530, and -—U for various liquids at their normal boiling
points in Table 1 illustrates typical variations in these quantities.

Svoboda and co-workers“ have recently considered the cohesive energies of liquids in
some detail, and Table 2 summarizes their recommended 25°C values.

2.2 COHESIVE PRESSURE AND THE HILDEBRAND
PARAMETER

The stabilizing or cohesive effect in condensed phases can be expressed in terms of the

cohe.rivepre.rsure which is dimensionally identical with the cohesive energy density (cohesive
energy per unit volume),

r: = —UfV (4)

Cohesive energy density was the basis of the original definition by Hildebrand and

Seott"‘° of what is now generally called the Hildebrand solubility parameter or Hildebrand
parameter,

a = as <— Urv)“ ~= (IA; um” (53

This parameter was intended for nonpolar, nonassociating systems, but the concept has been
extended to all types of systems.

The term “solubility” parameter, which has been used Widely, is really too restrictive

for a quantity that may be used to correlate such a wide range of physical and chemical
properties." The name "cohesion parameter" is preferred by the author for the group of
parameters with dimensions of (pressure)"’ that includes the Hildebrand parameter as defined

in Equation 5. Use of the proposed alternative title “interaction paraznetermz would result

in confusion with the polymer-liquid interaction parameter x {Chapter 13) and several other
binary interaction parameters characterizing pairs of substances.

The title "solubility parameter" and the form of Equation 5 suggest a close link between

the phenomena of “solubility” or “miseibility" and those of “cohesion” and “vaporiza-
tion.” This similarity can be appreciated by considering what happens in a mixing process:
the “like" molecules of each component in a mixture become separated from one another
by what approximates to an infinite distance, comparable in some respects to what happens
in the vaporization process. The Hildebrand parameter is sometimes called the “total"

cohesion paralneter, 3,, because there are various “componcnt" cohesion parameters, but

the subscript “t” is usually omitted if this can be done without ambiguity.
From Equations 3 and 5 it is clear that the Hildebrand parameter of a liquid may be

readily evaluated if the molar volume and molar vaporization enthalpy have been determined
at the required temperature, and if that ternperatun: is well below the normal boiling point
of the liquid:

3 = (,AgH — RT)"":'V"’ (6)

This density and enthalpy tniormation is readily available for some liquids, but for many
other liquids and for all polymers, solids, and surfaces it is necessary to use indirect evaluation

methods, described in subsequent chapters, for the estimation of cohesion parameters.
Table 3 lists selected values of Hildebrand parameters, molar volumes and molar va-

porization enthalpies at 25°C, reported by Hildebrand, Prausnitz, and Scott” and presented
here in SI units {see Section 2.5). The vaporization enthalpies are corrected for expansion
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TABLE 1

Calculated Values of Molar Vaporizaiion Enthnlpies, Molar Vaporization
Energies and Molar Cohesive Energies for Liquids at their Normal Boiling

Liquid

Acetone, 2—propanane
Ammonia
Aniline
Benzene
Bromine
Bromobcnzene

Bromeethane. ethyl bromide
Butane
I-Butenol
2-Butane!
car:-Butane]
1-Butene
ci.r—2-Butene
1‘mr:.:r—2-Blatene
Carbon disulfide
Chlnroiienzene

Chloroetlram.-, ethyl chloride
1-Chloropropane, propyl chloride
.9-Cresol, 2—methy!pheao1
m—Cresol. 3-mei.11y2phenoI
p-Cresoi, 4—rne£hylpl1eml
Cyclohexane
Cyciupcmane

1,2-Dibmmoethane, ethylene dibromide
Dichlorodiflmmrnetiune
1.i—Dichioroe1.hanc

1,2-Elichloroethane, ethylene dichloride
Dichlorcrmethane
Diethyl ether
Dimethylamine
2,2-Dimelhylburane
2,3-Dimethylbuzane
Dimethyl ether

2,2—Dimetl1yi1:1n:>pane, noopentancEthanol

Ethyl acetate
Ethylbenzene
Ethyl formate
Edayl propionate
Hcptane
Hexane
1-Hexene
cit-2-Hexene
trans-2-Hexene
ml!‘-3—HeJI:eIIe
mm.r—3—1-lexene
Hydmzine
2-Propane]
Methanol

Methyl acetate
Mezhylamine

2-Methylhutanc, isopemane
Meihyi format:
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Points

fJ"C

56.1
-33.3
184.2
89.1
58.7

155.9
38.4

-0.5
117.5
108.0
82.9

-6.3
3.7
0.9

46.2
131.?
32.2
46.6

190.8
202.2
201.3
30.?
49.3

131.5
-29.8

57.3
83.?
39.8
34.6
6.9

49.‘!
58.0

-24.8
9.5

78.3
7?.1

136.2
54.0
98.9
98.4
63.7
63.3
68.8
68.0
66.8
67.3

113.1
82.2
64.5
56.9

-6.4
27.9
31.8

A.H:'|r..l
mo!"

29.7
23.5
43.9
30.3
29.3
37.5
25.3
22.4
43.5
42.9
39.9
22. 1
23.3
22.3
23.7
35.4
24.5
27.5
45 .5
43. 1
48.0
30.9
22.3
35.1
20.1
29.0
32.2
23.:
26.5
24.2
25.3
27.3
2: .5
22.2
39.4
32.1
35.3
29.9
33.9
31.9
23.9

23.3
29.9
23.9
23.3
29.0
41.5
40.3
35.4
39.4
26.2
24.7
23.5

AUM
mi}

27.0
21.5
40.2
27.9
25.6
34.2
24.3
20.3
40.5
39.9
37.1
20.1]
21.1
213.6
24.1
32.2
22.3
25.0
41.8
44.2
44.2
27.2
24.7
32.8
18.1
26.3
29.3
25.6
24.1
22.5
23.7
24.7
19.5
20.5
36.6
29.4
32.5
27.3
31.0
28.9
26.2
25.7
26.3
26.2
26.1
26.3
38.4
37.8
33.7
27.?
224.0
22.3
26.0

-UIIIJ
mop:

27.2
21.7
40.5
23.2
26.8
34.5
24.5
20.5
40.8
40.2
37.4
20.2
21.3
20.8
24.3
32.5
22.5
25.2
42.2
44.6
44.5
27.4
25.0
33.1
18.3
26.6
29.5
25.8
24.3
22.7
24.0
25.0
19.7
20.8
36.9
29.’?
32.9
27.5
31.3
29.3
26.6
26.0
26.6
26.5
26.4
26.6
38.5
33.1
33.9
28.8
24.2
22.6
26.2
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TABLE 1 {continued}

Calculated Values of Molar Vaporization Enthalpies, Molar Vaporization

Energies and Molar Cohesive Energies for Liquids at their Normal Boiling
Points

A3531 a4.U!"|-1 " WU
Liquid r,;°C moi“ mol" mol"

2-Mcthyipentanc 60.3 27.9 25.2 25.5
2-Melhylpropzne, isobutsnc — 1 1 .4 21.2 19. 1 19.3
2-Methylpropene, isobutyleme — 6.9 22 .1 20.0 20.2
Methyl propionaie 79.4 32.1 29.3 29.6
Octane 125.7 34.6 31.4 31.9
Penlane 36.1 25.3 23.4 23.7
1-Penzcne 29.5 25.3 22.9 23.1
cir-2-Pentcne 36.5 26.4 23 .9 24. 1
rm:-is-2-Pentene 36.3 26.1 23.‘! 24.6
Phenol 181.8 46.6 43.0 43.4

Propane -42.1 18.3 17.0 17.1
1—Propanol 97 .2 4-2 .1 38.4 38.7
P1-opionic acicl 141.0 42.3 39.0 39.3
Propyl acetate 101.5 34.1 31.2 31.5
Propylene, propane — 47.‘? 1.8.5 16.? 16.8
Tea-acblorometbane 76.6 30.4 27.6 27.9

1,2,3,5-Tctramediylbenzenc 198.0 42.5 38.8 39 .2
1 ,2,4,5—'1‘euso1el11y1bc.n7ene 196.8 42.4 38.7 39. S
Toluene, rrretbyibcnzene 110.6 33.4 30.3 30.6
Trichloromczharre, chloroform 61.? 29.1 26.4 26.3‘
Triniethyiarnirie 2.9 24.1 21.9 22.1
1,2,3-Trimelhylbeuzene i76.1 39.9 36.3 36.’!
1 ,2,4—Trim.e1hylbe11zEne 169.4 39.3 35.8 36. 2
Waler 100.0 48.8 37.8 37.9

9-Xyierie,1,2-dimefliylbenzeoe 144.4 36.7 33.4 33.7
m—Xy1ene,1,3-dimethylbenzeoc 139.1 36.2 32.9 33.3
p-Xy1ene,l ,4 -dimezhyfbenrrene 138.3 35.9 32.7 33.0

Adapted from Polak, 1, Collect. Czech. Chem. Cornmwm. 31, 1483, 1966

to the ideal gas state where possible. Substances the: are solids at 25°C have been treated
as subcooled liquids {see Chapter 12). Similar information on cohesive energy densities was
provided by Varushchenko, Loseva, and Dru-.—:hina‘” for 1,1,- 1,I- and o,m-dicb1ozo—n-
alkanes, from which the Hildebrand parameters in Tabie 3:: were evaluated.

The basis of the cohesion parameter approach to interactions may be stated as follows.
A material with a high 8 value requires more energy for dispersal than is gained by mixing
it with a material of low cohesion paramczer, so imrniscibility resuiis. On the other hand,
two materials with similar 8 values gain sufficient energy on mutual dispersion to permit

mixing. This concept is attractive for practical applications because it aims to predict the
properties of a sysrem using oniy the properties of its individual components: in principie
no information on the properties of the mixed system is required.

It is necessary to emphasize that the Hildebrand parameter is fundamentaiiy 2 iiquid
state property. When gases are considered (Chapter 11) they are treated as bypothezicai
“liquid” solutes at atmospheric pressure, and substances their are solids at normal temper-
atures arc treated as subcoolod liquids (Chapter 12). As defined here, 1-Iiidebrand parameters

cannot be calculated directly from vaporization enthalpies or sublinialjon endialpies without

taking into account their liquid-state basis. Lswsorfs list of "solubility parame1.e1's" of the
eiemenLs”"“ {Table 4) is a useful set of cohesion parameters, (although they are not Hil-

debrand parameters if they are calculated directiy from enthalpies of vaporization or sub-

MYLAN PHARMS. INC. EXHIBIT 1044 PAGE 6



9'

27 !
mm TABLE 2

fling Rounded Values of Cohesive Energies at 25°C

Foflllillll Compound — 0;” may!

$;£l;I C2Hn- Elhfiflfl 73
C3Hs Propane 133
CaHw Butam:25_ 5 19.2

19.3 Isobulann I16
202 Csxu Pentane 243
296 Isopentane 213
319 Nenpentane ]9_9
23-7 CGHM Hcxamz 293
21! Branched hexanes 25_23
24_] C73” Heptane 342
24-0 Branched heptaru-.s 3o_33
414 CIHIO Octane 391
1-“ Branched octanes 33__4;
38‘? C;-Hzu Nflflaflfi 44_0

39.3 C H Branched uonancs 36_4[]
3:5 [0 21 D9331}? 4&9
16-8 Branched decames 45_47
219 CI Ina» Ufidfiflfinc 5&9
392 Branched nndecanas 43_._52
39_ ; CIIHM Dndccane 593

306 2,?.,4,5,6'?Efl§3III£dIy}hepta;n¢ 455

263 gragza 543
22.1 " 5° °““°"°°“"° 68.3

35'-7 9:332 Eenmdecane 73_535_2 I 34 exadecane 739
37.9 C1133: Hepladecanc 335
335, C33» Cycicpropame 15); ‘

333 C45: Cy-clobutanc 2] _5 I
310 C5143 Spmopenlane 252 1'

C_1Hm Cyciopeamme 25_ 3
CaH!2 Cycfoalkznes 2g_31

5:: .2 é-Meth3ribicyclo[3 . I fljhcxane 32_4u ycloalkanes 3z_34 i

cf‘ Fmatad CI-Hm Cycltyfzlkanes 35_3g 5
I_s1tIes was CJ-he f.4—D:mctlIy2bicycio[2.2.I1hep£ane 35.4
;ch_[o;-5.3. C93“ Cytloalkmes 42_43cu-.Hza Cycloallumes 45 I

CIIHZ Pennylcyclohexmw. 51 4 ‘z’

5 f0n_m_vS‘ Cr-2H'a7. Cyciehcxylcyciahexane 555 '5
by mixmg C335 I’:-opylerne 33,-; '
her hand, C.H. 1,2-Butadiene 213 '
to permit l,3—Bu1ud':cnc I9.G
redial the 1-"We 21.3. . C H _

pnnciple 4 3 égzme
Csflm Alkenes 23_25

.r a liquid C.Hu 2.3-Dimethyl-2-buteru: 3112
potheiical CsH-- Mk:-'ncs 40-42

,1 temper Caflne 1—Oc:em: 333
arametcm gtuflzu I-Decene 43;).

‘ _ :1-HM l-Dodecene §g_3
S wlthout Cnaflsz I-Hexadecane ';."}I_3
3" Of the C-5H5 Benzene 3}_5
: not Ht'l- C6H:c C3-cloiacxcne 31_ 1

In 0!. Sub_ C: H: Toluene 3515
Csfim Aikyibenzenes 40_4;
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TABLE 2 {continued}

Rounded Values of Cohesive Energies at 25°C

Fm1:nn.la Compound - Wk} 1110!“

Cg}-In 4-Vinyl-4-cycIohexene 37.1
cfs. ci.9— I ,5—CycIoocladiene 40.9

CJ-Km Alkylbenzcncs 43—48
cm5-EtbyIidenebicyclo[2.2. i}—2—heptene 4 l .7

Cg!-I1, 2.3-Dimel.hy}bicyc!u[2.2. I]-2-heptene 39.7
CmI*I,. Alkyibcnmncs 45—4-‘J
C,,H,, Cyclohsxylbenzene 57.5
C6F{, Hexaflutwobenzene 33 .3
QHF, Penlafllmmbcnwtne 33.9
C51-LP, Difluor0bm1?.er|es 32-34
CJ-1,17 Flucmbenmnc 32.2
C-,H3F, 2,3,4,5,6-Pcntafltzorotnlucnc 38.7
C-,1-15F, ('I‘riflu0romethy1)?:Icnz:nc 35.2
C7H,F 4-Fluomtolucnc 310
CHE; Oc£adIwa:Fl'uorau<;1ane 38.7
C31-i,;F I-Flunmoctaxw 47.2
C,F,5 Octadecafluompropylcyclohexanc 40.6 .
C,‘-,F,, Ocladscafluomdecnhydronaphthaiencs 43
C,¢,F,,J Pediuoroz-methylpropylcyciohexmw 44.3
CCL. Tetrachlorolrucflmtc 30. 1
CHCI, Trichloroincthanc 28.9
Cl-I;Ci-,. Dichlarumethmz 26.5
QCL Telzuchlamelllylene 312
QHCQ Ttichloroednylcne 32. I
C;H2Cl; 1,]-Dichloro-ethylene 24.3
C,H ,Cl,. 1.1.2.2-TeIrachlon:eI3Jane. 43 .3
C,H3Cl3 1,1 . 1 -Tric!1Icm.Ie£hane 30.1

i , I ,2-Tuiclfioroetharin 37.8

C,,H_,Cl, {,1—Dichl~ome£hane 28.3
X.2—Dichlome:hane 32.7

C3H,Cl, i,3—Did'I1-ctmpmpane 38.3
C,H,(,‘l 1-Chloropmpane 26. I
C‘H,,Cl, 1.2-Dichlvomhubane 3?. I

I .4—DicII lorubulane 43 .9
C..H._,Cl I-Chlorobulann 3] .2

Isuhulyl chloride 29.3
sec-Bury! chloride, 2-cl'I!0I'obutanc 29.2
:err—Eu:yl chloride 26.7 I

C,H NC1, 1,2»-Dichlotnzzpentanc 41.4
1,5-Dichlorcpcntwm-. «$3.2

CSH , [C1 Chloropcntanes 34-36
C,,H5Cl Chiombenzene 38.5
C51-l,,C12 I ,2—D§ch}o1'o21exsne 45.1‘
C5}! “C1 I-Chlarohcxan: 40.4
C711, ,Cl I—ChIomhepta.ne 45.2
C.H,,Cl I-Chlomoctanc 49.9
C,2H,_.,CI I- 68.7
C19!-Ijfil
CHBI, W c 43.6
CH,Br-_. Dibromomethane 34.6
CH,B: Bromomethane 220.8
C,H.Br, 1,2.—l)iln-onmoezhanc 39.3
C;H,Br Eromaerhanc 15.3
C_,,H,Br Allyl bromide 30.4
C,H,BI: 1.2-Dibmmopmpane 39.2

l,3—Dib:0m0pmpan: 45.0
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TABLE 2 (continued)
Rounded Values of Cohesive Energies at 25°C

Fonnuls Cmnpoumi — Uffl um! "'

C,H,Br Brumopropanes 28——3{I
C,,H,Br3 I ,4—Dibrc:nobutane 50.6

I ,2-Dibromo-2-melhylpropane 40.9
C.H,Br Alkyl bromides 30-34
C,H,,Br I-Bmmopcntanc 38.8
C5H,Br Bromnbenzcne 42.1
C5H._.r 1-Bromchexanc 43.4
C,H,,Br .1-Bromoheptunc 48.1
C,,]H,,Br l—Bromoc-ctane 53.3
C.,H;,Br I-Bromododacaxre 72.3
C,5H,,H:' I —BIwu 91.9
C1}-1,! Iodoelhzme 29.6
C,H.,I Iodrrpmpanes 32- 34
C,H.,l Iodobutanes 31-38 .
C,.H,,I l-Iodopemanc 42.8
C.H,,l I-lodahexane 47.3
C,Br,Cl.F, l.2-Dibrnmocfzloronifluoroethanc 32.6
C,Br,F4 l,2—DibmmoteIrafluome2hane 26.]
C,CI,F, Trichloronifluomudisnes 26
CAI-£BzC1F3 Bromoohlmmzifluomcahanes 27—28
QH.,BrCI I -Bmmo~2»chloroct21a.nc 35. 7

c,c:,F. 3,2-Dichlorohexafluorupropanc 24.3 F(‘.,H2Ci,F3 3 , 1 , I-Tzichioro-3,3,3—triflnoro'prorpauc 34.3 ‘
C3H,Cl,F, 1,1-Dich}am—3,3,3-Irifluomplnfhmic 3! .7 |C,H,BrC§ l—Br0m0-3—c.IiIm‘0pr0pa.tIc 41.6
CECJP, Chis:-opentafluombcazene 38.6 '
CI-I,N Mclhylamine 21.4

c,H,N Dimethyiaminc 23.0 ‘C,_H,N'2 {.2- , erilylcna dfianljne 42.5
(.‘,H,,N Propylamine 29.0 }Isnpropylaminc 26.2

Trimeihylaminc $9.7

C,H,,_.N, I,3—Propa.11odia.n1ine. 47.? l
N-Methy1—I,2-ezbanediarnine 42.? .

C.H,.N Butylamines 29——33 |C,H,3N Prcpylamines 31-33 I
C5}-LN Aniline 53.4
CEH, ,N Cyclohcxyiamine 41.2
C,H,,N Hexyiamines 32—43
C,H,N Benzylaminc 57.7
C,H,,N Heplylsmines 49-A13
C_,H,,N MN-Dinaethylanilinc 56.4
Cal-l,,N Octyiaminas 4?——50
C,H,,N 'I'ripropy]a.mine 43.7
Cm, Ezhanedinitrilc 13.4
C,H,N Ethsncniuilc, aor.-.tonitri.Ic 39.9 |C,.H,N Propnncnilrilc, prapionatrilc 33.7
CJ-LN Butcnenitriles, aliyl cyanide 3?—38 I

Cyclapropanetzirbanitrilc 39.5

CJ-I.,N Butanenitrires 35——37 lC_,H,N Pcmeneniu-iles 41-43
Cyclobutanccarbonitrile 41.9 I

C,H,N Pcmanenizrizcs 35--41 '
C,H,N 1—Cyc1op:m£.nuca:bon.itrile 42.5 .C,;H.,N Cyclapcntanecaxboniflile 4] .0
C6}-l',,N Hexanmumic. caprmijlrile 45.4
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TABLE 2 (continued)

Rounded Values of Cohesive Energies at 25°C

Fornmla Compound - U/kJ mol"

C,H,N 1-Cyclohexenecazboraitrile 51.1
C,H.,N Cyciohexanecarbonitrilc 49.4
C,H,5N Octartenitrile 54.3
C..,H,,N Dccancniirilc 64.4
CHHHN Undamnmfihile 68.‘?
C,,I-IMN Dodecanenilriie 73.6
Cp4H:1N Tetradecanenitrile 82.3
C.H.,N3 Pyddazine 51.0

Pyrimidine 47.3
Pym-ole 42.9

C‘H.,N Pyrrolidine 35 .6
C,H,N Pyridine 37.?
C5H,N Mcd1y!pyrid.i:m:9. pioolint: 40—-12
(L,H.,N Dinwtlxykpyridines 43—48
C,H, ,N Trime Ihylpyridines 43
C,H,,-N, 3.3,6,6—Te-i:ameIhyl—3,4,5,6—tetrahydrapyridazinc 4'.-‘.6
CHGNE Methylhyclrazine 38.0
C;H,,N1 Dirncmylhym-nines 33-37
C,H,1N, 1-{Me:hy1azo)bmane 33 .9
C€H,,,N,_ Azopmpauc 37.4

2-(Isopropyla.zu}pmpa.n1u 33.4
(3,!-i,,N, Azobutane 46.8

2-{terr—BIIty]azo)—2—mcihyIpn'}pane 36.6
C,,H,,N1 2-02-n—But3.Ilam)—2,4,4-lrirnethylpentane 5I . I
C,,_I-I,,N; 2,2’-Am-{2,4.4-uimethylpentmej 64.1
C,H,O Di-methyl e-the: 16.8
C4!-I,.,0 Ethets 25
C,,H,,,O1 1 ,2-Dimcdloxyclhanc 34.0
C,I-[R0 Bury] methyl etbexs 28—3B

Ethyl pmpy} etlzers 28-29
C5!-1,31}, 1-Elbuxy-Zmndnxycfliane 37.4

Diethoxymeihane 33.3
C6H,2O Busy] vinyl ether: 32-34
QHNO Memy! pemyl ethezs 33-34

Bntyl ethyl eihers 3]-—3-4
Dipmpyl ether: 3{l—33

C5!-I,,,O, 2-Methoxy-1-pmpoxyetham 41 .2
Dieflxoxyethane 40.8

C,H,,O, Bis(e!hoxymcd1yI)ethcr 42.2
C;H,,O Mclhyl phcnyl ether 44.4
C-,H,,() Ethers 3E—40
C7}-I",-O, Dierhexs 43-45
CTHHO‘ 3,5,':',9—'l‘en'aoxoLmdecane 5 1| .2
C,.H.,,0 Ethyl phenyl ether 48.6
C;H,gCI Ethers 35-44
C,H,,O, Diethers 43-49
C,H,3O, Dieflaylene glycol dieihyl ether 55.9
C,H,,,() Ethers 42—50
C,,I-13,0, I -Butnxy-2-pmgnxyelhane 52.2
C,,,HnO Ethers 48-55
C,9H23U, 1,2-Dibuioxyezhane 56.3
CHI-1,40 Emers 58—6TJ
C,;HQ,.,O Ethers 62--63
CH.0 Mathanal 35 .4
CEHGO Ethanol 40.0
C3H5O 1-Propane] 45 .0

2-Pmpanol 43.0
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TABLE 2 (continued) I.
Rounded Vaines of Cohesive Energies at 25°C

Formula Campound - UHIJ mo!“

C.,I-L90 I-Butane] 49.9

Other butanols 44—-48
C,H .90 Cyciepentanol 55.2 I
c,H,,o I-Penim-D] 54.5 '

Other pentanols 48-53 '
C6!-[[20 Cyclohexanol 59.5
C31-l,_,0 1-Hexanol 59.1

Othex hexxnois 52-58

C,H,,0 I-Hepzanol 64.3
C,H,,;.O Dimcthylphenois 62—80
C,I-1,30 I-Octane! 68.5
C,H,.-,0 I—N0m:.noI ':‘4.4
Cw!-I;,O I-Deeamol 79-0
C,,H,.O l—Dodec:mo! 89.5
C,‘H,D0 l—'l'eIradeca1Iol 99.7

C1H,.O Etha:-ml, am-etaldehyde 23.7‘
C,H.,O Ptopanal 27.5

2-Propanone, acetone 28.8
C,H,,O 2-Bntsnone. methyl ethyl kctone 32.4
C,I-I30 Cyciupentumne 40.3

Cyclopmpyi methyl ketone 37.0
C,H,U3 2,4—Pentmedione 40
C5]-1,00 Pentanones 34—36
C,H“,0 Cyclohexamsne 43.4
C,H,,O Hexanones 36—41

C,H,.,O Dicyciepmpyl kelone 5 L2 1
C-,H,..O Heptunoncs 39—45
Ca]-1,50 2,2.é—Tn'mel.h yI—3—penI'.anun.e 40. 3 l
C9H§..O 2—Hexahydm.inda:r1one 54--SS
C,H,5O D‘Ln3eLhyl—3,S—heptanediones 53.6
C9!-1,30 Ncnanones 43———-54
Cml-l,€0 trans-8-Methyl-2-hexahydznindnmxae 55. B
C,,,H,.0, 2,2,6-'{'I1methyI—3,5-heptaliedione 55.3
Cpgliggo 2,2,5,5-Tetramednyi-3-hcxanone 46,3
C. ,H,,O, 2.2,6,6—Tetra:nethyi-3,5-heptanedione 5'3‘. 1
C.,H,,O Undecanmles 5{)_{';5

CHI-I-5,0 2- Dodecanone 69.4 '3CH,,O, Fumxic acid 43.8
QILO2 Acetic acid 49.1
C3H5O= Prnpkrnic acid 52.5
c.H,.0, Bulyric acids 51-55 1
C',I-LO, Methyl formate 26
C,I-I502 Esters 30
C,H,,O,_ Esters 33—35

C,H,,U, Methyl cycloprogyanecaliaoxylate 333 I

C,H,9O, Esters 35.— --37 l
C,-H.,.O, Methyl cyclobutanecmboxyiaze 42,3 '

Ethylene glycol diaoezate 59.0
CISHHO2 E3973 36-41
C,H,,O, Esters 39.445
C,HaOz Methyl benzrmte 53,[
C,H,,.O. Elhyierne giytol dipropanuate 55,]
Caflmoz E-51°75 49
C-9H M0,, Trixcetin 83. 3
C.,H,,.0-_,_ Methyl octanoate 519 '
C,.,.'H,,O. Ethylene glycol dibutanoete ?D_7
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TABLE 2 (continued)

Rounded Values of Cohesive Energies at 25°C

Formula Compound - UHIJ me!“ 1

cwnmo. Methyl mmanoatc 59.5 '
C, ,i-I220, Methyl cleacartoate 64. 3
C,,H,..O, Tripmpionin 88.9
C,-,H-M0, Methyl uudecanoatc 69.0
C,,H.z5O;. Methyl dodocannate 74 .7
C,..l-I250, Methyl tridecaneete 80.2
C,,I-I505 Glcycral tribal}-rate 104.6 |
C,_,H_.,¢,O, Methyl tetradecanoatc 84.5
Cm}-I320, Methyl pemaclcczneate 91.0 1'
c.H.o Oxirane. ethylene oxide 23.0 I
C,I-L02 B-Propiolactone 44.6
C,}L,0 Mctlwlcxirane. propylene oxide 25.8

Oxctame. trimethylene oxide 27.?

CJ-1,0 Fman 25.2

C..H.0, Diketcne 40.4
(3.!-1,0 Tecrahydmpyran 29-7
C_.H,.0: 1.3-Dionne 36.7

1,4-Dionne 36.2
C5H,.,0 3,3-Dimethyloxetane 31 .6

Tc 32.2
‘,1-L00, 1,3.6—Trioxacycloocta.ne 46.3

C,,l-1,604 1,4,7,i0-Tetraoxacyclododccanc 63.2
Cml-IMO, :,4,7,I0. 13-Fentwxacyclopeniudecane 77.]
C31-1,0, 2-Methoxycthanol, nwlhyi cellosolvc” 42.7
C.l-I190; 2-Ethoxycthanol, oellosolve 45.8
C,-LL90, Dicthy! carbonate 41.1

2-Memoxyethyl acexate methyl cellosolvl: acetate 47.8

C,H,,01 Prepoxyethanois 48--50
C.5H,,O, 2-Ethoxyethyl acetate cellosolvc acetate 50.2

Ethoxymethyl propanoate 47.4
C,,H,..0, 2-Butoxyethanoi, butyl celloeclve 54.1
C,H,,,O, 2-Prcpoxyethyl acetate 53.1
CEHNO3 2-Butoxyelhyl acetate, bmyl oellusolve acetate 57.1
CS; Carbon disnlfide 25.2
(3,!-{,3 Dimxzthyl sulfide 26.5
C,I-I581 Dimezhyl disulfide 35.4
C,l-1,8 Ethyl methyl sulfide 29.5
C,H,,,S Methyl propyi sulfide 33.8

laopropyl methyl sulfide 31.8
Diemyl sulfide 33.4

C41-INS, Diethyl disufide 42.7
C5!-1,15 Diallcyl sulfides 33-38
C51-I,,S, ‘Bis{e£hylthio)mefimnc 48.3
C,H,,,S Dialkyl sulfides 37-«-43
CJINS, l ,2-3i.s(elhy1thio}ethanc 57.0

Dipropyl disulfide 56.7
C,.!-LES Dialkyl sulfides 41-56
C,H,.S., Dialicyl disulfides 52-60
C386.‘-3 Eahanezhiol, ethyl mcmpuan 5.1
C2358, I .2-Ethaneditlubl 42.2
C,H,S Plvpanelhiols 2‘?—-30
C,H,S l ,3—Propanedizhiol 47 .2
CJ-INS I .4~Rntaned.ithi0I 29-34
C41-INS, Cyclupemanethiol 39.0
C.,H,2S Pemaneihiois 33—39
C,-HHS, 1,5-Pemunedilhial 56.8
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TABLE 2 {continued}

Rounded Values of Cohesive Energies at 25°C

Fonmlla Compound — U1}! mo!“

C,.,H,S Benzenelhiol 45. I
C5!-3,,S Cyclollexametlziol 42.1
C,,,H2,S I-Decanetlaiol 63.0
C,H_,S Thiecyclobmane 33.5
CJLS Thiophene 32.3
C.,H,S Dihydrolhiophenes 33-38
C,H3S '!‘hiacycIopentane 37.0
C51-[£3 Methylthiophenes 36—3'7
C5}-[.03 Thiecyclohexane 40. I
CN,0, Tetranitrorncflaane 47.5
CH,N0 Fommmide 57.?
CH, N02 Nirmmethane 35.9
CzH,NO N-Merhylforznamidc 53. 7
C,H,N0 Mfilhylformamide 56.0

N,N-Dirnethylfmmamide 44.4
C.,H,N0 N-Elhyiacetamide I52.-Ii

N,N—Dime1hy}aceIamide 47.8
N—Metbylpmp:'una.mide 62.4
N.N—DiethyIfonnamr'de 47.8

C_,H, ,N0 N-Progyylacelazrridc 67.3
N-Isoprapylacetsrnidc 63 .9
N-Mefllylisohutymmide 64.6

?,H,N01 Nitrobenzene 52.5
C,H.,NO, Tfiaoctanfide 519
QH,,NO N—Buly§accta.rnide 72.5

N,N-Dielhylecctamide 51.6
Cfii-I,‘ N10 N-Nilrosodipmpylamine 49.2
C,,H,,N,0 N-Nitroso-di—z¢-rt-buylamine 43.5
C,.,H , , NO, N.N-Diacetylaniline 68. l
C.H,CIS Ethyl thioiethzooate 37.5
C,H,aOS Propyl ihiolelhanoare 41.6

I-Methylezhyl Ihioleihanoate 39.8
C,,H,,DS Bury! Ihiolelhanoate 45 .6

l,I—Di1neIhyle:l3y] Lhiolethamale 40.5
C,H,N'S 4-Methylthiazole 41.4

Halogen-subsfiluied eflacrs 3l]—52
1 Halogen-subsrim-led esters 44—4-9

—- Halogen-substituted diaries 23—35

Selecled am‘ adapted from Majcr. V. and Svoboda. V., Emhaipy of Vrgporization :9’
Organic Compoumir, IUPAC Chemical Data Series No. 32. Biaclrweli‘. Oxford. 1985.

2.3 THERMODYNANIIC EQUATION OF STATE

Any expression linking the state properties of a material is known as an “equation of
state”. The most filndamental equation of state is the thermodynamic equation of stare,
which follows from basic thermodynamic relationships and involves pressure p, molar vol-
ume v, absolute temperature T, and the molar internal energy U:
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TABLE 3

Selecled Values of Hildebrand Parameters at 25°C

,6, H or
A. H

Formula Substance Wear‘ mill" H moi" BIMPI“

Elements

Br, Bromine 51 36.? 23.5
I, Iodine 59 -- -- 28.3
8,. Sulfur 135 25.4
13., Phosphorus 70 52.7 26.8

Tetrahafldes

CC1, Tetrachlmomclhanr, carbon Letrachioridc 97 32.8 17.6
SiCL Silicon tetrachloride. tetrach1orosi1ane 115 30.! iii
SiB:, Silicon tctrabrornidc, tctrabrornosilanc I27 43.4 18.0
GOCL. Gcnmninm tcuachloridc 115 33.8 16.6
SIJCI. Stannic chloride 118 40.0 17.8
Sn]. Stannic iodide 15] 82.1 23.9

other Inorganic -mmpomsds

090., Osmium tetroxide 58 41.0 25.3
MOP, Molybdenum hcxafiuoridc 84 26.6 17.0
WP, Tirngstcn hexafluoride 88 26.2 16.4
UF5 Uranium hsmfluofide 96 30 18.2
Si(Cl-I3) Telramethylsilane, silicon telramethyl 136 24.3 12.?

Aliphatic Hydmcarbons

C_.,]-112 Pcrztane 116 26.3 14.5
Isopcntane, 2-mczhyltmtanc 117 25.2 13.9
Neopeatane, 2,2—dimI:2hyI‘pnopane 122 22.4 22.7

C61-1,. Hexana 132 31."! 14.9
C,H,,, Hepume 148 36.6 15.1
C311“. Octane 164 41.5 13.3

Isooctane. 2.2.4-Irimeihylpemane I66 35.1 14.!
C1,,-H3. Hcxadocanc 294 81. I 16.4
C,I-1,9 Cyclopemmc 95 28.7 16.6
C51-1,, Cyciohexane 109 33.1 16.8
QR,‘ Methylcycinhgxanc 128 35.4 16.0
CG]-In 1-Haxenc I26 30.? 14.9
C,,I-1,, 1-Octane 158 40.6 15.5
C51-1,,, 1,5-Hcxadicnc 118 31.3 15.8

Aromatic Hydrocarbons

Cfim Benzene 89 33.9 13.8
0,1-1,, Toluene, methylbenzene 10? 38.0 18.2
C31-{,0 Etiiylbcnzznc 123 42.3 18.0

o—Xy1cue, 1,2-djxmthyibanzcne 12.1 43.4 18.4
m—Xy1ene. 1,3-dimethylbenzgem 123 42.7 18.0
p—Xy1e-ne, i,4—dim:-Jhyibcnmnc 124 42.4 18.0

C,,H,, Propylbcnzem-. 1.40 46.2 17.6
Mesizylene, 1.3.5-trimethylbenzene 140 47.5 18.0

C31-1, Stymnc, cflxenylbcmsnc 116 43.9 19.0
C NH, Naphthalene 123 20.3
C1,H,,, Anthracene (1513) 20.3

Phenamhnene 158 20,0
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waters

1 TABLE 3 (continued)
1. Selected Values of Hildebrand Parameters at 25°C

,4.‘ H or
9 111- H

BIMPR” Formula Substance V/cur‘ ma!" RJ moi" fi."MPa”‘
Fluorncarbtms

33 - 5 C5F14 Perflueroliexane 205 32.4 l2.1
28.8 C.1=,, Perfluorolieptane 226 36.4 12.3
25.4 C,Fu Perfluorocyciohexune 170 28.9 12.5
25.3 c,1=,_, Pc;fluom(methy1eycIo-hexane) 195 33. 1 12.5

Other Fiunroclxunicxls

17.6 (CJ3‘,),N Perflnomfiburyiamine 360 54.4 12.7
15. 5 C.Cl.,F6 Dichlemhexa fiuawcyclobumnc I42 — 14.5
13.0 C,.c:1,F., 2,2,3-Tficblmnheptafluomblnane 165 35,6 14.1
16.6 c,c1,1=. 1,1,2-T1‘i1:l1Jr1ro—I ,2,2,—1n'11uo1-oe111ane 1213 27.5 14.5
17.8 C,F._,H Penzadecafluomheptane 215 37.7 12.923.9

Other Aliphatic Halogen Compounds

CI-I,Cl2 Dichlororrtethanc, methylene diclllcridc 64 28.6 29.0
25.3 CHCI, Trichluromezbme, chloroform 81 31.0 18.8
17.0 CC3. Tczracblormnellmne, carbon tetmchlorh: 9')‘ 32.3 17.6
16.5 (111131, Tribmmamethane, bmmofonn 88 43.1 21.5
18.2 CH} Iodomclhsne, metlzy1 iodide 63 28.0 20.3
12.7 Cl-I21; Diiodomcthane, rrletbylene diiodide 31 . - 24.1

C,H,Cl (Zhioroethanc, elhyl chloride 74 23.8 17.0
C11-1,81 Bmmoethane, ethyl bromide 75 27.2 13.2
C,H,I Iode1hanc,ethyl iodide 81 32.2 19.2

14.5 Cal-LC], !,2-Dicblomethane, ethylene dichloride T9 34.? 29.3
13.9 1,1-Dicblamerhane, ethyiidene didlloride 85 32.2 18.6
12.7 C,H.Brz 1,2-Dibmmuethane. ethylene dibmmide 90 41.4 20.9
14.9 C._.H,Cl, l,I.I—T1'k:hloroetbane 100 32.6 17.4
15. I C21-IZCI, r.':'s—l ,2—Dic!'1lom-ethylene 76 28.9 18.1‘:
15. 3 :mm—1,2~Dichl0roetbylene 78 28.5 18.4
14.1 C,1:1. Tetrasbloroetbylcne 103 39. 7 19.016.4-

16.6 Other Aliphatic Compounds16.8

16.0 CS; Carbon Lfisultide 61 28.0 29.5
14.9 C31-1,02 Dimetlzoxymeihane, merbylal 89 2'16 15.8
15.5 C.1-1,50 Dielhyl ether 105 26.6 15.115.3

Adapted from Hiidebrand, J. H., Pnmsnitz, J. M., 311:! Scott, R. L, Regzduran.a‘Re(a:ed Solutions. van NosIran1:T-Reinhold, Princewn, NJ, 1970.

8.8

:3 2 ravzam = Hapram -- p
18.0 _ _ _ _
1114 Many Iiqmds have values of (ap;aT)V and (awavyr winch are f1.'mct1ons only of the molar
18.0 volume within experimental precision over reasonably wide temperature and pressure
13-: ranges. ""5 Because they show this simple behavior, these functions have been given special30 names and symbols. The internal pressure is
19-0

20.3 1'1 E (3Ul3V)1- (33)20.3

29-0 and the isochoric (constant volume) thermal pressure cowicienr is
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TABLE 3a

Molar Volum and Hildebrand Parameters
of Dichloro-Substituted n-Alkanes at 25°C

Went’ moi" &.~'MPa""

I.I—Dichlor0ethane 84.8 I83
1,1-oicmompa-opane 1os.5 :s.o
I, l —Dichlorol:Iute.nc 13.6.9 118
2,1—Dichl.o1!:IpenIar1e 233.8 17.9
l,l-Dichlorohexane I503 17.8
1,1-Diclilomheptnne 157.3 17.3
1.1-Dichlorooctane 183.6 l7.8
1,1-Dichlorononane 199.2 17.7
I, l—DicIIIoz‘ol.itIdecane 233.2 ['16
1,2- e 79.4 20.3
I ,2—Dichlo:nopropm1e 98.2 38.5
1,2-Dichlorolnuleiic I 14.3 18.0
1.2-Dichlompeatarte 131.2 17.8
1,2-Dichlomhcxane 148.1 116
1,2-Di e 154.4 17.3
I ,2-Dichlorooclztne 181.2 17.8
1.2—Dichlorooonane 197.9 17.7
2,2-Dichloralmdecane 232.0 17.6
l,3—Dichloropmpane 95.8 29.0
1,4-Dichlorobutmie 112.] 19.8
[,5-Dichloropemane I283 19.4
1,6-Dichlmohcxane 145.9 19.7
l,'l—Dichloroheptane 162.6 19.6
I ,S—[}ich1o:ooclaa1e 179.5 19.6
1,10-Dichlorcdecanc 213.2 19.4
2,2-Dichloropropeuze 104.2 16.9

B E (3.9/67% (93)

Thus, Equation 7 can be written

'11 = 43 ~ :2 (Sb)

The thermal pressure co-efficient B is related to the isothermal compressibility K and the
thermal expansion coefficient or by

I3 -— can (9b)

and from Equation 7, neglecting p, which is usually much smaller than the other term,

11 = TB = ram (10)

The internal pressure results from the forces of attraction between molecules in condensed
phases exceeding the forces of repulsion, and although there is obviously a. close connection
between internal pressure and cohesive pressure. they are not equivalent: the cohesive
pressure c is a measure of the total molecular cohesion per unit volume {an integral quantity),
while the internal pressure 17 is the instantaneous isothermal volume derivative of the internal
energy (a differential quantity}. The expression

11' -— no (11)
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TABLE 4

Cohesion Parameters and Atomic Volumes of the Elements

Atomic Atomic volume {(A3 — .RT).’V]'*‘*
Element numhx cm’ |nol'1 MP3“ rfg

Actininm 39 22.6 :39 293
Aluminum 13 I0 180 293
Antimony 51 18.2 119 293
Argon 18 23.9 15 23
Arsenic 33 13.: 149 23
Asmtine 85 - n _

Barium 56 39.2 57 293
Bery1’i'i1.:m 4 4.4 258 293
Bistnuth 83 21.3 99 293
Boron 5 4.7 346 293
Brornisse 35 (255) 5,5 293
Cadmium 48 13.0 93 293
Calcium 20 26.0 33 293
Carbon 6 5.3 366 298
Cerium 58 20.7 141 293
Cesium 55 70.1 34 293

Chlonlge :: (19.3) 79 293Chmmrum 7.2 235 2913
Cuban 2? 6.".-' 253 293

Copper _ 2? 7.1 219 293
Dynproslum 66 19.0 121 293
Erbium 68 13.3 127 293
Eumpitlm 63 29.0 78 293
Fiuorhae 9 (I03) is 293
Framrium B? 73.9 32 298
Gadolinium 64 20.0 131 298
Gallium 31 11.8 :52 293

(93) 32 13.6 355 29316 79 10.2 190 293
Hafnium 72 13.6 227 293
Helium 2 19,5 2_2 1
Holmium 6? 13.8 125 293

(3b} Hydrogen 1 (6.7) 254 293
Indian: 49 15.7 :24 293

ity K and the I‘’,‘“_“‘’ 53 <25-?J 64 293
lmimm 77 8.5 279 293
Iron 26 7.1 243 293
Krypton 36 32.0 17 12;

(9b) Lamhanum 57 22.4 138 293
Lead 32 18.3 [(34 293

that term’ 3 13.0 112 298
71 I128 153 293

(10) Magneszum 12 14.0 103 293Manganese 25 7.4 I96 293

_ Mercury 30 14.8 64 293
m condensed M0lybde_num 42 9.4 255 293

36 commotion Ilgeodynnlum 69 20.6 124 293. can 10 16.3 I 1 24

qtzle cohefwc Nickel 28 5.5 255 293
= G“_3111llJ-'). Niobium 41 10.8 250 293
‘If {I16 mternal Niuggcn 7 (1 L4) 203 293

Osnmum 76 8.4 305 298

0xyge_n 8 (8.5) 171 29s
(1 1) Palladium 46 8.9 205 293

Fhosphorus I5 I63 139 298
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TABLE 4 (continued)
Cohesion Parameters and Atomic Volumes of the Eiements

Atomic Atomic volurrle mm — azwtm
Element number an‘ Inn!" M_Pa“= TIK

Platinum 78 9. I. 249 293
Poloniom 84 22.6 38 293
Potassium 19 45.5 45 298
Praseodyminm 59 20.8 I'.3I 298
Pmmelhium 61 20.3 US 298
Pmtoactinium 91 15.0 £92 298
Radium 88 38.8 67 298
Radon 86 S0. 5 60 208
Rbcnium 75 3.9 297 298
Rhodium 45 8 .3 259 298
Rnbidium 3? 55.9 38 298
Ruthenium 44 8. 3 279 298
Samarium 62 20.] 192 293
Scandium 21 I53 150 293
Selenium 34 16.5 112 298
Silicon 14 12.1 194 298
Silver 47 16.3 267 298
Sodium I 1 23.? 68 298
Strontiun1 38 33.7 70 298
Sulfur 16 15 .5 134 293
Tantalum 73 E03 26? 298
Tochnelium 43 3.6 273 298
Teiiurium 52 20.5 98 298
Terhi 64 19.3 [40 298
Tbailium 81 17.3 102 298
Thorium 90 19.9 170 298
Thuiium 69 18.2 116 298
Tin 59 16.3 136 2298
Titanium 22 10.6 2]] 293
'I‘I.mgstcn 74 9.5 296 298
Uranium 92 12.5 205 298
Vanadium 23 3.4 243 298
Xenon 54 36.8 19 I66
Ylterbium 70 24.9 32 298
Yttrium 39 19.9 144 298
Zinc 30 9.2 120 298
Zirconium 40 14.1 208 298

' No data avaiiahle.

Adapted from Lawson, D. D., From, DOE Cixemicai/Hydrogen Energy Contractor Review
System. CONF-THJ31. National Technical Information Service, Sprirzgfieici. VA. 1928,
109. See also Tables 24 and 25, Citlaptcrs 5, fol liquid metals.

with I: an empirical parameter can be used {see next section). Although it approaches a vaiue

of unity for nonpolar liquids, it can be considerably less than or greater than unity for other
liquids, as shown in Table 12. Chapter 7.

The internal pressure 1r is in some ways 3 more satisfactory quantity than the cohesive

pressure c or the Hildebrand parameter (8 = c”) to describe the macroscopic resuitam of
molecular interactions. This is because '31’ is defined thermodynamically and because it may
be evaluated directly and unambiguously in some situations. The effects on reaction kinetics

and other properties of change in solvent internal pressure paraiiei those resulting from

external pressure variation, and are experimentally simpler to achieve.” The relationship
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between 11' and r: is considered in more detail in Section 7.5, where the internal pressure is
as _ shown to provide one method of estimating the I-lildetmmd parameter values for simple

liquids, and component cohesion parameters for more complex liquids. Shanna and Da.s'“'

' and Wilson’’’-’-‘ are among those who have considered various aspects of equations of state,rat I

cohesion parameters, and internal pressure.
293

293 I 2.4 EMPIRICAL EQUATIONS OF STATE298

298 In the course of numerous attempts to analyze and rationalize the nature of intermolecular298

forces, many empirical equations of state have been proposed. The most used equation, of298 r293 course. is the ideal gas law,293

293 : pv = RT (12)
293

293 but the next best known is the van der Waals equation of state”“"“‘

298 {a + a!V“')(V — b) = RT (13)298

The thermodynamic equation of state (Equation 7) and the van der Waais equation can be
293 rewritten as follows to yield a direct comparison:
293

298 p + (3U}aV),. = T(ap/3T_,i-,. (14)
298

293 p + all/3 ‘" TR! (V - b) (15)293

:3: It is then possible to define a van der Waais liquid as one that obeys the equation

:3: (av/av}, all” (16)
293

298 Integrating,298

293 _ __ 2
166 U — at'V (17)

298 _
293 If U = - ,fi3‘U (Equation 3), then293

a -- Via‘ U - We V162 (13)

and

Review

-- 1978. (BU!aV)T := ,AgUr‘V == c = 31 (19)

This very simple relationship between the Hildebrand parameter and van der Waais a pa-
mflches 11 Value rameter has been shown approximately true for some liquids.“°-27'” More generaLly,“"‘”
unity for other

U = ~ am (20)
III the cohesive

.330 resultant of which, with the assumption that the vapor is ideal, leads to
because it may

:action kinetics {3y,rav}T = ,,('Axy;V) (21)
resulting from

he relationship so‘the deviation of n from unity {Table 12, Chapter 7) can be used as a measure of the
extend of deviation of a real liquid from a van der Waals liquid.
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McGowan” classified three main types of property (or combination of properties) for

liquids:

I Those which are constant for all unassociatcd liquids, such as the characteristic pres-

sure, ,0, (4455 MP2)

I Those (most properties) which vary with temperature
I Those which vary between compounds but which do not depend on temperature, such

as the parachor {Section 6.3) and also the van der Waals a and b parameters

The estirrration of both the parameters a and b and cohesion parameters from characteristic
atomic volumes and characteristic pressure was discussed-

Equations of state are considered further in Chapter 7.

2.5 UNITS AND CONVERSION FACTORS

The internal pressure is expressed in pressure units (preferably in the 51 unit, the pascal,
1 Pa E 1 N or”), but in the past the cohesive pressure or cohesive energy density has been
given units of energy per unit volume, often cal cm“-3. As internal pressure and cohesive
pressure are dirncnsionaliy identical, it is logical to use 3 common unit. Also, although the
units ca} cm“ for cohesive pressure and calm cm '3'" for solubility parameters are still used
widely, eventual conversion to the SI units is inevitabie, and these units are used throughout
this book. it is not now appropriate to honor the founder of the solubility parameter concept
by adopting the “hi!dcImmd" as the title of the non-SI unit cal": crn,'3’3 as origiitaliy
suggested by Tayioi-,3‘ and a more permanent form of recognition is desirable. This is
achieved by calling the original thermodynamic or "total" cohesion parameter, as defined
in Equation 5 or 6, the Hildebrand parameter.

From many points of view, the most appropriate and convenient unit for cohesion
parameters is MPa"'*, which is numerically identical with 1"’ cm 3” and with MP” 111"“-
This conforms to the SI conventions, is of convenient nurnericai size (I cal” crn‘3’3 being

approximately 2 MPa"3), and can be written in compact form. Tables 5 and 6 list some
conversion factors for pressure units and for cohesion parameter units-

In Chapter 6 the quantity ( — UV)“ is introduced. with dimensions

(energy)"’ (voiume)"" (amount) ’ (p1'eSSl.tl‘£:}m (volume) (amount) ‘

and the conversion to SI units is

(cnergy)“'2 (volume "’ {an1ount}“ E (pressure)"’ (volume) {amout1t)‘ '
I cal” cinm rnoi” = 2.0455 Um cm“ mo!“ (MPa"‘3 cm’ mol")

in Chapter '7, dimensionless coefficients have been converted from cal“ crn‘3’3 atm‘“2
using

lcalmcm 3“"atm‘”’ '— 6.4260

and the parameter A = 821/‘*5 7“ in Chapter 17 has been converted to mol‘“3 from on!
erg” mol"’5 by using 4.184 X 107 as a multiplying factor. In Chapter 6, for the normal
lyopazachor and true lyoparachor,

1cai““'5 g "5 cnf mol“- 3.143 J“ g“"" cm’ rnol '

lcal” g‘‘*’‘‘ cm’ rnol“ = 2.925 J3“ g‘3"‘ cm’ moi“

The dipole moment is frequently quoted in the non-SI debye unit,
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if pmperties) for ' TABLE 5
Pressure Units and Conversion Factors

aracteristic pres- [ MP1 mung
ml cm-= (J cm-=1 aim bar kg use are)

gnjpgfaturc’ such I I Elfll £ll'l'3 ‘S -- 4.134 0 41.292 9 41.840 42.655 31 333
mmems 1 MP3 (1 cm ) 0.239 01 — 9.0159 2 10.000 10.197 2 '1 500.6

1 also 0.024 217 0.101 325 — 1.013 25 1.033 23 760.00
. . 1 bar 0.003 901 0.100 000 9.986 92 1.019 72 750.06‘“‘ "h‘”“°“"'“5“° 1 kg cm-= 0.023 439 0.093 000 0.957 34 0.91106 — 735.50

1mm!-lg (G“C) 0.000 031 865 0.000 133 322 0.001 315 73 0.001 332 22 0.001 359 5

TABLE 6

Cohesion Parameter Units and Conversion Factors

unit, the pascal, MP3“
ifillsitg ha; Zeen “pa cm-so {J-tr: cm—.v:} aims:ll (.20 C IVE

:0, although the 1 cal” cur“ — 2.045 5 6.4260
:13 are 333; used 1 MPa“" 0.403 as — 3.1415L‘! -391

ised throughout ](ftlII'lf:n } 0. 255 62 0.313 32
rameter concept l,,, . .

'ima:leon’Igll1ii:"'y I D -— 3.336 X 104" C in3 . IS

flu’ as defined Density conversions are made using

iihfgijfbefiff 1 lb (US gal)" = 0.11933 g cm‘ 3. II] '
rz - 3x2 ‘

cm being 2.6 MIXTURESnd 6 list some

For mixing to be possible, the Gibbs free energy of mixing at constant pressure must
be negative:

aim G, = Am Hp — TA,“ SP < 0 (22)

The entropy change Amsp, of a mixing process is usually positive, but in order to predict if
1;) -I mixing will take piace, it is necessary to evaluate the enthalpy term, A, HP. When this term
- I) is negative, or positive and less than TA“, 5,, mixing can occur. Because of the temperature

dependence of the entropy term, if the temperature of a mixture is decreased spontaneous
.m—-3:2 am] -12 “unmixing" (phase separation) may occur, although it is also possible for metastable ho-

mogeneous systems to exist.

Through thermodynamic relationships, cohesion parameters can also provide information
on the properties of the components within mixtures. Difierentiation of the Gibbs free energy
of rrtixing with respect to the amount of substance 1' provides the chemical potential “pt” in3-") fmm C31 the pure liquid. The chemical potential is also known as the reiativc partial molar Gibbs

or the normal free energy, or the Gibbs free energy of dilution, and can be subdivided into enthalpy of
dilution and entropy of diiution terms. The actiiwity, ‘at, of component i follows from

RT In ‘a = ‘p. — "11." (23)

The usual approach to the study of thermodynamic properties of mixtures or solutions is to
determine the changes in the values of certain characteristic properties when the components
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are mixed. In doing this, the concept of an ideal mixture or ideal solution is valuable in

describing the idealized behavior of mixtures, as in the same way the ideal gas law describes
the idealized, limiting behavior of expanded gases. It is demorzstrated in most general physical
chemistry textbooks that the thermodynamic definition of an ideal mixture {a mixture in
which the activity equals the mole fraction composition over the entire composition range
and over a nonzero range of temperature and pressure) leads to the following properties:

1. There is no volume change during the formation of an ideal mixture from its com-

ponents, any = 0. (The volume change on mixing can be deterrnineri experimentally
by dilatornetry.)

2. There is no enthalpy change in the system when the components are mixed at a fixed
total pressure; that is, there is a zero heat of mixing, ANH = 0. (Experimentally, there
would be no temperature change observed in a tlternially isolated system during an
ideal mixing process.)

3. There is an entropy change during mixing equal to that occurring during the formation
of an ideal gas mixture due to the exna degrees of freedom created by the mixing
process. This is sometimes called the combinatorial entropy, and for equal-sized, low
molecular mass components the molar entropy of mixing is

A,,,S=—R2:,"xin‘x (24)

where or is the mole fraction of component 3‘. (Each mole fraction ‘'3: is less than unity,
so ln’x is negative and the overall ans term is positive-) Different relative molecular

sizes of the components reduce the number of possible combinations, and Arms is less
than the ideal value (Section l3.2).

4. The resulting molar Gibbsfree energy change during the formation of an ideal mixture
is therefore completely provided by the entropy gained by each component:

AmG=AmH—TA,,,S=RTE:.‘xlnfir (25)

5. The components forming an ideal mixture are always conrpleteiy rrriscibie in all pro-
portions.

Another way of considering an ideal mixture is on the molecular level: an ideal mixture is

one in which the different types of molecules, z‘ andj for example, behave exactly as if they
were surrounded by molecules of their own kind; that is, all intermolecular interactions are
equivalent. This is discussed further below.

In nonideal mtlxtures, the Gibbs free energy change for the mixing process is not equal
to the ideal value, and the “excess” Gibbs free energy change on mixing is”

5.5,, G = Am G — RT 2, *1 In ‘x (26)

This function may be considered either from the point of view of the mixed system as the
excess G5 of the Gibbs free energy of the nonideal mixture relative to that of the ideal

mixture, or from the point of view of the mixing process as the excess “Am G of the nonideal
Gibbs free energy of mixing relative to the ideal Gibbs free energy of mixing. ‘° Similarly,
the excess entropy of mixing is defined

EAmS=AmS+R(5rln"x"xln-"x) (27)

An ideal mixture follows Result’: law, which states that the partial pressurefip, of any
component 1' is given by
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FIGURE 1. Total and partial vapor pressures in an ideal binary mixture
at constant temperature.

iv = ‘fps (28)

where "x is the mole fraction of component a‘ in the mixture and ‘p, is the saturation pressure
of component i. This ideal behavior is illustrated in Figure 1. A real system with behavior
close to ideal is tetrachloromcthane-cyclohexane-

Negative deviations from Raou1t’s law (Figure 2) occur when interactions between unlike
molecules (E — j interactions) are markedly stronger than interactions. Moderate
positive deviations (Figure 3} are usual, and occur when there is little or no specific interaction
between any of the molecules. Strong positive deviatiorts result from situations where mol-
ecules of one or more of the components undergo strong self-interaction, but only normal
interactions with other components, as in alcohol-hydrocarbon mixtures. Very strong positive
deviations from Raoulfs law lead to liquid-liquid imtniscibility (Section 2.7).

Nonideality is also frequently described in terms of activity coefficients. Except for the
special case of an ideal mixture, the activity in of component i is not equal to its mole
fraction value’x, and it is therefore convenient to define the activity coefficient ff, such that

jfi = ‘ab: (29)

The Gibbs free energy change on mixing is then expressed

Am G = RT 23,-‘); in ‘x +RT 2;’ a 2 In is + RT 2'},.".x In 3; (30)

and from Equation 26,

Eam G RT 2, 5.’ in 5:: (31;
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FIGURE 2. Total and penis} vapor prcsszuxes at constant temperature for

FIGURE 3. Total and pmial vapor pressures at constant tcmperamre far
a system with moderate posiiive deviations from Ruoulfs law.
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FIGURE 5. Excess Gibbsfmc Imnrgy ofabfmary nfixfllse as afimction ofmole
fraction: (3) miscibility in all proportions; Ga] onset of demixing; (:3) existence of
two regions of stability, two regions of rnetastabiiily. and one region of instability.
(Adapted from Dayamis, 3., Plasz. Mad. Efastomeres, 29(2), 58, I971.)
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is stable at all compositions and no phase separation occurs. If the curve has two upward-
facing concavities separated by a convex section and two points of inflexion (figure So),
there is a region of total instability, two metastable regions and, at either end of the com-
position range, two regions of binary mixture stability. An attempt to obtain a mixture with
a composition between points 2 and 3 leads to two phases with compositions represented
by points 2 and 4 defined by the double tangent to the curve. Carve 5b is the limiting case,
defining a critical miscibility situation where the two points of infiexion coincide. As the
temperature of some liquid-liquid systems is decreased, the behavior may be represented by
each of Figures 5a, b, and c in turn as complete miscibility at higher temperatures changes
to phase separation at lower temperatures- The temperature corresponding to diagram (b) is
then called the (upper) critical solution temperatme, UCST. Polymer-liquid, polymer-pol-
ymer systems {Section 13.3) and a very few liquidliquid systems, like aqueous amine
solutions, exhibit a second critical solution temperature as the temperature of the mixtureis raised.

It should also be noted that useful polymer-polymer and polymer-liquid dispersions and
metastable solutions can be produced from thennodynamically incompatible systems if the
ingredients can be mixed in the appropriate thermodynamic conditions and then prevented
from dcrnixing when the conditions are changed (Chapter 16).
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Clu-m.. 1'3, Chapter 4
. C ' ,

°""""“' REGULAR SOLUTIONS AND THE I-IILDEBRAND PARAMETER
id polymers

The Hildebrand parameter developed from regular solution theory, but whereas a regular
:o97;_'m_ solution is an idealized concept (a mixture in which the partial excess entropy is zero), the
' 3 mm Hildebrand parameter, the geometric mean approximation, and the component cohesion

parameters to be introduced in the next chapter are general concepts. These originated in
lnm'}ir'!atz'

on regular solutions, but also can be applied to varying extents of other types of solution. This
and angular distinction is important, but is not always made.

‘° mm‘ in 4.1 GEOMETRIC IMEAN APPROXIMATION

icpcndence _ _
Ienyl ether. As introduced in Section 2.6, 3 regular solution has an idea] entropy of formation, arising

from a completely random molecular distribution, despite the existaenceof interactions which

_ _ _ lead to a nonideai {non-zero) enthalpy of formation. This effectively restricts regular mixturesnnthilatron, . . . . . . .
to those systems in which only dispersion forces are nnponant, because the orientation
effects of polar molecules cause nonrandom molecular distributions. The extent of the

dispersion effect depends on the ionization potential and the poiarizability of the molecules
concerned (Equation 6, Chapter 3). Ionization potentials, I, and intennoleczllar distances,

r, do not usually vary greatly for different pairs of adjacent molecules, and to a good
approximation

*1 + II 2 zrrfom (1)

and

r = 2(‘r 1r}"‘ (2)

This forrns the basis of the geometric mean relation for dispersion interactions,

:3-‘U; __. tydln juduz

which is a major approximation in cohesion pararneter theory. Bariy in the development of
the cohesion parameter concept, the geometric mean approximation was tested experimentally
on eight mixtures of tetrahalomethanes. Hildebrand and Carter‘ verified to within l% the

relationship

‘la = '1 ‘a"’ + 3x jam)’ (4)

where a = TWB (Equations 10 and 16, Chapter 2} for the mixture r'—j and the components
1' and j, which would follow from

ta = ix? ta + Ixwa + 2&1; '3}: (4a)

if “a = (’a’a)"2. Further tests were made by Scatchnrd et al.’ and Staveiey et al.3, and the
geometric mean approximation can he considered to be justified, at least in favorable cir-

cumstances, although discussion on its validity continues"‘“. Empiricai correction methods
for deviations are described in Section 5.7.

4.2 HILDEBRAND-SCATCHARD EQUATION

The regular solution equation for the internal energy of mixing at constant volume, based
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on the pioneering work of van der Waals” and van Laar,"-*7‘ was derived on semitheoretical
grounds by Scatchard”-1‘ and I-lildebrand’5“" and popularized by J. H, Hildebrand, R. L.
Scott, J. M. Prausnitz, and otl1ers.“‘”5

The energy of mixing for 1 mol of solution is

A, U, .-_ (‘x iv + am as at is (5)

= ‘I/(‘Lt + mam we (6)

In these equations, .1: is the mole fraction, V is the molar volume, in is the ratio of molar
volumes, and 4; is the volume fraction;

M -‘ ’V/‘V = (‘M/‘l|rfl(‘9/’P} (7)

as = ‘V‘Zrl(-‘Vi: + iv 5:) = 'xJ(m"x + to (3)

is = ’V’x.’(’V"x + ‘l/fir) = m=’xf(n2-5: + an (9)

The superscripts i and j identify the components of the binary mixture, :‘ being the solvent
and j the solute if this distinction is made. “A is a measure of the change of the cohesion
pressure or energy density associated with the i—j mixing process, called the exchange
energy density or exchange cohesive pressure, and given by

’?'A = ‘c + to — 2 ‘Tc (10)

where the ‘’c term is the cohesive pressure characteristic of the intermolecular forces acting
between molecules of type i and j. This equation can be appreciated in a simple fashion by
considering what happens when unit volumes of components I’ and j are mixed: two t'—j
interactions are formed for each pair of 1‘ — i and j-j interactions broken. It should be noted
that "A is not simply the difference between the cohesive pressure of components 1’ and j; I
this quantity (‘c — 3c) has been tennod 3‘ the “mutual cohesion factor", but has not proved '
of great value in correlating the properties of materials.

The interchange cohesive pressure ‘YA can be used simply as an empirical parameter for
a particular 1‘ —j pair of series of mixtures, like the physical interaction parameter of Harris I
and Prausnitz 3"‘ but this does not make full use of the opportunity to develop a method to
provide information on mixture: from dam on individual components. This is where the
relationship between “A and the individual Hildebrand parameters '8 and 18 is important.

The Hildebrand parameters for the substances are defined by Equation 5. Chapter 2, so

‘B2 = ‘c = NU/‘Vartdlfi’ = in -— A"U;"V (11)

Using the geometric mean approximation, Equation 3.

“c = (‘c ’c)"‘ (12)
$0

an (icirz _ jcl.!2)2 = (:8 ,_ ,3):

-_ ‘av + 182 — 2% (13)

and the Hildebrand-Scatclzard equation can be written

MYLAN PHARMS. INC. EXHIBIT 1044 PAGE 30



 

5’!‘s

r

theoretical 5 .A_,, U, = ("x ‘V + 1x W; 054 two
ind, R. L. , _ _ , _

-r (‘x ‘V + ’x’V} (*3 - '3)’ ‘tb 14> (14)

This provides the basis of the cohesion parameter approach to liquid miscibility and other

(5) properties- The Hildebrand-Scatchard equation, although a very simple predictive relation-
ship, is still proving useful.“”‘°‘

(6) One of the most important derived properties is the activity coeffieient. The partial molar
energy of transfer of component j is obtained by differentiating Equation 5 with respect to

3 of molar the amount of j, and assuming an ideal entropy of transfer, the resulting expression for the
activity coefficient’ is

(7) RT luff, - RTln (Jafix) = —’V"d>’ “A W ‘ch’ (*8 - —’8)2 (I5)

(8) Similarly,
(9)

R?‘ In ‘f_ RT in (iafix) = ‘V1412 or — It/»‘¢= {'3 - Jar (15a)
he solvent

: cohesion Expanding Equation 15,

exchange

Rr1nJf,_ - JV/[('V‘x) I (JVI or + ‘V"x)]2 (*3 - or (15b}

(10) In dilute solutions, ‘WX <3 ‘V'X, and in infinitely dilute solutions ‘ti: = 1, so

ces acting RTln 5“: = ‘V ‘I34 = ‘V (*6 — *8)‘ (16)
fashion by

: two 6-1‘ A more general expression for the limiting infinite dilution activity coefficient of component
the noted j with molar volume 5V in a multicomponent mixture is
ts i and j;

lot proved RTlnff;‘ = W ("6 — S)‘ (17)

meter for where 5 is the volume fraction average Hildebrand parameter (Equation 41). If the i and j

‘of Harris molecules differ appreciably in size, inclusion of the Flory-Huggirls size effect term is
method to necessary (Section 13.2). This involves replacing -R In ‘x in the entropy of mixing with
where the

portant. —R [In *4) + »'¢{1 — iwivy]
pie!‘ 2, so

and leads to

(11)

Min if, = ‘V-"<b“}l + RT[ln *¢xx + ion — WV); (18)

or

(12)

in "ct -— ‘Vida’ '3*'AI(RT) + In ‘(In + F4: (1 — ‘VP’!/) (19)

For solute j,

HM RT In fir; = ‘V ‘ab’ “A + RT[ln *‘¢Fx + "¢(l — J'W*V)] (20)

and for infinitely dilute solutions of j in E where ‘d: — 1 and Jdrllx = IVFV,
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RT In’f,'f' '—' ‘V “A + R'I‘[h1{-’W"V) + I - -‘VFW

(31)

ior .

In ‘ff’ = ’V/(RT) ‘J24 + ‘id (21 a)

where the Fiory—Heggins eombinatoriai size effect term is .
I

var = 1n(»"W’V) + 1 — WV (2113) '
The upper critical solution tempera:Line, UCST, (Section 2.7) for an 1'
found from the Gibbs free energy of -1’ mixture can be

mixing (excess term plus idea}
term: see Section 2.6),

A,,,G = EA“, G + ‘A,,, G = RT (‘kin ‘J:j'f, + 1x in’: J_‘,",) (22)
Insertion of the Hiidebrand—Sea1ehard expression for a binary mixture gives

Am G/(RI) = (‘Lt ‘V + aw; '3’)! we + "x In 5: + 1x me (23)
Am G/(R?) = [‘x*‘x ‘V-"V{"8 — ‘fi)“]/(‘Lt '1! + Jxiv) + '

"x in"; + -'2: In 1x (2321)
The second and third derivatives of the Gibbs free ener

gy of mixing with respect :0 molefraction are set equal to zero, corresponding to the situation illustrated in Figure 5b, Chapter2, and the simultaneous solution yieids

‘x = [‘V — (“I/" + IV‘ — “WI/)”“}/(‘V — W’) (24)
7,, -— 2‘x"x ‘V31!/2 “A/[R("x ‘V + 1:11/)3] (25)or

2;, -= 25:1‘; -VH1/I ("8 — '3)=r{R(*'x ‘V + J'x11/)3] (253)
If the molar volumes are eiose in value, ‘V = JV, and

Ta = W5 — ’3)’/(23) (26)
The relationships between Ta, and 3
explored by Mandik”. The rest of the liquid (1) '

-liquid (2) phase boundary can arse bedetermined, with the equations

RT1n(*:r,rtr23 = ’V(’¢2’ — !'¢%)r"s ~ far‘ :27)
Rr1nex,r’x2>= 'V(’4>2 2 — *¢:n<"s — I832 (272)
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(21) | T“ :2 2 «‘;‘A rvjyarym + fVl.i‘2)2
or

2",, = 2 (*3 — fay ‘VJV/(‘Vm + IV”)? (28)(213)

For the situation of the limiting miscibility of componentj {such as water) in component
1' (such as a low permittivity organic liquid), where the high-_;' (organic) solution can be
considered to be in equilibrium with pure r" (water), it is possible to derive an expression

(215? ro: the solubility of ,6 in i (water in the organic phase). If-_‘f_ = If", Equation 21 can be
written in terms of the mole fraction solubility ofj in 1', ix, (solubility of water in the organicxture can be Phase):

Section 2.6),

-RTln-‘x,=IV'3'1A+R1"(ln1‘V"I"+1—-'V|‘V) (29)(22)

I.f5V == ‘V,

—.RT In ix, -—- TV ‘'61 (293)

(23) The interchange cohesive pressure ‘»"A may be expanded, (Equation 13),

‘IA = *8‘ + "52 — 29¢

(2320 -- - - . . . .
and the value of "c can be used as a measure of the degree of interaction or liquid-liquid

cm to moie {watercrganic, for example} complexing.” Equation 29a further simplifies with the geo-
Sb’ Chapmr metric rnean approximation to

—RT lnlxs = 4‘V(1E — *8)’ (30)

(24) —RTln 5:, = ‘V ('8 - I532 (30a)
(25) . .

as used in early studies.‘“’

(253) 4.3 LINIITATIONS OF THE I-IILDEBRAND-SCATCHARD
EQUATION

It should be noted that the Hildebrand-Scatchard equation provides an expression in
(26) terms of the constant volume internal energy of mixin , not the constant pressure enthalpy

of mixing which is the quantity usually measured in experimental determinations. Although
mm: been these are identical if there is no volume change on mixing, the effect of volume changes,“
a also be which are particularly significant at high temperatures, is to produce a disparity between

A,,,_U,, and AMHP which is typically of the same order of magnitude as A,_,U,,.“2
In the opinion of the author, the Hildebrand-Scatchard expression and the equations

(27) derived from it are best considered as relatively simple semi-empirical equations that have
sufficient theoretical foundation on a molecular level to work reasonably well. so no formal

(273) derivation is provided here. Accounts emphasizing physical significance and making com-
parisons with other liquid theories have been published.““" Several modifications inooporate

:1-imcmaq polar and association effects (Chapter 5).

mundmy It is instnzctive to summarize the assumptions made in the original derivation as they
ola: and highlight the strengths and weaknesses of the resulting nation:99

ponding I. It is assumed that the interaction forces act between the centers of the molecules.
2. It is assumed that the interactions are additive: the interaction between a pair of

molecules is not influenced by the presence of other molecules.
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to be the same.

5. The geometric mean approximation, Equation 12, already has been discussed.

Entropy factors are not taken into account in regular solution theory, but when cohesion
parameters are used to define the limits of soiubility (which corresponds to A,,,Gp in Equation
22, Chapter 2, being equal to zero}, it follows that ANHP = TAm.S‘P, and entropy is an
inherent part of die resulting prediction." in order to establish phase conditions, Gibbs free
energies or chemical potentials must be evaluated. Lee" has developed “irregular solution
theory” by incorporating “hard convex body” entropic effects, and has carried out numerical
calculations for binary mixtures (Section 7'. 6).

As well as the theoreticai shortcomings, there is a computational probiern with cohesion
parameters due to the lack of accurate data. Bagiey and Scigliano" have demonstrated this
in the case of a mixture of two typical organic iiquids, both with V = 100 cm” rnol “, but
with AU values of3.3 and 3.8 mol". if the AU value used for the first component is only
5% too high, the correct A,_,U,, would be 100% higher. Variations of severai percent in
reported values of vaporization energies are not unusual, even for common solvents. Another Iassumption implicit in the Hildebrand-Scatchard equation is that the quantity (-— UV)“ is
additive. Not only does this quantity appear to be additive in many systems on a solute-

An interesting extension‘”’ of the Hildcbrand—Scatchand equations assumes that the
intermolecular forces between polyatomic molecules are not of a central type but peripheral
to the surface of the molecules and to derive a “surface” modification of the Hildebrand-
Scatchard equation. Although it has been claimed that this method is more widely applicable
than the original, correlations have not been studied extensively so far.

4.4 MIXED LIQUIDS AND MULTICOMPONENT SYSTEMS

in solvent formulation, the effective cohesion parameters are particularly valuable.
For ternary systems, an example of the simplest Hildebrand parameter approach is the

prediction that for three phases to coexist

ya — *5|xMPav= :: 5 5 Va *”6l{l~1Pa"“

as observed for diarnyi ether-aceionitrileglycerol.” In a few cases, vaporization enthalpies
(I,4—dioxane—water,5“ hexane-cyclohexanonefi) or condensation enthaipies (triclilorome-
thane-acetone, trichloromethane—etlzcr5“) of binary niixtures have been determined experi-
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t6.6), and in this connection Table 9 of Chapter 8 contains Hildebrand parameters of various

liquid mixtures. Binary liquids are also of pharmaceutical importance, and cohesion param-
eters have been used extensively for this purpose by Martin and co-workers.““ (See also
Sections 5.? and 12.2.)

On the basis of the assumptions made in the derivation of cohesion pararoeter expres-
sions,” the effective Hildebrand parameter 5 of a binary liquid mixture is

5 = ("ch "8 + id) J'8).r‘(‘d> + 9:33) (31)

where d) is the volume fraction (Equation 3}, predicting that the effective Hildebrand pa-
rameter of a mixture is volume-wise proportional to thc Hildebrand parameters of its corn-

ponents. When the value of the Hildebrand parameter *8 of solute 1: in the mixed solvent

lies between the Hildebrand parameters *8 and ’3 of the two component liquids, the solute

should be completely miscible when the ratio ‘¢P'¢ is adjusted so that *8 = 3, even if liquids
1’ and j individually are nonsolvents for 1:.

By definition, the volume fiactions must total unity,

‘d: + 5d: + ‘cl: = 1

so if *¢o is small,

and _
5 ‘—- ‘cl: '8 + Id» 18 (32)

As a special case. if ‘V "—-“= "V,

Seas+uo {mm

The more general expression for the effective Hildebrand parameter is

3 = 3, ‘lb ‘SIX, ‘ab (32%))

it is of interest that the critical solution temperatures have been shown (for the hydrocarbon-
aniline systems) also to be additive on a volume fraction basis?’

TUE = 2|‘ ‘Ta J$

Equation 32 has been found to give excellent results in predicting the pn)p£:rl:it:s of C,

and C, hydrocarbon vapor-liquid systems (Section 11.5) and the solubilities of gases in
mixtures of benzene and 1,1,2-trichlom-I ,2,2-tI'lfl!.l0l'0Bl.lla!l6 (Freon 113) {Section ll.2},

but this equation is not always quantitatively accurate.‘3 It is certainly true in general lemts

that the addition of a nonsoivent may improve the solubility of a solute in a solvent, and

even that a solute may be soluble in a mixture of two or more nonsolvents. An example of
this “cosolvcncy”“ is diethyl ether (8 = 15.1 MPa"3} and ethanol (8 = 26.0 MP3“) as

a solvent mixture for cellulose nitrate (8 = 23 MP3”). However, frequently when the solute

solubility (*x,} is plotted against 5 (a curve which by regular solution theory should be a
parabola, as indicated in Section 22. I), asymmetrical curves are observed, with the rnaxirnuni

value of ‘x, not appearing at *8 and the maximum being lower than ideal. For example, the
solubility of 2-nit:rt»5—1nethylphenol (*8 = 21.9 M'Pa'*") is shown in Figure I for two binary

liquid systems, cyclohexane-diiodomethane and ethanol-hexane. Also, it is possible for the

“solvent power" of a mixture to be less than that of its components, a phenomenon which

has been called "cononsolvency"."
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U-3  
0-2

0-1

15 20 25

6/Mpa l
FIGURE 1. Variation in the solubility of 2—nin'o-5-mcthylphettol m 3
function of the effective Hildebrand parameter of the binary solvent mix-
tures cyclohexane—diiodomct2:a.ne (O) and ethanol-hexane (A) at 25°C.
(Adapted (‘mm Bnchowski, I-I., Domanska, U., and Ksiazezak, A., Pol.
J. Cimm, 53, I127, I979.)

The relations between Harnaker constants, originally developed in a microscopic model
for adhesion“’57 for bodies of materials t‘ and _,r‘ embedded in medium 1: are of interest in

connection with this, showing on the basis of the geometric mean rule that the interaction

of two different tnateriais with a third medium in which they are immersed can be stronger
than the interaction between the materials thernseives, so spontaneous separation can occur
as a result of dispersion forces only.

Purkayastha and Walkley“ attempted to improve on Equation 32 by defining an effective
volume fraction, 42*, which reflects the preferentiai “salvation” by one of the liquid com-
ponents:

3 = "5 "4:* + 18 "¢* (33)
In those cases where lid) is small, then

'-43* + Jf¢* :::: I

and the effective volume fractions are related to the true volume fractions do by

"¢*»”¢* = I‘¢("5 - "5)"’ir‘E"<i>(*8 * ‘$321 (34)

in other words, the effective volume fractions are themselves related to the bulk volume

fractions in terms of the Hildebrand parameters, in such a way that they are inversely
proportional to the ratios of the enthalpies of mixing of the solute k in each of the pure
solvents i and j. An alternative equation based on Clnistian's°° idea of a Boltzmann factor
in the enthalpy of complex formation was proposed by Nakanishi and Asaltn:-2"” for iodine
in mixed liquids. Other approaches to the problem of complex formation in solution are
discussed in section 7.9.

More generally, for a tnuiticomponent mixture” the excess Gibbs free energy of mixingis

some = (2; ‘x *‘v)('/2 21 2, “A vb) + RT Si 9; ln ('4)/ix) (35)

where “A = “A. and “A = IPA = 0. The second term is the Flor3v~Huggins correction for
size effect (Section 13.2}, but if ‘x — id: for every component, that is if
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The activity cocfficient of component it is obtained from the partial derivative {constant T,
p, and"nfori¢k)

RT ln(*a!*x '— RT In ‘f; = [(6 ‘:1 EA,,,G)!6 *n] (37)

where ‘it is the amount of substance 3' and ‘n is the total amount of substance- This can beshown to be

arm 5,»; -— W 2,2,. (“A - v2 -01) «sis + aria: (*4)/"x)

+ 1 — *4»/at (33)

Only if ‘J: == ‘to for all i does this equation reduce to

arr» *3; -— "V 2., 2,. (es — 1;, an as 11¢ (39)

and with Equation 13,

R1" in gr, = "1/{*8 — Sr (40)

where the effective Hildebrand parameter of the mixture is

5 '-' 2: ‘Q3 ‘3 (41)

the summation extending over all components, including the solute it when the volume
fraction ‘<1: is appreciable.

There has been considerable discussion on the prediction of optimum solvent mixtures
for polymers (Section 16.6), and Hansen parameters have proven very convenient for rep
resentation as three-dimensional vectors (Section 14.5}. The vector representation was in-
troduced by Froehling, Koenhen, Bantjes, and Smoldersg" this was improved by Rigbi”
and by Frochling and I-Iiilegcrs.” Behnken" extended the analysis to the problem of finding
the best solvent mixtures with any number of components by means of readily available
multiple regression programs. The only requirement is that the program should permit fitting
the general equation

y==b,x,+b,x2+...-—~"b,,.rk (42)

without a leading constant term, and the input vatiabics needed for the computer can be
calculated by hand from the Hansen parameters of the polymer and liquid components.

Equations incorporating experimentally determined composition dependence of vapor-
ization enthaipy may be used” for calculating the Hildebrand parameter of binary liquid
mixtures in an extension of the methods described in Section 7.2.

4.5 SOLVENT SPECTRA

A list of liquids may be compiled with gradually increasing Hildebrand parameter vaiues
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TABLE 1 1
Liquids for Hildebrand Parameter

Spectra, Divided According to Hydrogen-
Bonding Capability

Liquids with Poor Hydrogen-Bonding Capability

Pentane l4.3
Heptane 15. l
Metbylcyclohexane 16.0
Solvessd’ 153 I14
Toluene 18.2
Tetmhydronaphtbalerre, tcttalin 19.4
0-Dichlomhenzene 20.5
I-Bromonaphrhalene 21.7
Niuoetbane 22.?
Acetonitnle 24. 1
Nitmmethane 26.0

Liquids with Moderate Hydrogen-Bonding
Cnpabfiliy

Dietbyl ether 15.}
Diisobutyl icetone 16.0
Buy] acetate 17.»:
Methyl propionatc 18.2
Dibutyl phllzalate l9.0
2,4—Diozane 20.3
Dimetbyl phthaiate 21.9
2,3-Butyleoe carbonate 24.8
Propylene carbonate 27.2
Ethylene carbonate 39.!

Liquids with Strong Hydrogen-Bonding Capability

2-Elhylhexarxol l9.4
Methyl isobutyl carbinol. I,2-dimeIi1yl- 20.5
propanoi

2—l3tlzyibu:a.nol 21 .5
1-Penumol 22.3
l—Butanol 23.3
l-Pmpanol 24.3
Ethanol 26.0
Methanol 29.7

Adapted from Burrell, H.. Polymer Handbook. Bran-

dnlp, J. and Immergut, E. II, John ‘Wiley 3:. Sons,
New York. 1966. IV—34l and 1975, l’V—337.

to form a “solvent speeu-um”“-75*” In its most common form {Table I). it includes sub-
division into categories of lxydrogen-bonding ability. The Hildebrand parameter of a solute
is taken as the midpoint oldie range of liquid Hildebrand parameters which provides complete
miscibility. “Fine control” over liquid Hildebrand parameter values can be provided using
mixtures of liquids, the effective Hildebrand parameter of a mixture being calculated by
Equation 31, or to some extent by changing the temperature. The ASTM D312} test method
for polymer solubility ranges (Table 9, Chapter 8) uses liquid mixtures to provide a spectrum
of closely spaced Hildebrand parameters. For polymers (section 14.3), either the dissolution
behavior of a polymer of the swelling of a slightly emss—linked analog of the polymer of
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TABLE 2

i Hildebrand Parameters and Molar Volumes
1 for Cholesterol and Triglycerides

5!MPa”* Vfcm’ moi"

Cholesterol 20.‘! 352
| Triglyceride C2420 20.4 476

C30:[} 20.0 572
(336.0 19.4 669
C42:{l 18.9 765

5 C431} 18.6 862
C5-1:0 17.9 959
C5423 I 8.5 943
C5415 19. I 927

Adapted fmm Ami, 1.. Boudxe-an, A., Maldrlouf, 5., Tizrdif,
R., and Gressier, B., J. Dairy Ram, 55, 361, I988.

interest in a series of liquids may be studied, the polymer being assigned the 8 value of the
liquid providing the greatest solubility or the maximum swelling coefficient. This method
may also be applied to high-nioleculaeweiglrt mineral oils, dyes and similar compounds,
from maxima in solubilities determined in liquids with various Hildebrand parameters. Thus,
for the study of the distribution of cholesterol between the liquid fractions of milk fat,”
Hildebrand parameters were determined by solvent spectrum and molar volumes by gmup
contribution (Table 2). Other physical properties that can be studied include viscosity and
related characteristic quantifies such as grease dropping point (Section 14.7). in the case of
solids (Section 12. l), the solute mole fraction solubility can be plotted against the solvent
Hildebrand parameter to provide the solute 5 value at the peak of Ihe curve.

4.6 WILSON EQUATION

Both the Hildebrand-Scatchand model for molecules of similar size and the Flory—Huggins
model for very dissimilar molecules (Section 13.2) assume zero enthalpy of mixing: athennalsolutions.

Wilson’-4°-5‘ consider the situation where components differ in intermolecular forces as
well as molecular size; that is, where there are non-zero enthalpies of mixing. It was assumed
that the Gibbs free energy change on mixing was given by a relation similar to the athermal
i*'lory—I-luggins equation, expressed in terms of “local" volume fractions g, and that prob-
abilities of molecules occurring in each others’ vicinities were given by Boltzmann factors,
including interaction energies ("3 — “g) and (*''‘g - fig).

For polymers, a similar equation using local volume fractions and interaction energy
differences has been developed by Heil and Prausnitz“-9° (Section 13.8).

ndcs sub-

rf a solute
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Chapter 5

EXPANDED COHESION PARAMETERS

So far in this development of the cohesion parameter approach to miscibility and other
interaction properties, the existence of polar interactions and of specific effects such as
hydrogen bonding has been neglected while the traditional Hildebrand description of regular
or near-regular systems was explored-

Accommodation of interactions which do not conform to geometric mean behavior
l (Section 4.1) has been approached in t_wo main ways. On the one hand empirical corrections

have been made for geometric mean deviations (Section 5.7), and on the other the Hildebrand

parameter has been subdivided into various component cohesion parameters. The most
' general formalism was introduced by Karger, Keller, Snyder, and Eon,” who developed it

l for the optiniization of chrorrratographic selectivity, although it has proved too cumbersome
for widespread use so far- The most widely used method has been a three-component
parameter proposed by Hansen“° for the empirical description of polymer-liquid systems

I (Section 5.9). There have been several other variations developed for practical applications,
the one with most promise being perhaps that of Beerbower, Martin, and Wu,"-‘*2 (Section

r 5.12) which provides an acceptable compromise between rigor and simplicity.
To be generally useful, theories or models attempting to systematize the behavior of

matter must deal with rnoiecular interactions by providing information about their origins
and natures as well as about their strengths. The cohesive properties characteristic of the

I condensed states of matter are produced by the various intermolecular forces described in

I Chapter 3. The cohesive pressures ‘c, -‘c, and tic represent the resultant effect of these forces
acting between moiecules of types i and j, and from Equation I0, Chapter 4, die cohesive
pressure of the mixture relative to the components is

"'A=‘c+5c—2"*"c

where

‘c = '81 and 1}: r- 1'83

5.1 DISPERSION

Dispersion or London forces, which can be considered as arising from the lluctuating
dipoies which result front a positive nucleus and a negative electron "cloud" in each atom,

occur in all moiecules, whether poiar or not. The dispersion cohesive pressure of a pure
materiai E is here denoted ‘ed, and the corresponding cohesion parameter. 8,, is defined by

— ‘U,,!‘V = -‘c, = is: (1)

It can be shown on the basis of London theory that the nonpolar, dispersive interactions
between unlike molecules of types 1' and 3' provide a contribution to the cohesive pressure
which is approximated by the geometric mean of the individoai values and is given by

5'74 = (‘ca jcalm = ‘Ba 13¢ (2)

.' A simple interpretation of this “geometric mean" behavior is that the interaction is of a
“symmetrical” nature: each member of a pair of molecules interacts by virtue of the same
property, the polarizability. {The ionization potentials, which aiso appear in Equation 6,

' Chapter 3, have similar values for most organic compounds, i.e., "I =-== -'1.) It follows that
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‘At = "53 + 453 - 2 '3.r’3.r = (‘fit - 45¢)‘ (3)

For nonpolar molecules, dispersion forces should make the only contributions to the cohesive
pressure, so from Equation 5, Chapter 2,

‘5.: = (3 U I ‘V)"" (4)

However, it rs ot interest that hydrocarbons possessing methyl groups show iodine solution
behaviors consistent with Hildebrand parameter values significantly greater than those given
by Equation 4, even though the solutions are violet in color and therefore “non-associal ”
(unlike the straw—colored aqueous solutions, for example). In fact, the extent of deviation

from Equation 4, {B — (13 U!“V)"’], is proportional to the number of methyl groups in these
molecules,”-3‘ afact attributed to a variation in the extent of the dispersion forces in molecules
with a high proportion of saturated C-1-I bonding.

The dispersion cohesion parameter can be calculated by the hornomorph method (Sections
6.7 and 6. 8) or from the refractive index (Section 8.2). Beerbower and Jensen” have reviewed
the correlation between dispersion properties and the “softness" in the Pearson “hard or
so ” acid-base concept {Section 5.12).

5.2 ORIENTATION f

Orientation effects that result from dipole—dipole or Keesorn interactions occur between |
molecules which have permanent dipole moments. The orientation cohesive pressure of a :
pure material r‘ is denoted ‘co, and the corresponding orientation cohesion parameter, ’ O, is
defined by

‘Us / ‘V ‘Co “- ‘E55 (5) .

Like dispersion forces, these are “symmeIrical" interactions depending on the same
property of each molecule, which in this case is the dipole moment as shown in Equation
4, Chapter 3. It follows that the geometric mean approximation is well obeyed for orientation
interactions even between unlike rnolecules.“ For polar molecules that may be represented

‘ by spherical force fields with small ideal dipoles at their centers, this contribution to the
cohesive pressure in mixtures of i and j molecules is

560 = (‘Co jco}”2 = ’5..’5s (5)

The interchange cohesive pressure due to orientation is

“As = 95., " ’'5.-.)2 (7)

Keller, Karger, and Snyder‘ and Munafo, Buchmann, as Nam—Tran and Kcsselring“ are
among those to have discussed the evaluation of orientation and induction components from
dipole moments and relative perrnittivitics: see also Section 8.2.

5.3 INDUCTION

Dipole induction effects arise from dipole—induccd dipole or Debyc interactions occurring
between molecules with permanent dipole moments and any other neighboring molecules,
whether polar or not, and result in an induced nonuniform charge distribution. In contrast
to dispersion and orientation interactions, dipole induction interactions are “unsyrnmetrical’ ’,
involving the dipole moment of one molecule and the polarizability of the other (Chapter
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3). Consequently, the cohesive pressure term for induction in a pure material :' involves the

product *8, ‘8,,, where ‘S, is the induction cohesion parameter. Similarly, in a mixture of i
and j

"0, = ‘8,»'8,, + *3, *8, (8)

Therefore it can be shown that

“A, = 2 ‘B, *8, + 255,534 -- 238; ‘B, — 2 "5,-"Ba (9)

‘= 2(’5.i — ’5.s)('5i — ‘$9 (10)

5.4 LEWIS ACID-BASE

Lewis acid—base or electron donoI—accepto1' interactions, which have been reviewed

frequen1ly,* can be denoted by the equation

8 — 8*
A + D : A...... ..D

Lewis acid Lewis base Lewis acid-base complex

Electron—pai1' Eiectroirpair Addition compound

acceptor (EPA) donor (EPD}

Electrophile Nucleophile Adduct

The Lewis acid-base complex is formed by an overlap between :1 filled electron orbital of

sufficiently high energy in the donor molecule and a vacant orbital of sufficiently low energy

(high electron affinity) in the acceptor molecule. This type of interaction differs from a

“normal” chemical bond in that only one type of molecule (the donor) supplies the pair of
electrons, rather than each type of molecule supplying one electron. More than one electron
must be involved, and coordination of the Lewis acid to the Lewis base must occur. Elec‘.ron-

pair donors are of three types:

1. n-EPD molecules, wheze the electrons donated are the lone pair of :1 (nonhondingl

electrons of hetero atoms in compounds such as R20, R,N, R230, where R is an aikyl
Swap

2. o'-EPD molecules, which donate lhe electron-pair of 3 o'-bond, as in alkyl halides and

cyclopropane

3. 'rr—EPD molecules, using the pair of nelectrons of unsaturated and aromatic compounds
such as alkenes, allcylbenzenes and polycyclic aromatics

Electron-pair acceptor molecules also may be divided into three groups:

1. v—E.PA, in which the lowest orbital is a vacant (v) vaience orbital of 2 metal atom,
such as Ag and some organometallics

2. o—EPA, which use 3 nonbonding o orbital, as in halogens or interhaiogens
3 -rr-EPA, in the case of molecules with a 1r-bond system (aromatic and unsaturated

compounds) with electron-withdrawing substituenis, for example, aromatic polynitro

compounds, halogenated benzoquinones, and lctracyanoethylene

“ For example: Arnelt;-"‘ Bent;""“° Coclczce and Ritchie?‘ Drag, Lim, and Malwiyoffg“-““"' .lensen;“““ Reichardrr“
and Wrona."
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All nine types of EPD-EPA complexes resulting from combinations of these donors and

acceptors exist, with bond strengths ranging from high values (rt-EPDiv—EPA) to very weak

interactions {'n-EPDI11--EPA effects between neutral molecules). Ion solvation (Section i2.3)

also may be treated in terms of Lewis acid-Lewis base interactions.

Many authors have pointed out that electron donating and accepting properties can be
discussed in terms of acid-base cohesion parameters. ‘*5-5”‘ Lewis acid-base interactions are

“nnsytnmeirical", involving a donor and an acceptor with different roles (rather than two

equivalent participants as in dispersion interactions, which are “sym.metrical”). It is ap-

parent, therefore, that it is necessary to use two separate cohesion parameters for each partner
to characterize these interactions, and this may be done in terms of a Lewis acid cohesion

parameter (8,) and a Lewis base cohesion parameter (5,), in n rnazuter analogous to that for
induction interactions:

’3"A.., —- 2 (*3. - ’8.)(‘5.. - *3.) (12)

Clearly from this equation the maximum interaction (‘»"A,,, large and negative) occurs when

is: = jab —' 0! &Aab : _ 218: [sh

and when

Ian — £81: 0) fiAhl: ' — 2183161:

When "="A,,, is large and negative, exotlzerrnic mixing is possible, in contrast to mixing being
restricted to athermic or endothermic processes, which is the case when only dispersion and

polar forces exist- These acid-base cohesion parameters have something in common with

the four-parameter acid-base equation of Drago (Section 7.12).

In those situations where donor-acceptor complexes are formed to such an extent that

there is an appreciable proportion of identifiable new compound in the mixture, it may be

necessary to evaluate the cohesion parameters of this new species so that it can be used in

the estimation of thermodynamic properties such as activity coefficients. Approaches to this

problem have included using the arithmetic mean of the donor and acceptor parameters“

and volurnoweighted averages (Equation 31, Chapter 4).” The topic is considered further
in Section 7.9.

Acid-base interactions are not restricted to solutions, but occur in all types of systems, ;
inctuding pigment dispersions""” (as illustrated in later chapters).

5.5 HYDROGEN BONDING ASSOCIATION

Hydrogen-bonding interaction is a particular type of Lewis acid—base reaction in which

the electron acceptor is a Briinsted acid. A movement definition is that a hydrogen bond is

a second bond formed to another atom by a covalently bound hydrogen atom. In the following
scheme, atoms X and Y have eiectronegativities {relative tendencies of the bonded atom to

attract electrons) higher Ihan that of H, for example, C, N, P, 0, S, F, Cl, Br, or I:

R—X—l-I -l- :Y—R ‘-1 R—X—H .... ..Y = R

Electron-pair acceptor Electron-pair donor Hydrogen bond
EPA D

Proion dgnor P1’D{O(l]'li§C€.‘)B]JfOT (15)
Hydrogen—bond donor Hydrogen-bond acceptor

Briinsted acid Base
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The classification by Pimentel and McClellan” of liquids according to their hydrogen-
bonding characteristics has been used widely:”""’

‘ I Proton donor, such as trichloromethane
I I Proton acceptor, such as ltetones, aldehydes, esters, ethers, tertiary amines, aromatic

hydrocarbons, alkenes
I I Proton donorlaccepzor, such as alcohols, carboxylic acids, water, primary and sec- ’

I

ondary amines
I Proton non-donorfnort-acceptor such as alkanes, carbon disuifide, tetrachlorornethane

On this basis, it is possible to predict immediately in a qualitative way the extent of con-
tribution that hydrogen bonding is likely to make to the interchange cohesive pressure, *'*A,,,.
Any net increase in the extent of hydrogen bonding as a result of mixing decreases ''»''A_,, and
so favors miscibility. Thus, miscibility is enhanced if hydrogen bonds are formed when two
liquids without hydrogen bonding (such as trichlorornethane and acetone) are mixed, while
it is reduced if hydrogen bonding in the component liquids is destroyed (as in water being
mixed with an atkane}. _ I

It is apparent that two pairs ofparameters to characterize these interactions are necessary, 5 l
and this may be done using the Lewis acid-base formalism, Equation 12.

“An = 2 (*5. — ’5.J(‘5., - '52.} (17)

I

In this situation the parameters 5, and 8,, are then equivalent to the parameters 0- and 1' i
proposed by Small.“ Rider“-"2 developed an alternative two-parameter donor-acceptor model
for predicting polymer-liquid interactions (Section 7.12); the parameters in this model are I
determined from experimental information including frequency shifts, solubilities, and acid- I
base properties. ' I

Variations in properties resulting from hydrogenrbonding interactions can be looked at . 1
from other points of view. Chastreae and co-workers"3 have observed from multivariate
statistical analysis of solubility information that a liquid may have more than one point in
hyperspace associated with it: for different chemical applications one point is more relevant
than the other.

Another approach to hydrogen bonding is to consider it as a chemical reaction (as
suggested in the previous section), producing new inoiecules which then interact with the
other components. Renon and Prausnitz,“ Wiehe and Bagley,“ and Bagley and Chen“ have , g
studied the relatively simple situation of an alcohol mixed with an alkane. This can be - '
considered as a self-associated component (the alcohol) interacting with a nonassociated
component (the aikane), and suggests a cicar division into “chernica2" (subscript C) and
“physical" (subscript P) interactions. It is assumed that the alcohol exists in solution in the I '
form of linear, hydrogen-bonded polymers which interact with each other by physical pro- I
cesscs only. In terms of excess Gibbs free energies of mixing,

“Am G = 5:5,, G5 + BAH, GP (18)

where “Am G, is given by an expression of the form of Equation 35, Chapter 4, and “Am
0,: is an expression involving an equilibrium constant describing the hydrogen bonding. A
similar procedure was used for acetylene in various hydrogen-bonding liquids‘? Kirclrnerova
and Cave“ assumed watenorgauic complexes when discussing the solubility of water in low

permittivity liquids in terms of cohesion parameters, and defined — U, as the cohesive
energy corresponding to the energy change associated with the notional process of real water
being convened into a hypothetical liquid of dipolar monomers.
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In situations where only hydrogen bond dimerization is significant, correction can be
made in the cohesion parameter values in the simpler manner“ illustrated in Equation 20,
Chapter 6. Examples are carboxylic acids,

«H-0

#39 ‘G
I

F?
\

0-H-*0

and glycol ethers such as Cellosolves@ and Carbitolsa’

R-O—C|H2
m2

M/

In such cases the result is that the dimer has a cohesion parameter significantly different
from that of the monomer. and so is expected to have difierent solubility characteristics.
This is in agreement with the observation that a material like acetic acid is soluble in such

diverse liquids as water and hcptane. Thus, in polar liquids these compounds are capable
of interacting as if they are polar, while in nonpolar liquids the polar interactions are “self-
contained” or “internal" and the dinieric molecules tend to behave in a nonpolar manner.
Hey‘? proposed that this ability to assume the character of the environment be termed

ckameleonic, after the reptile which is able to adopt the color of its background. The

dimerization of several carboxylic acids has been assessed in terms of cohesion para- I
n1eters.’“""’ J

I-lnyskens, Haulail-Pirson, Siege] and Kapllk1.l”3’”""‘52 preferred to consider hydrogen
bonds in liquids as the cohesive forces with the longest lifetime, and introduced the concept l
of "mobile disorder”. Accommodation of such variations in cohesion properties by means
of corrections to the geometric mean approximation is discussed in Section 5.7. Nisbef”

took intrarnolecular hydrogen bonding into account by considering the formation of all
possible pseudo ring structures in alcohol molecules, with interaction energies evaluated for
dispersion, polar, and hydrogen-bonding components. Tlirec- and four—rnembered rings are

 

illustrated by:

7
-0 --H

,@| (1)-@ I
H— E‘ C -- CI — HI

H H H

Martin, Wu, Lima, and (.‘ohen"" proposed an approach to the chameleonic behavior

problem in drug solutions which assumed a virtual solute cohesion parameter A made up
of a constant, invariant Hildebrand parameter 8 and a variable (charneleonic) term I‘ which
depends on the Walker solute-solvent interaction parameter “K (see Section 5.7):

w=w+m (m

The variable cohesion parameter of a solute obtained from observations of interactions with

relatively polar liquids would then be designated notih but-‘A, and the (invariant) Hildebrand
parameter would be determined from vaporization enthalpy as proposed originally, or by
interaction with relatively nonpolar liquids with which it formed near-regular solutions.
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Hamlet, Doherty, Taft, and Abraham" incorporated cohesion parameters in their linear

solvation energy approach to self—associat1'on in water and alcohols; further details appear J ’I
in Chapter 8.

5.6 COMBINATION OF COMPONENT COHESION PARAMETERS i 4
One of the assumptions central to the cohesion approach to interactions is that the various _

contributions to the cohesive pressure of a fluid (either pure or mixed) are additive, so the .l
interchange cohesive pressure or exchange energy density for a system is: i g

“A = are + VA, + on + vs,,, (20) L

= (‘Br - 15¢)’ + {£60 — ‘$32 + f n. . I

2(’8.. - ’5..)(‘8i - ‘$9 + 2(‘"t‘>. - ’"8..)(*3.,*'6.,} (21) 1

= as + is} — 2 raged — 2 isgs‘, — ziagsd

2 is "6, — 2 "‘fi;“é., — 2 ‘M85 (22) .' I

where *6, is the Hildebrand parameter or total cohesion parameter for component I (evaluated

from vaporization energy — see Chapter 7) and related to the component parameters by

‘Bf -— '5; + ‘B: + 2 ‘$58., + 2 '"8_"5,_._ (23)

or, omitting the superscript r‘ and subscript t for simplicity when there is no ambiguity

possible:

52 = '63 + 83 + 2831, + 28.8,, (24)

It is clear that two types of term appear in these equations, quadratic terms (symmetrical)

for dispersion and orientation, and double product or cross terms (unsymmetrical) for in- I
duotion and acid-base interactions. The geometric mean assumption (Equation 12, Chapter

4) is clearly inadequate for the total or Hildebrand parameters in the presence of these cross | I
-32: = (’}:'’'c)”‘ -sis (25) i

I

The approach taken by Karger, Snyder, and Hon“ was to calculate the dispersion term

from the refractive index, the induction and orientation terms from the dipole moment and '1

molar volume {or Bi from retention volumes in gas-liquid chromatography), and 2 8, 8,, by

difference. The original estimates of these component cohesion parameters for a few common

liquids are presented in Table 1. The origins of the various types of cohesion properties of

different liquids with similar total cohesion parameters are here apparent, although the precise n

values of the individual parameters are open to question. A related set of parameters is
introduced in Section 5.13.

If hydrogen-bonding capability is absent, it is reasonable to exclude the acid and base

components; such an approach was taken by Mclder and Ehber,""7" allowing an emphasis

on dispersion, orientation. and induction components. Ignaz and Melder""-"'- subsequently
determined the components of the cohesion parameters of alcohols (Table 2), based on the

experimental activity eocfficients of alcohols in nonpolar liquids and the partial enthalpies

of dissolution in water (for which component values also appear in Table 2). Later, they"'‘‘

 
MYLAN PHARMS. INC. EXHIBIT 1044 PAGE 49



 

76 CRC Handbook qfSalubz'i:'1y Parameters and Other C0}1es:'on Paramererzv

TABLE I

Five-Component Cohesion Parameters of Liquids in Order of Increasing
Hildebrand Parameter”

6fMPa"‘ __ I-’f1:m’1nol"

Liquid 5. 5.1 3.. 51 5.. 5.

Perfluoroallnmes ~ 12 ~12 2.1 —
Pentaue 14.5 14.5 115

Diisopmpfl .-.11-1e. 14.5 14.1 2.1 0.2 — 6.1 102
Henna 14.9 14.9 - - 131

Dledzyi ether 15.3 13.7 4.9 1.0 6.1 105
Triethylamine 15.3 15.3 9.2 140
Cyclohexanc 16.8 16.8 —- - - 108
Chlorapmpanc, 1 & 17.2 14.9 5.9 1.2 — 1.4 33

PBIIC
Tetrachlarornethane 17.6 17.6 1.0 9'?

Diethyl sulfide 17.6 16.8 3.5 0.5 5.3 108
Ethyl acetate 18.2 14.3 8.2 2.1 — 5.5 98
Pmpylamine 18.2 14.9 3.5 0.4 3.7 11.3 82
Btomoexhane 18.2 1.6.0 6.3 1.2 1.6 7?
Toluene 13.2 18.2 - - -- 1.2 107

'1‘cu'nhydrofuran 18.6 15.5 7.2 1.6 ~— 7.6 32
Benzene 13.3 18.8 — — [.2 89
Tzichlammelhane 19.9 16.6 6.1 1.0 13.3 1.0 81

Methyl 51113.1 kcmnc 19.4 14.5 9.5 2.5 15.5 90
Acetone, 2-propanone 19.6 13.9 10.4 3.1 6.1 74
1,2-Dic11lomc!.ha.1:Ie 19.8 16.8 3.6 1.0 1.4 79
Anisole, methoxybenzene 19.8 18.6 4.3 0.8 3.5 109

Ci110r0bcz1z!.‘.J3c 19.8 18.8 3.9 0.6 - - 2.1 102 IBromobcnzenc 20.2 19.6 3.1 0.4 — 2. I 105 .

Iodowmlzane 20.2 19.0 5.1 0.6 — 1.4 62 1
1 ,-1~Diox11ne 20.7 16.0 10.6 2. 1 9.4 86 .'
I-1cxam.cz11y|p1m5p11orsmid: 21.5 17.2 7.0 3.5 8.2 176
Pyridine 21.7 18.4 7.8 2.1 10.0 211 '
Acetophenone 21.7 19.6 5.5 1.4 6.8 l 17

Bmzoniuilc 21.9 18.8 '10 2.1 -- -- 4.7 .103 Y I
Propioniuilc 22.1 14.1 13.5 3.7 4.3 71
Qninoline 22.! 21.1 3.? 0.6 — 3.6 118
N,N—Di1uethy1zwctan1idnc 22.1 16.8 9.6 3.3 9.2 92
Nimaethssae 22.5 14.9 12.3 4.5 2.1 71
Niuobenzxmc 22.7 19.4 7.4 2.3 - 2.1 1051

Tricresyl phosphate 23.: 19.6 5.1 3.1 ('11 315 -
N.N-Dimc1J1y1forrnamidc 24.1 16.2 12.7 4.9 --— 9.4 77
1- 24.5 14.7 5.3 0.8 12.9 12.9 75
Dinleihylgnlfoxide 24.5 17.2 12.5 4.3 — 10.6 71
Acctonitrilc 24.7 13.3 16.8 5.7 — 7.8 53
Phenol 24.? 19.4 4.7 0.8 19.0 4.7 92
Ethanol 26.0 13.9 7.0 1.0 14.1 14.1 59
Nilrumclhane 26.4 14.9 17.0 6.1 - 2.5

'y—B11tyroIacton1e 26.4 16.4 14.7 5.5 (1) 77
Propylene caxbmmtc 27.2 211.11 12.1 4.9 — ('2)
Dielhylcne glycol 29.2 16.8 8.2 1.2 10.8 10.11 96
Methanol 29.7 12.7 10.9 1.6 I'M} 17.0 41

Ethylene glycol 34.11 15.4 13.9 2.3 12.5 12.5 56
Formumide 39.3 17.0 (7) (1?) (large) (large) 411
Water 47.9 12.9 ('?) ('3') (W36) (large) 18
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TABLE 2

Five-Component Cohesion Parameters for Alcohols

&"hr1IPa”3 __

Lilli“ 5.. 5. 51 5. 3:. 5.

1-Propallnl 14.9 6.7 4.5 4.8 23.5 25.0
Isobutan-oi, 2—me£hy1-1-pmpannl 15.0 5.3 3.4 3-8 22.3 23.1
1—BI.}tano1 15.3 5.4 3.1 4.6 22.6 23.8
2—Butano1. ser:—butanol 15.2 5.4 3.2 3.5 23.3 22.3
1-Penlunol, amyl alcohol 15.7 4.7 2.9 3.7 21.9 22.3
1-1-lcxauel 15.9 3.7 1.7 4.0 21.5 22.]
Cycilmhaxanol 17.3 5.4 2.9 2.1 21.2 22.7
I-Dctanol 16.2 3.1 1.8 3.6 17.3 21.1
1-Nammol 16.3 2.8 1.7 3.4 17.2 20.7
1-Decanol 16.4 2.0 0.9 3.3 16.8 20.5
Anisole 18.5 3.5 1.4 0.0 16.5 30.2
Bnlyl acetate 15.0 4.0 2.4 0.0 19.7 17.7
Nfilmbenzcne 19.4 7.4 2.2 0.0 15.7 22.7
Water 12.9 31.4 20.3 34.1 22.3 -

Adapted from Ignat, A. V. and Mama, 1.. 1., Zh.Pn'1:1. Khm. (Leningrad), 59, 1136, 1937;
62, 419, 1989; J. Appl. Chem. U.S.S.R., 60, 1070. 1937: 62, 376, 19119; Eenf NSV Tedd.
Akad. Toim. Keen-r.. 36(1), 45, 193?.

TABLE 3

Total and Component Cohesion Parameters for Some Lipophitic Liquids

&."MPa”"__ 

Liquid 5'. 50:. 3'1: 5; 31': 5‘: all

Ocianoic acid 16.2 0.7 0.0 1.2 11.2 — 19.3
1-Decanol 16.5 2.7 0.6 5.1 11.1 - 20.5
1,2-Propanediyl dinmanoate, propylene g1y- 16.6 0.9 0.1 2.3 7.6 18.0 18.4901 dipcififfioflflte

Dodocane 16.1 0.0 0.0 0.0 0.0 —- 16.1
2-Ooly1do:1ecano1 16.9 0.5 0.0 1.2 8.7 19.2 19.0
Isopmpyl tetradocenoale, isorpmpyl myristaic 16.4 0.9 0.1 2.0 5.7 17.6 17.5
1,2,3-Pmpmeiriyl fix , g1yc- 16.8 0.8 0.1 2.2 8.2 111.0 18.8cm! tficapryloczpmtc

' Refractive index.

" Dipole moment and mi‘:-active index.
3: = 8% + 26, 5,,

w=&—w—x
‘ Gas—1iquid Chmmatogrnphy.
' Group additi0!1."

Adapted from Munafa, A., Bttchmalm, 31., H0 Nm:1—Tmn, and Kosselring. U. W., J. Piuzmi. 31-1.. 77, 169, 1980.
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5.7 EMPIRICAL CORRECTIONS FOR GEOMETRIC MEAN
DEVIATIONS 

dimensionless specific interchange coeflicrent, “K, which has values between 0.98 and 1.06
for many liquids,

‘lo = "K (‘o lo)": (26)
so

VA = "c + 1c -- 2 “K ‘cm few (27)

=‘8’+f§‘—2’?K“8’8 (23)

This parameter was given the symbol f by Reed“‘‘-“ and Sonnioh 'I‘homsen“”" and also
divided into several factors corresponding to different correction terms. Prausnitz and co-
workers and others"”‘3 used the dimensionless constant 5:’ {with a magnitude on the order
of 10"“ to 10"), characteristic of a given pair of maxerials and almost independent of
temperature and composition,

"0 = (‘C ‘I-')""" (1 "0 (29)

and of course this is related to “K by

35. Examples are given in Table 4.

Martin et al.9‘*" in studies ofdrug solubilities proposed the binary interaction parameter
ow, which in terms of '44 is defined by 1

“A=("8‘+/8"'—2V|«I’)=(’8—=“6)‘ (32) |
+2c'a»*a—vw) I

They also showed” that these parameters are simply three different representations of de-
viations from the geometric mean mixing approximation,

1 - to vwxcs Ia) —_ or (333) J
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TABLE 4

Binary Interaction Parameters for Salutes in Cryogenic Liquids

Recommenrhid range
for use of given *1’, Maximum error.

SoIuie{;}-stJ!verIt(fJ W TIK l00f-'1“, — ’xd,[VX,_

Acetyie1'Ie—carbon dioxide 0.04 I';'0——l38 5
Acetylene-ethane 0.1] 150-17'? 30
Acetylene-ezhyiene 0.02 100-160 25
Acetylene-methane 0.10 105-I35 -I0
Acetyie:1e—m'.lmgen 0.07 T!
Acetylene-oxygen 0.18 90 --

Argo11—methane 0.00 72-83 2
Argon-nitrogen 01!) ?G—83 I
Argon-oxygen 0.06 63—83 25
Butane-oxygen 6.08 90 -

Carbon dioxide-acetylene -0.02 175-190 3
Carbon dioxide-butane 0.09 140-200 20
Carbon dioxide-ethane 0.03 110-170 15
Carbon dioxzide-ethylene 0.00 140-170 10
Carbon dioxide—met!z.u.nc -0.02 110-140 10
Carbon dioxidernitrogeu -0.18 77
Carbon tfiuxideaaxygen 9.03 99 —

Carbondi 0.03 120-206 10
Carbon dioxide-propylene 0.01 130-210 20
Elliene-etiiylene 0.01 -

EthaiJ.e—ox.ygcn 0.03 60-75 20
Ethylene-nitrogen 0.06 70——85 35
Ethylene-oxygen 0.06 75-90 15
Hydrogen sulfidehnmne 0.05 140-170 25
Hydrogen snifideerhane 0.07 120-160 30
Hydrogen suifide-ethyiene -0.0} 120-135 15
Hydrogen sulfide-methane 0.04 120-150 40
Hydrogen sutnde-pmpam - o.o5 140-170 45
Hydrogen sulfide-propylene -0.005 130-130 5
Methanevefhame 0.01 — --
Methane-ethylene 0.01 - — --
Methane-nitrogen - 0.02 ?D—‘.3B

Methane-oxygen 0.05 70-90 3
Nitrogen-hydrogen 0 26-33 —
Nitnogen-oxygen 9

Propane-oxygen 0.02 60-70 I 15
Pmpylene-nitrogen -- 0.0] 65-80 '15
Propylene-oxygen 0.05 65-75 30

Adapted from Preston, G. T. and Prausnitz. J. M.. Ina‘. Eng. Chem. Pmc. Des. Dc;-., 9, 264, 1970,

“W = “K ‘8 36 {33b)

Aithough values of “K are never very different from unity, these small differences can
account for large variations in soiubiiities.” The appiication by Martin and oo—workers of
this geometric mean correction to the Hiidcbrarld-Scatchard equation and poiynomial regres-
sion to fit complex solutes in various solvents is outlined in Chapter 12. More recently, Li
et 21.” proposed the parameter 5'8’ defined such that

#5’ = W” = (’*'K*8J8}"’ = (1 — v':)'*2z's»s;m (34)

which has the advantage that the relationship of this correction parameter to *8 and 1'8 is
clear, and that it retains the cohesion parameter dimensions of (pressu1e)"‘
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Mikes and Peppasm‘ employed the geometric mean correction parameter “I in tl1c cor-
relation of polymer-liquid interaction parameters (Section 13.5) for hydropbilic copolyzners
with water, using

)9, = ’Vl(RT)[(‘fi - 33)’ + 2 “I "S-J3]

with 4"! ranging from -0.15 to — 0.25 depending on copolymer composition and volume
fraction. For example, they obtained -0. 25 for poly(rnethacrylic acid) and — 0.18 for poly(2—
hydroxyethyl methacrylatej extrapolated to infinite dilution in water at 25°C, values which
may be compared with the generally lower magnitudes in Table 4. This parameter is negative
for the hydmgels, consistent with specific effects such as hydrogen bonding favoring dis-
solution.

The virtual Hildebrand parameter ‘A (Section 5.5) is related to ’3’"W by the parabolic
relationship”

2 5W = ‘A’ - 2% IA — 15’ (35)

The geornetnc mean corrections "*1! for systems of testosterone propionate and unsaturated
hydrocarbons were found to fit a rectilinear function of the branching ratio of the hydrocarbon
liquids, and for related esters there was a good correlation between '1’! and infrared carbonyl
stretching fz'equencics.’°°

It is apparent that V8‘, “I, ‘-‘K, and ‘ll-V are binary parameters which depend in a complex
manner on many properties of E and j, and are usually detennined by empirical means, for
example, from liquid phase activity coefficients, when Equation 15, Chapter 4, becomes

R?‘ In {fl = W "(V-[ (*8 — 1'8)’ + 2 V! ‘B -*3} (36)

They also may be determined from gas phase data"""‘-“"""5 where 1
“T: Z (7.: 7})“ (1 — "kl (37)

Although the parameters "1 and 0?: are not identical, because the former reflects some liquid i
phase aspects absent from gas mixtures, they we often of comparable magnitude.

For the particular case of bonding energy E, for polar interactions, Pauling“ suggested ;

‘IE1’ l-:1 rnol“' = (‘EJ'E)"'?/ lr} moi“ + l25('X — IX)? (38) I
where X is the electroncgativity. The resulting expression in terms of cohesion pressures is I

.566 : (IL. jc)l.iz + __ JX)2{(lV jV)I.I2

where k has been taken as 125 kJ mol" for intermetallic solutions.”

The presence of molecular quadrupole moments introduces significant deviations from
geometric mean behavior. In analyzing data on the solubility of solid carbon dioxide in
liquid hydrocarbons, Myers and Prausnitz"”"°‘ calculated the ideal solubility {see Section
12.1) and assumed that the activity coefficient of carbon dioxide (referred to its pure sub-
cooled liquid) was given by Equation 15, Chapter 4:

nzrrngr, = *'-"AiV"¢2 (40)

 
where W is the molar volume of subcoolcd liquid carbon dioxide, ‘cf: is the volume fraction
of the liquid hydrocarbon, and “A is the interchange cohesive pressure of subcooled liquid
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FIGURE 1. Dispersion and quadnipole cohesive pressures of subcooled
liquid carbon dioxide as functions of temperatme. (Adapted from Myers.
A. L. and Prausnitz, J. M., hid. Eng. Chem. Fund'., 4, 209, I965.)

carbon dioxide with liquid hydrocarbons (Equation 10, Chapter 4). However, since the

quadrupole moment of carbon dioxide makes an appreciable contribution to its cohesive

pressure, the cohesive pressures were separated into two parts due to dispersion (d) forces

and quadrupole (q) forces before the geometric mean approximation was used:

-"c = -lad + Jcq and ‘c = ‘ed + ‘cg (41)

The reiative estimated values of dispersion and quadrupole cohesive pressures for subcooied

liquid carbon dioxide are shown in Figure 1 (note the different scales) and the sum {Equation
41) is shown in Figure 2. In mixtures, the geometric mean approximation retained for the

dispersion interactions, “on was evaluated from theoretical expressions. and the total cohesive
pressure was given by

'33:‘ — ("c,,"c-G)” + ‘ion + ""c,,, (42)

The last temi is a measure of the tendency of carbon dioxide (with Lewis acid properties}

to compiex with unsaturated hydrocarbons, and was evaluated by difference {Figure 3).

Since the complex formation is exothermic, “cu, rises with falling temperature and becomes

relatively more important in such low temperature systems- The full expression for the
interchange cohesive pressure is thus

“A = "c + 3c -- 2 “c (43)

= ‘c + "C - 2 [("c,, =’cl.)"3 + Veg}
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FIGURE 2. Cohesive pressure of subooolead liquid carbon dioxide as a function of
tempcranrre. (Adapted from Myers, A. L. and Prausniiz, J. M., Ind. Eng. Chem. Frurd,
4, 299, 1965.)
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FIGURE 3. Acid-base cmrrpiax conlfibmion in the cuhesivc prcssrrrc of carbon dioxide [alkcne mixtures as a function of temperature. (Adapted from Mycrs. A. L. and Prausrfitz,

1. M., Ind. Eng. Chem. Fzmzi, 4, 209. 1955.; J
1
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5.8 POLAR-NONPOLAR COHESION PARAMETERS

Van Arkelf‘ Small,“ and Prausnitz and co-workers“-""""“ divided the total cohesion

parameter into two main components, defining a nonpolar cohesion parameter (8,) and a

polar parameter (3,). Although this tends to neglect induction interactions, these may be
taken care of by an additional parameter. More of a problem from a practical point of View

is the omission of specific interactions. Poiar-nonpolar parameters are related to the Hil-

debrand parametcr (total cohesion parameter) by

51 = 3;, + as (44)

and comparison with Equation 24 suggests that '6, can be identified with 3,, and that 3,.
corresponds to 8,.

In their evaiuation of 3,, and 8, for point liquids, Blanks and Prausnitzm’ used the

homornorph concept. This is discussed in Section 6.7, but basically it is a method which

assumes that the polar energy of vaporization is the difference between the experimentally

deterrnined total energy of vaporization and the energy of vaporization of a nonpoiar liquid

having molecules very nearly the same size and shape as those of the polar liquid. Tables

5a and 5b list those polar and nonpolar cohesion parameter values.

Weimer and Prausnitz'”'"3 also published values of polar and nonpolar cohesion pa-

rameters for poiar liquids; again alcohols and acids were omitted because of their strong

hyd.rogen—bonding properties (Tables 6 and it‘). These parameters, evaluated at several tem-

peratures, used hornomorpii data (Figures 6 to 8, Chapter 6) which were rather different
from those of Blanks and Prausnitz, and the numerical values differ slightly. Yet another

set of values was presented by Helpinstill and Van Winkle“ (Tables 3 and 9).

These polar-nonpolar cohesion parameters can he used in a similar way to Hildebrand

parameters to evaluate the interchange cohesion pressure, and from this the derived quantities

such as energy of mixing. All three sets of data have been tabulated here because each set
is still in use, and as stressed in Section 6.10, it is essential to use seif-consistent sets of

cohesion parameters. Their application to various systems is now surnmarized, First for

nonpolantonpolar systems, then for poIar—noopolar and polar-polar systems.

For a mixture of nonpolar liquids (i.e., when only dispersion forces occur),

in = ‘c + ’c — 2 as = s: + Jag ~ 2 ‘SE6, (45)

(*5). - ISA): T (*5 - ’5)‘ {45}

as used i.n Equation 13, Chapter 4.
For interaction between a pain! substance (1') and a nonpolar substance 0'), a term ‘NP

is included for the :'-j induction pressure, so the expression for the interchange cohesive

pressure is

“A="c+"c-2”c=‘8§+"d§+’B§ (47)

- 2('5, "3, + '79’)

-' (*3, — 18,)’ + '83 — 2 WI’ (48)

As indicated in Equation 4, Chapter 3, the orientation energy (unlike the induction and

dispersion energies) has a tcrnperaturc dependence, so Equation 48 should reflect this, and

a more complete expression is

.:.“;.i_'.\'—i'.'.‘i.f'-Vriifl
__._5?.""'f€'.T!!-".'l‘hE'="'-.*'F_:'IU?W51 «-'.'-.'-.-524'.-"_-F-":'<F’?.?7"*.~!1!''
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TABLE 53

Molar Volumes and Hildebrand Parameters of
Nonpolar Liquids at 25”C

Liquid V./cm’ ma!“ fifMPa""

Alkanes

Methane 53' 9.6‘
Ethane 69' 11.6’
Pmpane 85" 12.7‘
Butane 101.4 13.5
Isa-butane, 2—m.efl:y1pmpane 105.5 12.8
Pcmaus 116.1 14.3
Isoponzanc, 2—meI.i1yIbu1ane 117.4 13.8
Nwpcnxanc, 2,2—diJncthylpn)pm1e 123.3 12.5
Hexanc 131.6 14.8
Heptxnc 147.5 15.2
2,2,3-'1‘rimetby1huta.rn: 146.1 14.2
Octane 163.5 15.5
.1sooc.ta.ne, 2,2,4-uimcmylpentme 166.1 14.0
Nonanc 379.7 15.6
Dccane 195.9 15.3
Dmiccane 228 .6 16-0
Tetradccane 261.3 16.2
Hexadecunc 294.! 16.3
Ociademne 326.9 16.4
Eicosane 359.8 16.5

Alkenes

Exhyiem: 63 ‘ I 1.3‘
Pmpylmac 79' 12.5‘
I-Butylene 95.3 13.7
as-2-Butyiene 91 .2 14.?
mans-2-Bntylene 93.8 14. 3
Isobutyiene, 2—n1e|‘.hy1pmpcne 95.4 13.’?
1.3—BuIadiem-. 33.13 14.5
lsoprem: 100.8 15.2

Cydoalknnes

Cyciopentane 94.7 16.6
Cyclohexane 198.7 16.7
Malhylcyc1ohexane
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TABLE Sa (continued)

Molar Volumes and Hildebrand Parameters of

Nonpolnr Liquids at 25°C

Liquid Warn’ moi“ 5.r'MPa"’
Aromatics

Benzene 89.4 18.7

Toluene, methyibenzene 1063 13_2
Ethzribenzene 123.1 13.0
o—Xylene, 1.2-dlrnethylbenzcne |21_2 1&4
m-Xylene. 1.3-dimethylbenzene l23.5 13.0
p-Xylene, 1,4-dirnethylbenznene 123.9 17.9
Propylbenzene 140. I I1’?
Mesitylene, 1,3,5-trimethylbenrene 140 131)
Styrene. cthenylbenzene 15,5 19_[)
Tetrahydnnnaphthalene, tetralin -—- 39,4
Tetrachlorometlrane, carbon tetra- 97.1 17.6
chloride

' Estimated from gas solubility dn!.a.""

Adapted from Blanks. R. F. and Prausnitz, J. M., Ind. Eng. Chem.
Fwidan-1., 3, l, I964.

“A = ('75,, — 18,)’ -1- (TJ T} ‘SE 2"‘? (49)

where T. is the ternperarure at which the polar parameter '8, was obtained. The tables in
this section show that 8,, also varies with temperature, but to a smaller extent, and an
alternative (and preferred) procedure is to evaluate all cohesion parameters at the temperatures
at which they will be used.

Theory suggests that the induction term, '"=“l", should depend on the product J'8,"8,, where
1'8, is the cohesion p_ararneter of the noupolar component. When evaluated experimentally
by difference‘ "’ the correlation in Figure 4 was observed. Wein1er'°’*“'-"3 found that activity
coefficient data (Section 7.5) for infinitely dilute solutions of hydrocarbons (3) in polar

liquids (1') could be correlated well by expressing the induction parameter ‘"1’ as proportional
to the square of the polar cohesion pnranieler ‘$3:

I For linear and cyclic alkanes, ‘RP = 0.40 "8,’

0 For the alkene 1-pentene, W’ = 0.42 '8,’
I For the amniotic hydrocarbon benzene, = 0.45 “of

In other words, this empirical induction cohesive pressure term is related to the polar cohesive

pressure of the polar liquid and to the class of the hydrocarbon, but is not directly dependent
on the cohesive pressure of the hydrocarbon. Weimer and Prausnitzm explained this on the
basis of the polar molecule interacting with only one carbon-caxhon bond during a collision,
so the interchange cohesive pressure depends on the polarizability ofthe carbon-carbon bond,
which increases in the order

single bond, C-C < double bond, C -= C < aromatic

Although these correlations were obtained in conditions of high concentrations of the polar
component and therefoere are expected to be of limited applicability, they provide a simple
rnetlaod of screening polar liquids for use in hydrocarbon separations. For example, the
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TABLE 51:

Molar Volumes, Nonpolar Cohesion Parameters, and Polar Cohesion Parameters of
Polar Liquids at 25°C

Nonpolar, Polar,

Liquids V/animal‘ ' fi,fMPa"’ 6,/MPa""‘ Homomorph

Halogen Compounds

Triehloromedraac. chioroform 80.7 15.8 10.0 Figure 5, Chapter 6
Chiomeihane, ethyl chloride 73 14.9 9.0 Figure 5, Chapter 6
1.2-Diehloroethane, ethylene dieh— 79.4 16.] 11.9 Figure 5, Chapter 6ioride

1,1-Dichlomethane 84.3 15.5 10.3 Isotnnane
1,1 ,1-Tr'it:h1ome1iaar1e 100.4 15.8 8.9 Neopemane
Trichloroetiryierre 90.2 16.3 9.6 Isopentane
l,2—Dihromoe£1mne 87 16.9 13.0 Figure 5, Chapter 6
Chiombenrene 102. 1 18.9 6.0 Toluene

Ketunes

Acetone, 2—prop:mone 74.1) 15.5 12.5 Figure 5. Chapter 6
Methyl ethyl lcezone. 2—but:moue 90.2 15.9 10.3 Figure 5, Chapter 6
Methyl pmpyl keronc 10755 5.3 9.1

Methyl isobutyl ketone 125.8 15.3 8.5 lsohexane
Methyl am)-1 ketone 140.8 15.9 3.6 Figure 5, Chapter 6
Dipropyi ketorre 140.7 15.8 3.3 Figure 5, Chapter 6
1-Iexamethyi ketorre 157.5 15.9 8.4 Figure 5, Chapter 6
Mesityl oxide. 115.6 1'r'.1 '.-‘.8 2-Methylpenlzene

Esters

Ethyi anemic 93.5 15.2 10.6 Figure 5, Chapter 6
Pmpyl acetate 115.7 15.6 8.3 Figure 5. Chapter 6
Barty! acetate 132.5 15.6 8.? Figure 5, Chapter 6
Amy! acetate. pentyl acetate 143.9 15.6 8.6 Figure 5. Chapter 6
Ethyl pmpionane 115.5 15 .6 9.2 Figure 5, Grapter 6

Elisa‘:

Diethyi ether 104.3 14.3 4.6 Figure 5, chapter 6
Methyl isopmpyl ether 103.8 14.4 5.5 Isobutane
1,4-Dioxane 85.7 17.5 9.5 Cyelopentane

Miscellaneous

Nitropmpane 90.4 16.4 13.4 Figure 5, Chapter 6
Aeeterritriie 52.9 16.2 18.0 Figure 5, Chapter 6 1
Pmpionitriie 70.3 16.3 14.7 Figure 5. Chaptcré

Adapted from Blanks, R. F. and Prausnirz. .1. 1111., Ind. Eng. Chem. Frmdnm., 3. 1, 1964.

ability of a solvent to “distinguish" between a saturated hydrocarbon and an unsaturated
hydrocarbon depends primarily on the soivent having a large cohesive pressure (large co-
hesive energy and small moiar voiurne).

In systems where both components are poiar, induction interactions may be considered
to be negligibly small in comparison with dipoieoipole interactions. If specific interacriorzs
are also negligibie, the interchange cohesive pressure is
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TABLE 6 | 5
Molar Volumes and Nonpolar Cohesion Parameters of

Hydrocarbons at Various Temperatures - 1

1144111 we wm.=mo1-I 3,2101-am ! 1
Propane 25 89.5 13.4
Butane: 25 101.4 14.2 ' '
Pcntane 0 111.3 15.2 I

25 116.2 14.7
45 1211.3 14.2

I-lexanc 0 127.3 15.6 I I .'
25 131.6 15.0 . I
45 135.4 14.5 '
60 133.7 14.2

100 143.0 13.4 IHepzane 25 147.4 15.3

60 154.3 14.5 1 E
100 164.0 13.6 , '

Dccanc 25 195.9 16.1 1 I I
60 203.4 15.1 . 1.

100 213.0 14.2 _ 1
Hexadecane 25 294.1 17.9 i . 1

60 303.6 16.4 _' I]
100 315.4 15.1 1 l

Cyclopcmane 25 94.7 16.8 , 1
Mctlaylcycisspentasxe 25 113.1 15.2 1 |

I Cyclnhcxane 0 105.6 17.5 .
' 25 103.7 16.3

45 111.5 16.4

60 113.6 16.0 1
100 119.4 15.2 -

Medaylcyclohexane 0 124.11 16.7 r . 125 123.3 16.1

45 131.3 15.6 :
60 133.7 15.3 .| I

100 140.4 14.5 - I
Ethyicycloiacxanc 25 143.1 16.4

60 143.5 15.6

1.11.11.11.12 25 95.3 14.5 I ' ll-Pentene 1'] 106.1 15.4 '
25 110.4 14.3
45 113.1 14.4

1.3-Butadiene 25 88.0 15.2 '

Benzene 25 11.9.4 13.3 I i
45 91.7 13.3 I
60 93.4 17.9 !

100 93.3 16.9

Toluene. methylbcnzene 25 106.8 18.3 . 1
45 109.2 17.3 _ .
50 111.0 17.4 .

100 116.2 16.6 1
Ethylhenznne 25 l23.} 13.4
p-Xylene, 1,4-dimethylbcnzcnc 75 123.9 18.1
Mesitylcne, l,3,5—t1'im11t1:yIbenzcnc 25 139.6 18.2

Adapied from Weimcr, R. F. and P1-ausnitz, J. M.. Hydrmcarbarz Process.
Petr. Rafi, 44, 237, 1965.
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TABLE 7

Molar Volumes, Nonpolar Cohesion Parameters, and Polar Cohesion
Parameters of Polar Liquids at Various Temperatures in Order of

Increasing Polarity

Nonpolar, Polar,
Liquid 11°C Wnrfinul " Bjhifam 8,!MPa“’

Acetaphenonc 25 117.4 19. 3 7.6
Telrahydrofimin 0 79.3 17.6 7.9

25 111.7 17.0 7.6
45 85.0 16.5 7.1

Pyridine 25 30.9 20.2 7.6
60 83.9 19.1 7.8

11]] 87.4 18.1 11.0
C3,-clohcxanone 25 104.2 18.1 8.3
(.‘h1oroe1ha1'1e 25 74.1 15.1 8.8
Diethyl kctone, 3-penranone 0 103.3 16.4 9.3

25 106.4 15.9 9.1
45 103.9 15.4 8.9
60 110.7 15.1 3.3

MN] 116.] 14.4 8.5
Diczhyl carbonate 25 121.9 16.1 9.2
Bmmocdmne 25 75.1 15.6 9.9

45 77.3 15.2 9.5
Nitrobenzenc 25 102.7 19.11 10.0
Di-(2—e111oroethy1) edlcr 0 109.7 17.3 11.7

25 117.8 17.1 10.7
'P1'ime1.11y1 phosphalc 25 115.2 17.3 10.3
Iadncihane 25 81.1 15.7 10.7

45 83.0 15.2 10.5
Methyl ethyl kelone, 2-Imtanonc 0 87.3 16.2 11.3

25 90.1 15.6 10.9
45 92.6 15.2 10.6
60 94.5 14.9 10.4

100 99.9 14.1 10.0
cyclopenmnonc 25 89.5 17.3 11.0
2.-$—Pcntanedione 25 103.0 16.5 11.6
2,5-Hexancdione; acctyiacetom: 25 117.7 17.3 12.0
Diahyf 1111111211: 0 132.7 17.3 12.3

25 136.2 17.1 12.1
45 139.3 16.6 12.1

2—Nit:ropropa.ne 25 90.7 15.3 12.3
Methoxyaoetone 25 93.2 15.2 12.5

45 96.0 15.5 12.1
Acetone, 2-propanone D 72.3 16.2 12.9

25 74.0 15.7 12.6

45 76.2 15.2 12.2 I60 78.1 15.0 11.9

100 83.4 14.1 11.2 .
Dimeihyl carbonate 25 35.0 15.9 12.?
Burymniu-ile o 85.4 15. 8 13. 3

25 87.9 16.3 12.8
45 90.1 15.9 12.6

2,3-Buranediane. diacetyl 25 87.1! 15.5 13.0
45 90.4 15.4 12.6

Aniline 25 91.5 20.1 13.0
60 94.3 19.2 12.8

100 97.9 18.3 12.?
1-Nilropropane 25 39.5 16.5 13.1

N—M1:1:12yl-2—pyno11done 25 96.6 15.7 13.4
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TABLE 7 (continual)

Molar Volumes, Nonpolar Cohesion Parameters, and Polar Cohesion
Parameters of Polar Liquids at Various Temperatures In Order of

Increasing Polarity

Nonpoiar, Polar,

1.1611111 t!"C v1c1ze11m1-- 3_;11.1pav= 5JN[Pll“"’

Acetic 3111131111111: 25 95.9 16.1 14.5
Propionitrilc 11 63.7 16.9 15.2

25 711.9 16.3 14.7
45 72.9 15.9 14.2
60 74.4 15.6 13.9

100 79.11 14.9 13.2

Citraeonic 16161111166 25 39.7 19.3 14.3
11111111111166.-111111111116 25 75.2 16.5 15.0
F1.1rl'1.l.1'al 11 31.4 19.2 15.9

25 33.2 111.5 15.6
45 34.3 13.11 15.1 .1

60 35.9 17.7 15.2 1
1110 39.4 16.9 14.6 ,_

1-11111661111166 25 72.1 16.4 15.7 |

45 73.6 16.1 15.3 1 1
N,N-Dimemylacetanfide 0 99.7 17.6 16.2 - 1

25 93.2 17.6 15.7 I 1

45 95.3 16.5 15.4 ' '

1-Buiyrulacione 25 77.1 19.4 16.4 ,
N,N—Dimetl1yiformamide o 75.5 17.5 17.11 '

, 25 77.4 17.0 16.545 79.0 16.5 16.2
611 39.2 16.2 15.9

100 113.3 15.5 15.3

3«1:111omp:op1o111'1n'1e 25 77.7 17.3 17.9 _
11cc161111n'1e 0 51.1 16.9 19.1 .

25 52.6 16.4 13.4 . I45 54.4 16.1 17.7 ' I
60 55.5 15.11 17.3 - ,- ,

1011 53.9 15.1 16.3 I

Ethylerneadiamiue 25 67.3 16.6 19.2
60 69.7 15.9 13.5 1 .

1113 72.9 15.2 17.7 '

Nitmmethane 25 54.3 16.5 19.3
45 55.3 16.2 13.9 1 1
61} 56.3 15.9 13.5 1

109 59.3 15.2 17.6 : '

Dimethylsnifoxide 25 71.3 17.5 19.4 I '
II

Adapted from Weimer, R. F. and Prausnitz, 3. M., Hydrorraiban Process. Parr. Rafi, 4-4. 237, 1965.

'3A = ('8, — 43,)’ + (*8, — 58,)’ (50)

or, taking the effect of temperature into account as in Equation 49,

5-"A = (‘$1 — ’8,)‘ + (T.fI')(‘8, -— ‘8,)2 (51) |

He!pi11stilI and Van Winkle“ extended the correlaxion of Weimer and Pra11sn'11z"3 to polar- _
polar situations, defining the new parameter "11: to include both poiar-polar and pola1'—no11poIar 1
systerns:
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TABLE 8

Molar Vohlmes, Nonpolar Cohesion Parameters and Polar Cohesion

Parameters of Hydrocarbons at Various Temperatures

Nonpolar, Paiar,

Liquid #°C Wcnfmui‘ ‘ fi,JMPa“' 6,J'MPa"’

0 83.1 14.2 0.0
25 89.4 13.4 0.0
0 96.7 14.8 0.0

101.4 14.2 0.0
106.0 13.8 0.0
90.3 14.3 2.9
95.3 ]4.] 2.’?

111.8 15.3 0.0
116.1 14.6 0.0
120.3 14.2 0.0
122.9 13.9 0.0
131.4 13.5 0.0
106.0 15.4 2.5
110.1 14.8 2.2
113.0 14.4 2.1
115.9 14.0 1.9
121.6 13.5 1.5
127.3 15.5 0.0
131.6 15.0 0.0
135.4 14.5 0.0
138.7 14.2 0.0
148.0 13.5 0.0
121.6 15.7 2.1
125.9 15.1 1.9
129.5 14.7 1.7
132.4 14.3 1.6
140.3‘ 13.7 1.3
143.8 15.9 0.0
147.4 15.3 0.0
151.9 14.8 0.0
154.3 14.5 0.0
164.0 13.7 0.0
145.5 14.8 1.4

143.4 14.6 1.3
156.3 13.9 0.9
195.8 15.3 0.0
91.9 17.4 0.0
94.7 16.8 0.0
97.4 16.1 0.0
99.4 15.8 0.0

105.2 14.9 0.0
105.5 17.3 0.0
108.7 16.6 0.0
111.5 16.1 0.0
113.6 15.8 0.0
11.9.4 14.9 0.0

E!11y1cyc1.o1Icxa.ne 1.43.3 16.2 0.7
Butylcycichcxanc 176.4 16.1 0.6
Benzene 36 9 19.6 0.0

89.4 18.8 0.0
91.6 13.2 0.0
93.4 13.3 0.0
98.3 17.0 0.0

123.1 13.1 0.4

§saua§
._

.._1

0
25
45
60
IX}
0

25
45
60
00
45
60
00
25
0

25
430- Lil

sauafia
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TABLE 8 (continued) I

Molar Volumes, Nonpoiar Cohesion Parameters and Polar Cohesion
Parameters of Hydrocarbons at Various Temperatures -

Nonpolar, Polar, -

Liquid we WI:m3|nal" amzsam some 5

1

I

I

1
I

Butyibcezene 25 156.8 18.0 0.3
p-Xylene, 1--Ldiulethylbenzene 0 121.0 18.8 0.025 123.9 18.1 0.0

45 126.8 17.5 0.0
60 123.7 17.1 0.0

100 134.1 16.4 0.0

Mesitylene. 1,3,5-trirnethylbenzene 0 136.5 19.} 0.0
25 139.8 18.0 0.0
45 142.7 17.5 0.0
60 144.8 17.1 0.0

100 150.8 16.3 0.0

1,4~Diefl)y1b-enzene 0 153.1 18.7 0.0
25 156.9 17.9 0.0
45 159.8 17.4 0.0
60 162.0 17.0 0.0

100 163.6 16.2 0.0

Toluene, methyibenrzene 0 104.0 19.0 1.?
25 106.8 18.2 (1.4)

i 45 109.2 17.8 1.3
60 110.8 17.4 1.2

1&3 115.9 16.6 1.0

Adapted from Hcipinstifl, J. G. and Van Winkle, M., Ind. Eng. Chem. Proc. Des. Dev, 7. 213,
1968.

“A = ("33. -- 451.)’ + C5. — ‘$.12 — 2 “I1! (523)

Following a procedure similar to that of Wain-tee and Prausnitz, they used activity coefficient
data for hydrocarbons in polar systems and evaluated the parameter "4: by difference. It was
found to be a linear function of (*8? — 1'87)’,

O For aikanes, ‘J11: = 0.40 (*3. - 15,)?

I For the alkene, I-pentene, "£1; = 0.22 ('8, — 1832
I For aromatic hydrocarbons, '31:]: = 0.48 C3,, - 55,)’

It follows fmm this form of the dependence of ‘T11: on 0., that Equation 5211 can be rewritten
as‘-"

'5‘A = (‘SR — I33’ + "b (*8, —- 16, 1’ (5213)

Values found for the induction cohesive pressure correction factor Vb in various situations

are iisted in Table 10. These examples are not all strictly comparable, but the departure

from unity gives an idea of the extent of “<:or:eclion” necessary as a result of the simple
model need. i I

In terms of the component parameters in Equation 22 (Section 5.6), the induction '

parameter may be expressed

or #535,. + ‘$.38. + iaoisu (53;
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TABLE 9

Molar Volumes, Nonpolar Cohesion Parameters and Polar Cohesion
Parameters of Polar Liquids at Various Temperatures

Nanpoiar, Polar,
Liquid 111°C WI:m’I11o1" 5,,FM.Pa"" EJMPIL’

Acetone, 2—pmpa.n.one 0 72.3 16.1 12.9
25 74.9 15.7 12.3
45 76.2 15.2 11.9
6-0 78.1 14.9 12.8

100 83.4 14.2 10.9
Aceton.i.tn'1e 0 51.1 16.9 19.0

25 52.6 16.4 18.2
45 54.4 16.0 17.5

55.5 15.8 17.3
100 53.9 15.1 16.3

Acetcphenonc 0 1 15.0 20.3 10.1
25 117.4 19.6 8.1
45 1 19.8 19.0 8.0

Aniline 25 91.5 213.1 13.5
60 94.3 19.1 13.7

100 97.9 18.2 12.2
1-Butane! 25 92.8 15.9 17.2
Butyl acetate 25 131.5 15.6 7.0
1!-Bmyrolactone 25 77.0 19.6 15 .4
Butyronitrile 0 85.4 16.9 12.8

25 87.9 16.3 12.4
45 90.1 15.9 12.!

Chlompmpionizrile 0 75.5 17.8 19.8
25 77.7 17.2 18.7
45 79.7 16.8 18.0

Cyclopeman-one 25 89.2 18.2 9-4
Dicthyl carbonate 0 I 18.6 16.7 9.6

25 121.9 16.1 9.0
4.5 124.8 15.6 3.8

Dieflayl kctonc. 3-pentamne 0 103.3 16.4 10.4
25 106.4 15.8 9.3
45 108.9 15.4 9.4

D'1e1.11yl oxalate 0 132.? 17.9 13.0
25 136.2 16.6 13.2
45 139.3 16.1 12.8

N,N—Dim-etliylaoeiamide 0 90.7 17.6 16.1
25 93.2 16.9 14.8
45 95.3 16.5 14.2

N,N-Dimednylfonnamide 0 75.5 17.7 16.1
25 77.4 17.1 15.5
45 79.0 16.6 14.9
60 80.2 16.3 15.2

100 83.8 15.6 14.2
Dirncthylsulfoxide 25 71.3 17.3 19.2

60 73.11 16.6 18.7
100 77.2 15.9 18.4

Ethanol 25 58.7 16.0 21.9
Ethyl acetate 25 98.5 15.5 9.2

60 103.3 14.8 8.8
Ethyl bmyl kezonc 25 139.3 1.6.] 7.4

60 146.0 15.3 7.5
Fjhylenc chlomtaydrin 25 66.9 16.5 19.1

60 68.6 15.9 19.0
100 77.9 15.1 17.3
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TABLE 9 (continued)

Molar Volumes, Nonpolar Cohesion Parameters and Polar Cohesion , lParameters of Polar Liquids at Various Temperatures I
Nonpolar, Polar, '

Liquid 101: Wail-‘m0l" fi,,1'MPh"'* 8.jl\v£Pa"‘ - I
Blhylenediamine 0 65.6 17.1 19.9 |

25 67.3 16.6 19.1
45 63.7 16.2 13.4
60 69.7 15.9 13.1

100 72.9 15.2 17.4

Ethylene glycol 25 56.0 I13 31.3 ,

Fnrfural 0 31.4 19.3 16.1 . I :
25 33.2 13.7 15.4 .
45 34.3 13.2 14.9
60 36.9 17.9 15.0

100 39.4 16.9 14.4
Methyl C1:llo3olve“' 25 79.4 16.1 15.7

60 32.3 15.5 15.3 _
100 36.0 14.3 16.1 '

Methyl ethyl keione, 2-butanone 0 37.3 16.3 11.4 . ‘
25 90.1 15.3 11.0 .
45 92.6 15.1 10.5

60 94.5 15.0 10.6 ‘ l
100 100.0 14.2 10.0 J

N-Meti1yI-2-pyrrolidone 0 94.5 19.2

25 96.6 13.5 - ,
45 93.6 17.9 7.6 ' l

60 99.6 17.3 13.0 '

100 103.3 16.9 12.3 1

Nilrubenzenc 25 102.7 20.1 9.5 -
60 105.5 10.3 3.7 ,

100 109.1 13.2 9.1 'i
Nszmmezhane 0 53.1 17.3 20.7 I25 54.3 16.3 20.0 ' -'

45 55-3 16.4 19.4 ' _ \
60 56.3 16.1 13.4 | f '100 59.3 15.4 16.3

Acetylacelone, pentanedione 25 103.1 17.5 10.8 _
1-11611151161, 5111371 fl.IC()I'l0.I 25 103.7 16.1 14.7 :! IFPhenol 25 39.3 20.2 13.0 ' 1

100 95.2 13.2 13.9
I-Ploparlol 25 75.2 15.9 13.9 .

2-Pmpanol, ifiepfflpaflfll 25 77.0 15.6 19.0 ' IPnopionilxile 0 63.7 16.9 15.1 !
25 70.9 l6.3 14.7

45 72.9 15.9 14.4 I
60 74.4 15.6 14.1 ; :.

100 79.0 14.3 13.7 I ',
Pyridine 0 73.7 20.3 9.3

25 30.9 20.2 7.9

45 32.9 19.6 6.5 .

60 33.9 19.2 6.2 !
100 37.4 13-1 6.6 ' 5

2—Pyrmlidone 25 76.5 20.1 14.1
45 77.4 20.2 13.3

Teirahydrofuran 0 79.3 17.7 3.1 _.
25 31.3 17.1 7.4 1.

Adapted from Halpinxfill, J. G. and Van Winkle, M., Ind. Eng. Chem. Prat. Des. Dan, 7, 2E3,I968.
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FIGURE 4. Contribution of induction interactions to interchange cohesive pressure at
25°C. (Adapted from Blzutks, R. F. and Prausnitz. J. M., Ind. Eng. Uzzm. Fund., 3, I.
1964.}

TABLE 10

Values of Induction Cohesive Pressure Correction

Factor (95)

Component 1
(interacting with liquid j} Vb Ref.

lnduct2'on—free system 1.00
Alkane 0.21 113
Alkane 0.20 115
Aiken: 0.]? L13
Alkem: 0.55 115
Aromatic 0.10 113
Ammatit: 0.05 E15
Vapor off 0.63 320

Vulcanized polyisoprene (natuxal mbber) 0.19 113
Polymers, surfactants, pigments” 0.25 9

From surface Eree energy, Equation 17, Chapter 1?.
" Based on I-Iquetian 55, and Equation 25, (3-raptor 17 (the validity of

which have been questioned].

Adapted fram Hansen, C. M. and Beerbower, A.. Kirk-Orhzner Ency-
clopedia of Chemical Technoiogy, 2nd ed., Stmdcn, 4-\., F.cl., l.ntcrsci-
erloc. New York, 1971. 889. {Related data appear in Table 23.)

Further development of these ideas led to the MOSCED (modified separation of cohcqivc
energy density} method (Sections 5.13 and 7.8).

For the special case of a solute in a supercritical solvent {Sections lI.3 and 12.2),
Kramer and Thomasm neglected the polar and hydrogen-bonding contributions to the co-
hesive properties of the solvent in its supereritical state while retaining these contributions
for the solute and intmducing a binary interaction parameter "3 for sclt3te—solvent interactions
so Equation 52b simplified to

“A = (‘ad — Jam +163 — “B <s2c3
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Seidel and Bitt1ich“° from a theoretical model evaluated polar contributions to the __ l
enthalpy of vaporization, giving totals which for liquids without hydrogen bonding were in ' 5 I
good agreement with experiment. . .

5.9 HANSEN PARAMETERS "
l

Hansea“° proposed a practical extension of the Hildebrand parameter method to polar
and hydrogen—bonding systems, primarily for use in polyn1er—liquid interactions (Section E
14.5). It was assumed that dispersion, polar, and hydrogembonding parameters were valid _
simultaneously, related by Equation 54, with the values of each component being determined I !
empirically on the basis of many experimental observations: I |

ss=sg+s,=,+ag (543

These parameters are listed in Table ll. I-lanseifs total cohesion parameter, 8,, should equal _ - I
the Hildebrand parameter, although the two quantifies may differ for materials with specific ,
interactions when they are determined by different methods. The tluee component parameters "
were plotted on a set of three mutually perpendicular axes. 5 _ '

For liquids, the dispersion component, 8,, obtained by hontoznorph methods (Section I J
6.7) was subtracted from the total cohesive property, and the remainder was split into ' i
hydrogen-bonding and polar contributions so as to optimize the description of the miscibility l. J-
behavior of all the polymer—liquid systems investigated (comprising several polymers and ‘
many liquids). Both empirical relations (Section 8.2) such as Bottcher’s equation“? and
group methods (Section 6.8) were used. Once the three component pararneters for each
liquid were evaluated, the set of parameters for each polymer could be determined. Burrell” .

pointed out that methods such as this tend to distort the relative magnitudes of the various _ ‘
intermolecular effects, the polar contribution to the cohesive pressure usually being very l

small in relation to that of hydrogen bonding in those situations where hydrogen bonds exist. - ‘ 'Other Hansen parameter values are presented in Table 12. These data, which draw on | i
i earlier results of I-lansen,“'-“ as well as on other calculations and observations of elastomer , 1

swelling, are based on compilations by Becrbower and Dickey“ and by Gar-don and Teas. ‘*9 ‘ - ' 1
Their inclusion is warranted because they provide information on a wide range of pure and _ '. '
mixed liquids. In addition, Table 18 {Section 5.11) presents Hansen parameters for an even i |
wider range of liquids, calculated by the semi-empirical methods described in Sections 5.1]
and 7.2. 1:

Occasional negative values of the component parameters have been attributed to the I
center of maximum interaction lying closer to the axis than the radius of the solubility sphere
{see below). The scale on the dispersion axis was doubled with the aim of providing
approximately spherical “volames" of solubility which were drawn up for each solute and ' .
then compared with the point locations in this space for each liquid (Figure 5). The distance
of the liquid coordinates (‘'83, ‘SF, '3.) from the center point 98,, "8,,,J'8,,) of the solute sphere I

of solubility is |“R = [4{"3,, — J8d)2 + (‘Sp — 1'85)’ + (‘Eh -"8,,}‘]"’ (55)

This may be expressed in a form similar to that of Equation 52!}, with b = 0.25 and 83 = l i
Bf, + 5%:

“A -—— (is, — 23,)? + 0-25 {("8,, — 18],)’ + (55,, — I392] (56)

The distance “R in Equation 55 can be compared with the radius JR of a solute sphere of
solubility, and if ‘JR < 3R there is a high likelihood of the liquid 1' dissolving j. This was
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TABLE 12

Hansen Parameters for Liquids, Refrigerants, and Liquid Mixtures at 25°C, Based
on 1967 Data

8;'M'Pa"‘

Liquids 8,, 5,, 6,

Acetic acid. ethanoic acid 14.5 8.0 13.5
Acetone, 2—pmpanone 1.5.6 12.3, 10.4‘ 7.0
Aoctoniln'1r.- 15.3 18.0 6.1
Acetophenune 17.6‘ 3.6‘ 3.7‘
Acetyl chloride 15.8‘ 10.6‘ 3.9‘
Acryionitrfle. 2-pmpeneniniie 16.4 17.4 6.8
Aniline, benzeneanfinc 19.4, 20.1‘ 5.1, 7.4‘ 10.2, 12.3‘
Benzaidebydc 19.4 7.4 5.3
Benzene 18.4 1.0 2.1
Benzoic acid 18.2 7.0 9.8
Benzonjtrife 114‘ 13.3‘ 5.1‘
Beneyl alcaho1. benzacncmethanol 18.4 6.3 13.?
Benny! chloride, {chiummethyflbeuzene 17.6, 18.8‘ 7.2 2.7
Biphenyl 21.1‘ 1.0‘ 2.0‘
Bmmobermcne 19.0 5.5 2.1
Bmmoethunl: 16.6’ 3.0‘ 5.1‘
1-Bmmoaaphthalene 20.3‘ 3.1‘ -1.1‘
Butane 13.7, 14.1‘ 0.0 0.0
1.3-Butancdiol 16.6‘ 10.0‘ 21.5‘
1—But.ano1 16.0 5.7 15.3
2—Butuno1 15.8 5.7 14.5
Butyl aceiate 15.8 3.7 6.3
Butylamine. 1-buznnamine 15.6 3.7 7.2
Butyi Carbir.o1°", 2-(2-butauxyeflmxy)eI'l1ano1 16.0, 16.4‘ 7.0 10.6
Butyl Ce11osaIve,°" 2-buloxyettlancd 16.0 5.1., 6.3‘ 12.3, 12.1“
Bnzyl chioride, i—chlorobIJlam: 16.2‘ 5.5‘ 2.0“
Butyl lactate 15.5‘ 6.5‘ 10.2‘
Butymldehyde, lrutanul 14.7 9.8 5.1, 7.2’
Buzyroniuile 15.3‘ 22.5‘ 5.1‘
C'arbi1o1@. 2-(2-etboxyctiaoxfietlmanof 16.2 9.2 14.3
Carban disuifide 20.5, 20.3‘ 0.0 0.6, 0.0‘
Castor oil 15.6 2.9 9.2
Cellasoivei‘, 2-e£11oxyc:ha.no1 16.2 9.2 14.3
Ce1loxohre° acetate, 2—etf:ox)Iezhy1 acetate 16.0 4.7 10.6
Chiorobenzerve 18.6, 19.0‘ 4.3 4.1, 2.0‘
Cblarobmmnmetbame 123.4 5 . 7 3.5
ChI0rodif1I10mme£ha.m.- 12.3‘ 6.3‘ 5.7‘
C131om1}uomer11anc 11.9’ 5. 7“ 4.1‘
Chforomethane 15.3‘ 6.1‘ 3.9‘
l—Ch1ompmpane 16.0‘ 1-8‘ 2.0‘
3—C'hIumpropznm1 17.6‘ 5.7- 14.7-
Ctraaoi. methy1pheno1 18.0 5.1 12.9
Cyclohexanc 16.’? 0.0 0.0
Cyclohexaml 17.4 4-1 13.5
Cyclohexanone 17.8 6.3, 8.4‘ 5.1
Cyciuhexyiamine 17.4“ 3.1‘ 6.5‘
Cyclohexyl claim-icie 19.4‘ 5.5‘ 2.0‘
1-Decanol 16.0‘ 3.5‘ 8.2‘
Diacetone 531001101 15.11 8.2 10.8
Dibenzy! ether 17.4 3.7 '?.4
Dijsobutyl kemne 16.0 3.? 4.1
Dihutyi phthaiaiae 16.8 8.6 4.1
1.)1'buly1 sebacaze 13.9 4.5 4.1
9-Dichloruhenzene 19.2 6.3 3.3
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TABLE 12 (continued)

Hansen Pa:-ameli.-.-rs for Liquids, Rehigeranm, and Liquid Mixtures at 25°C, Based
on 1967 Data

Liquids

2,2-Dichlorodieth}-I ether
Dichiomdiflumnmelhnne

l,i-Dichlometlmne
1,2-Dichiomelhane, ethylene dichloride
Dichloroctlzylenc
Dichlrlrolnetharue, mahylezze dichloride
J ,2-Dichl0m1eI.z11fl1u.1r0eLhane

Diethylamine
1,4-Dietllylbenzene
Dicthyl carbonate
Dielhylene glycol, 2-hydmxyemy! ether
Diethylene uiamine
Diethyl usher, 1.1‘-oxybiwthanc
Diczhyl keumu:
Diethyl sulfate
Diethyl sulfide
Difluoroethane

Dinhethexymethane, farmal, unethylal
N,N-Dimethylfazmmnide
1,!-Dimelhyfllydmzim
Dimczhyi siloxanc
Dimethyisulfone
Dimdhylsulfuxide
Dioctyl phlhalate
I,4—Diox1me, diethylene auide
Dipbenyl, l,I'-biphenyl
Dipropyianfine
D-ipropyiene glycoi
Epichlmxahydlin
Ethanol
Etimnoiamine

Ethyl acetate
Ethylbenmne
21-E1.hy1'bu1a.11ol
Ethyl carbonate
Ethyl chiomfonnate
Elhy] cimwnalc
Ethylene glycol, 1,2-dllanediol
E11-lyl fmmte
2-Erhylhexartol
Ethyl lactaze
I-‘mmamidc

F1-11.11
Furfural, 2-furancarboxyaltiehydc
F‘Ill‘f1.ll')'] aicollol, 2—f1J.mn1nethannI
Glycerol, t,2,3—p11';pa11el11‘u]
Heptane
Hexam:
.‘1—He11a11ol

Hexylene giycol
Isoamyl aseiate
[sulmlyl acetate
Isoburyl isobutyrare
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13.3-
12.3-
15.6-
111.3
17.0
111.2
12.7-
14.9-
17.3-
15.5-

15-2, 15.5-
15.11-
14.5
15.11-
15.11
15.0-
9.2-
15.1-

17.4, 17.0-
15.3
12.1
19.0-
ISA
16.5
i9.0, 17.6‘
21.5
15.3-
15.0-
19.0-
15.11
l'?.2'
15.1. 15.3-
17.11
15.11-
19.4-
15.5
13.4

17.0, 16.8‘
15.5-
15.0-
16.0-
17.2-
17.3-
16.5
I14
17.4
15.3

14.7. 14.9-
15.11-
15.8
15.3
15.1-
15.1-

87'MP0"’

5P

9.0-
2.0-
3.2-
5.3
4.7
5.3
1.11-
2.3-
0.0-
3.1-

14.7
13.3-

20, 4.9-
7.5-

14.7
6.3-

10.2-
1.11-

13.7, 13.3-
5.9
0.0

19.4-
15.4
7.0

1.8, 11.6-
1.0
1.4-

13.3-
10.2-
3.8

i5.6'
5.3

1.0, 0.5-
4.3-

21.7-
10.0
3.2

11.1
8.4‘
3.3-
7.5-

25.2-
1.8-

14.9
7.5

12-1
0.0
0.0
4.3-
11.4
3-1
3.7-
2.9-

3.1-
0.0-
0.4-
4.1
7.2
6.1
0.0-
6.1-
0.5-
6.1-

20.5
14.3-

5.], 2.0-
4.7-
7.2
2.0-
5.7-
8.6-

11.3. 9.2-
11.1
0.0

12.3-
10.2
3.1

7.4, 4.1-
2.1
4.1-

23.9-
3.7-

19.4
21.3-
9.2

3.1. 1.4-
13.5-
5.1-
6.8
4.1

26.0
8.4-

11.9-
12.5-
19.0-
5.3-
5.1

15.1
29.3
0.0
0.0

13.5-
17.8
7.0
6.3-
5.9-
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TABLE 12 (conlinued)

Hansen Parameters for Liquids, Refrigerants, and Liquid Mixtures at 25°C, Based
on 1967 Data

  

 
Isahemnol 15.8 4.3 13.5
Isoncmyl phenol - 16.6 4.1 9.2
Isononyl phenoxyelhanul 16.8 10.2 8.4
Isnuctane, 2,2,4-nimcthylpemanc 14.3 0.0 0.0
Isopentane, 2-mcihyibutane 13.7 0.0 0.0
Isophomnc 16.6‘ 8 . 2' 7.4‘
Mesity1 oxide 16.4‘ 7.2‘ 6.1‘
Meihzmol, methyl alcohoi 15.4, 15.1‘ 12.3 22.3
Melhoxylnetlianol 16.2‘ 9. 2' 16.4‘
Methyl acetate 15.6 7.2 7.6
Methyl amyl kewnc 16.0 5.? 4.1
Mcthy} CarI>ito1°, 2-{2-melhaxyethoxflethanol 16.2‘ 7.8" 12.?‘
Methy1CeI1nso1ve‘9, 2-methoxyechanoi 16.2‘ 9.2‘ 16.4-
Methyl I:d'|yl ketnne. 2—butanone 16.0 9.0 5.1
Mezhyl isoamyl ketene 16.0‘ 5.7‘ 4.1‘
Methyl isubutyl cmhiml. 1,2-dimethylpmpanoi 15.3’ 3.3‘ 12.3‘
Methyl isobuzyl ketone, -i—me£hyI-2-pemanonc 15.3 6.1 4.1, 5.?’
Methyl oleate 14.5 3.9 17
N-Memyl-2—pynu1idone 18.0‘ 12.3‘ 14.6’
Morpboiine 18.8‘ 4.9‘ 9.2‘
Naphthalene 19.2 2.1 5.9
Nitmbenzene 17.6 12.3 4.1
Niuoefilmc 16.0’ 15.5‘ 4.5‘
Nitroszneflum: 15.8 18.8 5.1
2-Nilmpropane 16.2‘ 12.1‘ 4.?
Octane 15.3‘ 0.0‘ 0.0‘
1-Octane! 16.2‘ 7.0‘ 10.6‘
01:21:: acid 14.3 3.1 5.5
Oleyl lricthyiene g1yco1 ether 13.3 3.1 8.4
Penrane 14.3‘ 0.0‘ 0.0‘
I-Pentzmol 16.13‘ 4.5‘ 13.9‘
Phenol 18.0 5.9 14.9
Phenoxyethanol 17.8 5.3 12.3
I-1"-'1'opmm1 16.0 6.8. 6.1‘ 17.4. 17.6‘
2—Pr:rpano1 15.8, 15.5‘ 1.2, 9.0‘ 16.0, 16.8‘
Pm-pionilrile 15.3‘ 12.3‘ 8.2‘
Propylamine 155- 4.1° 11.3-
Ppopylene carbonate 20.1 111.0 4.1
Pmpykene giycol. pmpzmediol 16.11 9.4 23.3
Pytidinc 19.0 3.8 5.9
2—Pyxm11'dune 19.4“ 17.4‘ 11.3‘
Resurcinnl, 1,3-benzciwdiol 18.1] 8.4 21.}
Szemic acid. ocmdecanoic maid 16.4 3.3 5.5
Styiene, elflenylbcnzene 18.6 1.0 4.1
Snccinic anllxydride 13.6 19.2 16.6
Tetmchforoelhane 18.8 4.1 2.3
Tetrachhmctiiylcne 19.0 6.6 2.9
Teuachlmonacthanc, carbon tetrachloride 17.8 11.0 9.6
Tetrahydrofuran 16.8‘ 5.7‘ 8.0“
Tesrahydmnaphillalcne 19.2‘ 2.0‘ 2. 9'
Toluene. mednylbenznnc 18.0 1.4 2.1
T1-ibromomeflzane, bromoform 17.8 4.1 10.8‘Ifibutyl phosphate
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TABLE 12 (continued)

d Hansen Parameters for Liquids, Refrigerants, and Liquid Mixtures at 25°C, Based
on 1967 Data

 
_ 8r'M?a"’ I

L14:-:4: 4. 6.. 6.

T1-ichlo1'oc&1a11e 13.0 4.3 2.1 I
Trichlm'oethyie11e 13.0 3.1 5.3
Trichl0ro1z1etlm1e,0!11o1'0foz1n 17.3, 17.6‘ 3.1 3.7 ;
Tricresyl phosphate 19.0 12.3 4.5 ' ,
Trielixyicne glycol 16.0 10.4 13.6
Water 12.3 31.3 34.2 I I
0-Xyicne. 1,2-dimemyiamzme 17.3 1.0 3.1 ' . _ .

llefi'igera.|3I.s I I |I

1-111.cc1,1=. u'i.chI0ro£h1oro1r1e!l1ane 15.3 2.1 0.0 l.
R12. cczzv, dichlomdifluommclhane 12.3 2.1 0.0 -
R13. CCIF, chlorotrifluommethane 4.9 1.11 0.0 9

. R21. OCi,Fl-I, dichlomfluommeflimu 15.3 3.1 3.1 '
I 1122. cc11=z11, chxmmimmmmahm 12.3 6.3 5.7 I
' R40. OCIH,“ chimomethznc 15.6 6.1 3.9

12113, c,c1,1=,. §.l.2-tJ'icI‘LI0Io—1,2,2—£rifluoIoe1l'Lazxe 14.7 1.6 0.0 '
11114, c,c1,1=.,, !,2—dic.I1.Io1'I3tetraITnoroe!ha:1e 12.7 1.11 0.0 ,

R115. c,c11=,, chlmoptmtafiumoefliane 9.3 1.8 0.0 '
1113131, c13rF,, bmmm1-ifhmrmnerhane 9.6 2.5 0.0
R142b, c;c11=,1+1,, chlrmaditluoroctbanc 11.9 5.7 4.1
111526. C,1=,H. diflnumcthane 9.2 10.2 5.7 1 I
C318, c4:.1~‘.., per£l1.Io1:ocyck1butane 11.7 1.2 0.0 . l

I

Liquid M.tx1111-as ' l

ASTM 1061 ‘A’, isnnctanc. 2,2,4-uimeaayzpcmam-. 14.3 0.0 0.0 '
ASTM 1661 113' 15.3 0.4 0.6 , 1'
ASTM fuel ‘c' {calculated} 16.2 0.3 1.0 - g_ : '
ASTM 0}] 11: 13.9 0.0 0.0 . ;
ASTM 611 #2 15.6 0.6 0.2 '
ASTM oil #3 16.6 1.0 0.4 ' i
Auto brake fluid 15.8 6.1 10.2 | I
Auto transnfissitrn fluid 14.3 0.4 0.6 - '
Linseed 611 13.9 3.5 3.1 i !
0001,7303 (ester) 14.3 2.9 3.1 ;
MIL.-H-8446(siI'1cat1:} 14.5 6.1 7.6 : .
MJL-H-5606 (9:11. 1 14.1 0.3 0.6 L
MOIDI 611-345 20w 14.7 0.4 0.4 ' ;
Meats 1661 611 14.3 2.9 3.7

Phosphate hydmulic 14.3 10.4 4.5
Sperm Oil 14.31 2.1 2.?
Tm-penrme 16.4 1.4 0.4 1 -
waacr-glycai hydraulic 11614 14.3 10.3 22.5 '

' From Gardrm and Teas when the values differ fmm those of Bccrbower and Dickey.

' Adapted from B001-bower. .4. and Disney, 1. 11.. Am. Soc. Lubric. Eng. Imam. 12, 1. 1969, with 311:1-nazive and

l additional values Lmm Garden, .1. L. and Teas, J. P. , in Treatise on Coafirxgs, Vol. 2, Characterization 0fC'aaI:':1g.s.'Pfrysical Techniqsees, Part II, Myers, R. R. and Long, J. 8., Eds., Marcel Dakkcr, New York, 1976, chap. 3.
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The incorporation of the numerical factor 4 in Equation 55 does not appear necessary
to provide spherical interaction vo1umes;”’-1“ the apparent non-sphericai representations
which were observed were the result of the restricted range of 8,, values compared with the
8? and Sn ranges, and an equation based on Equation 54 is just as satisfactory:

= t‘-'A"= = 108.: — 16.32 + ('8, ~ 16,? + 98., - 4*a.,)=:=*= cs?)

Brenchm-*1‘ proposed for component 1' in a mixture with effective Hansen parameters
Ed, 51,, and E the reiationship

“A = (*5., - 5.9’ + *2» £95,, — 3,92 + 06.. — Em <58)

MYLAN PHARMS. INC. EXHIBIT 1044 PAGE 82



 

(Irm~¢

TABLE 122

Hansen Parameters for Some Biological Materials, for Use

With the 1971 Hansen Liquid Parameters of Table 11

ampaw

3, 13, 3., 3, In

Lard, 23°C 17.3 2.7 4.4 13.4 3.11
mi, 3-rc 15.9 1.2 5.4 15.3 on
Water‘ 15.1 20.4 16.5 30.3 13.1
cm: scrum 23.2 22.1 39.5 44.15 20.5
Sucrose 21.7 25.3 29.6 45.1 20.4
Urea 20.9 13.7 25.4 33.5 19.4

Kerstin (psoriasis scales} 24.5 11.9 :2.9 30.3 19.0
Lignin 20.15 13.9 15.3 29.2 11.3

For 1% solutions in water; preferred value, amines not included.

Adapted from Hansen, c. M. and Anderson, 13. 111., Am. rm. Hyg. Arson, 49, 301,
19113.

where ‘b is 9 Hanson weighting factor, a property of component i, with values (Table I3)

comparable to those of ’-‘b in Table 10- These values have been interpreted physically“ on
the basis that the dispersion forces represent a “billiard ball” effect over the whoie molecule,

while the polar and l1ydrogen—bonding terms are localized on groups and thus not uniformly
distributed.

Numerical results for polymers are quoted in Section 14.5, together with the application
of vector methods to the interaction of liquid mixtures with polymers. Hansen parameters

are applied to solid solubilitics in Chapter 12. In some applications, only two of the three
Hansen parameters are used, so that the locations of liquids may be displayed on two-
dimensional, projected maps. Figure 6 shows the range of 81, versus 8, locations for major

liquid groups, regions of overlap predicting mutual miscibility; this technique may be applied
to the formulation of extraction systems!“ Solubility ranges for polymers may be represented

in the same way (Section 15.1).

Toe original “Hansen parameters" were determined as outlined above, but very similar

parameters have been obtained by alternative calculation rnethodsflz‘ as indicated in Section

5.11, with I-Ioy’s major set of values being reported beiow in Table 17.
There is considerable variation in the Hansen parameters reported for water {Table M).

A study of the solubilities of a variety of organic compounds‘ in water"-'55 provides the
values in the last three entries of this Table. The 8,, and 8, values are considerably lower

than and inconsistent with those previously reported, which appear to be appropriate for

solutions of waler in organic liquids. (Gnlnwaidm discussed aqueous solutions in terms of

components described as “-isodelphic" (unchanged thernrodynarnic state of solvent during
the solution process) and “lyodelphic" (prntial rnoiar contributions due to solute perturbation
of solvent network). Use of the regular solution model gave a water total cohesion paranneter

of 29 MP3“, consistent with the "organics in water" value.) This variability in Hansen

parameter values is a fundamental problem associated with the use of 8,, rather than the

more appropriate 3, and 5,, to represent the hydrogen-bonding cohesion, and attempts to
reconcile the divergent 5,, values are futile. The reservations originally expressed by 'l‘awn'2'
on Hansen parameters are still valid: this znethod of describing interactions between liquids
and potential solutes is neither as sinipte as the Bin-rel] method {Sections 4.5, 14.3) nor as
complete as a full set ofcomponent cohesion parameters. However, the recent values provided
by Hansen” for “ I % solutions in water" (Table 12a} acknowledge the problem and provide
a guide to behavior in hydrogen-bonded systems. Clearly the use of separate Lewis acid
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TABLE 13

Values of Hansen Weighting
Factor

Liquid "§

Hydrocarbons

I-Iexane 0.22

Heptane 0.20
Isooctane 0.17

Cyclohcxam: {L19
Benzene 0.15
Tahlene 9-064

Ethyfbenzene 0.12
Styrene 0.13

Chlorinated Hydrocarbons

Trichlommctlmne 0.22
Ten-acblm-omeihane 0.24

'I‘n'£:lzlo:oeLhyle11e 0.20
Tetrachlomclhylcne 0.24
l,l,2—Trich1omelha.m: 0.18

Ketonu

Acetone 0.14%

Methyl eihyl ketone 0.14
Menu}-I isobutyl ketone 0.13

Esters

Methyl acnzatc 0.15
Ethyl acetate 0.14
Pmpyl acetate 0.16
Butyl melate 0.19
Amy} acetate, penlyl ace- 0. 29
late

Ethyl pmpionale 0.20
Ethyl butyrau: 0. I9 1

Alcohols |

Methanol 0.26
Ethanol 9.20

1-Propane! 0.24
2-Pmpanol 0.20 '
I-Butane} 0.2.4
2-Bulanol 0.19
lsnbutauo! 0.23
Iert—BuLano1 0.20

I-Pentanol 0.19 '

I-Henna! 0.28
Sec-Octano! 0.23
Ethylene giycul 0.3!
Glyocmo} 0.29

Carboxylic Acid

Acetic acid I). I2
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TABLE 13 (continued) '-
Values of Hansen Weighting ' :

Factor .

Liquss is '
I

Nitrogen-Contsining Liquids

Ethylenediamjsne 0.29
Pyridine 0.1:

Lipids I

Diolein 0.20 }
Triaiein 0.16 5
T1-ilinolein 0.17
Olive oil 0.13
Oleic acid 0.18

Other uqms :

r i,4—Dim'.ane 0.10
Fuzfural 0.25

Propylene carbonaic 0.41
Water 0.32

Adapted from Ashton, N. l'-‘.. McDe1-mou,
C., and Branch, A., in Handbook (#30!-
vcntfijxrraclion, Lo, T. C., Baird, M. H. I.,

I and Hanson. C., Eds. , John Wiley & Sons-Interscience, New York, 1983. 3.

and Lewis base component parameters would be supezior, but more cumbersome, in pro-
viding an approximate representation of the “unsymmet1'icaI” interactions.

5.10 FRACTIONAL THREE-COMPONENT COHESION
PARAIVIETERS

Teas” showed that for several polymer-liquid systems it is possible to use fractional

cohesive pressures plotted on a triangular chart to represent miscibility limits: , _

Udf U = 5:133; U,‘ U = Bf,/83; Uh} U = 82,183 (59) I

where '

8,’= 8§+8';'+8§ (60)

and

U=U,+UP+U,, (61)

This method was used by Via1”°-'3‘ (Table 15), but Teas“9'”’-*3’ chose instead to use
fractional cohesion parameters, which may be defined

an
=———— 62)

3,,+5P+:5h (
_ Bu . .. __3.=___.

I“ ' ad + a,, + 3.”; 3, + 5., + s.,‘f"
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FIGURE 6. Hansen parameter 8,, — 5,, locations for major liquid groups: (A) ethens, hal-
ogenated hydrocarbons. and alcohols; (B) esters. aromatic hydrocarbons, ketones, and phen-
ols; (C) aldehydes, poiyhydric aleohois, unionized acids, and aikanes; and (D) proton donors
(acids, phenols, amines, alcohols, polyltydrie alcohols}. (Adapted from Klein, E., Bachel-
bcrger, J.. Eyer, C.. and Srnith, 1.. Water Res, 9, 307, I975.)

The fractional cohesion parameters of Garden and Teas"’ in Table 16 are calculated from
the data pnbiished by Hansen and Skaarup in 1967; also included are the values of Teas2""2"
based on Hansen's earlier publication,” as these have been widely used. The fractional
cohesion parameters defined in Equation 62 have the advantage of spreading the data points
more uniformly over the triangular chart, but the disadvantage that they are completely
empirical, without even the limited theoretical justification of Hansen parameters. Examples
of fractional maps for polymers are shown in Figures 16 to 33, Chapter IS.

The triangular representations make the simplifying assumption that the total cohesion
parameter, 6‘, is constant for all materials, and that the relative magnitudes of the three
contributions (dispersion forces, polar interactions, hydrogen bonding} determine the extent
of miscibility. Inspection of tables of Hansen parameter vaiucs shows that although there is
much greater variation in SP and 8,, than in 8,, the total cohesion parameter is not even
approximately constant.

5.11 OTHER TWO- AND THREE-COMPONENT COHESION
PARAMETERS

if it is assumed that the cohesive energy { — U) is made up of an additive combination
of contributions from nonpolar or dispersive interactions ( — U6), polar interactions (— Up)‘
and hydrogen-bonding or similar specific association interactions (— Uh),

—U=—Ud~U,,—U,, (53)
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TABLE 14

Hansen Parameters for Water

3a'MPa""‘

8, 8, 8., 8, R Source Rei.

I2 23 40 48 Tnbie 18 126

I2 31 34 48 Table I2 10,11,118
16 I6 42 48 Table 11 25
20 13 I8 32 I5 Organic liquids in ureter 26
15 20 I7 30 18 1% soiutions in water, Table 155

12a

— 33—36 — Aqueous phase in solvent 15%
exuaetion

—- —— - 29 Grunwaid 127

then it follows that the corresponding cohesive pressures and cohesion parameters can be
defined so that

-U/V—"-—Ud}V-Up/V- U,,lV (64)

fif=S§+8f,-1-fifi (65)

as seen in Equation 54, and

“A = {’B,,‘8_, ~ 23; + ([89 — IE5)“ + (‘Eh — 18,3’ (66) I
This method was developed by Hansen"""-'55 {Section 5.10) on an empirical basis and by Imeans of scmiernpirical equations2“'“"”° but it may also be used for theoretical subdivisions

of the Hildebrand parameter with other bases. With the aid of relationships of the type
indicated in Section 8.2, the Hansen parameters can be described in terms of moiecular
parameters related to intermolecniar forces and molecular sizes?”

Null and Palmer”-‘3‘-‘35 extended the polar-nonpolar cohesion parameter concept of '
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TABLE I5

Fractional Cohesive Pressures in Order of Increasing Total Value

Liquid

1-Icxane

Diezhyl ether
Diisobut)-I hexane
Cyclohexanc
Isoam}-I acetzne
Bulyl acetate
1, I , 1 —Trich]oroe(1ume
Methyl isobutyl ketone
Tetzachloromethane, carbon tetrachloride
Toluene. methyibenzene
Ethyl acetate
Blmzene

'I'ricl:!evrome!hane, chloroform
Methyl eihyl ltetone. 2—buia:'mne
Triclllomethylenc
Styrene, ezhenyibenzene
Ten-zhydronaphthalerre. tetralin
Tetrahydrofuran
Ethylgiycol acetale
Acetnphenene
Isophurone
1,4-Diexane
1,2—Dic111umcI.hane, ethylene dichloride
Acetone, 2-pmpsmone
Cyclohexanone
Dichloromechane, methylene dichloride
2-Nitmpmpane
Pyridme
Nitmhenzene

C}-elolnexanol
Nilroeihane
I-Butane}
Aeetonitzile

1-Prvparmi
Met11y1g1ycu1
N.N—Dimethy11'orm.amide
Nilmmethane

.. I 1

Dirnetbylsulfoxide
1.3-Butaaediol
Methanol

Dielhylene glycol
Edmnolamim

Glycol
Fmmamide
Water

Adapted from Via1,I., C11. Acad.Sc1'. Ser. C. 270, 683. 1970'. anIiThesis, Faculty of Science. Paris,
1970.

6JM1’a"’

14.3
15.6
16.7
16.7
17.0
17.3
17.5
17.5
17.7
18.2
18.6
18.7
18.8
19.0
19.0
19.0
19.4
19.5
19.6
19.8
19.9
19.9
20.0
20.0
20.2
20.3
20.5
21.7
21.7
22.4
22.7
23.1
24.0
24.5
24.7
24.8
25.2
26.4
26.4
28.9
29.2
29.9
31.’)
33.3
36.4
48.1

109tLflI

100.0
85.8
89.3

100.0
80.1
82.1
92.6
81.2

100.0
93.1
67.2
93.5
88.1
70.2
89.5
95.1
96.7
74.6
65.2
77.3
69.4
86.3
88.7
60.5
76.4
81.0
61.6
76.1
64.9
60.3
49.3
47.6
39.4
41.9
42.6
49.1
39.5
35.5
47.6
32.8
26.2
28.9
29.6
26.3
22.0

6.6

a3=5§+a§+a§

IEGILHJ

0.0
3.4
4.8
0.0
3.2
4.5
6.0

13.0
0.0
0.6
8.2
0.3
2.6

22-5
2.6
0.3
1.1
8.6
5.7

13.8
16.9

0.11

7.1
27.4
17.2
9.8

34.4
16.4
31.6
3.3

46.8
6.1

54.3
7.6

13.3
30.4
56.3
11.0
37.6
12.0
17.2
24.3
24.5
11.3
51.0
42.6

IBDILHJ

0.0
10.8
5.9
0.0

16.7
13.4
1.4
5.8
0.0
1.3

24.6
1.2
9.3
7.3
7.9
4.6
2.2

16.8
29.1
3.4

13.7
12.9
4.2

12.1
6.4
9.2
4.0
7.5
3.5

36.4
3.9

46.3
6.3

50.5
43.6
20.5

4.2
53.5
14.8
55.2
56.6
46.8
45.9
62.4
27.0
50.8

Comparison of Equations 65 and 67 with the five-parameter Equation 24 suggests
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Section 5.8 by defining a parameter described here as 8: to represent the oohesive pressure
due to association or hydrogen bonding:

(67)
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TABLE I6

Fractional Hansen Parameters of Liquids, Plasticizers and Oils

Compound fi,JMPn"’ ll)-Qf, 1003', Ell},

Liquids

Acetic acid, ethanoic acid (21.2) (40) (19) (41)

Acetic axdxydride (22.2) (36) (3?) (27)
Acetone, 2—prepannne 28.1 4760) 32(3'?) 2103)
Aceionilrile 24.6 3903]} 45(43} 16[16)
Acexophenone, I—pheny1eL11ancsne 19.3 59-(58) 29{25) 12{17)
Ace-13:1 chloride 19.4 52 35 13
Acrylonilriie. 2-pmpenenitnle 21.7 41 43 16
Aniline 24-.6{22.6) 50(55) 19{21) 31(24)
Benzaldchydc 21 .3 61(5’J) ?.3( 16) 16(:T-')
Benzene 13.8 78(76) 3(7) 14(1'1')
B-eazzonibrile 22.! 48 3? 15

Benzyl albohnl, benzenemethanol 24.6 48 16 36
Benzyl chloride 20.3 66 25 9
Biphenyl, diphenyi 21.5 88 -1 8
Bnxmbenzcne 20.5 72 2] 7

Bromoethanc, ethy‘1 bmnfide 18.2 56 2? 17
1-Brnmonaphthalene 21.1 74-(68) I H13) l5(14)
Butane 14.1 100 0 1}

1,3-Buhmedioi 23.8 3405) 21(1)‘) 45918)
1—Butano1 23. 3 43013) 150.4) 42013)
Butyl acetate 17.4 60(3)) 1306} I'7(24)
Butyl-amine, l—bmanami:1e 17.6 59 14 27
Bulyl Carbitofi’, diethylane giyool 20.1 46 18 36

monobutyl ether
Bmyl Ccl.‘1osolvc°. ethylene giycul 2{}.5{21 .0} 46616) l8(2(}) 36(34)
monobutyl ether

Bulyl facials 19.2 48452) E0(22) 32(26)
Butyraidehyde, bmanal 18.4 SE} 33 17
Bulyfic acid. butannic acid (23.1) {$3} (13) (34)
-y-Bulymiaciune 26.2 44(43) 3986) 1'f(21)
Buryronilriie 20.5 4-4018} 41(39) 15(13)
Carhi£e1'. dielhylene glycol mcnocihyi 22 .3 43 23 29
ether

Carbitol” asetatc, diellxylene glycol 19.4 54 33 I3
monoethyl ether acezate

Csrhmt disulfide 20.3 88(B6) 8(7) 4(7)
Ce11oso1ve", ethylene glycol monoeihyi 22.1(24.3) 42(43) 200.0) 33(3)‘)
ether

CclIoa0Ive‘° acetate. ethylene glycol 19.2 5160) 1564) 3406}
rnenornelhyl other acetate

Chlarobenzene 19.6 6500) 17(5) 1805)
Lchlorobutane 17.2 68(66) 24(23) 8(1 1}
Chlomdiflnmnnnxhane, Freon 22 14.9 50 26 24
Chloroflumoelhme 14. 1 55 26 19

Chloremetbane. methyi chloride 11.0 6] 24 15
1—Ch1emp1Upnne, pmpyl chiuride 17.4 62 30 8
3-Chinmpmpanoi 23.7 46 15 39
m—C:e5o1, 3—methy1phcno1 22.7 5{}(-119) 14-(1?) 36(34)

Cyelahexane 16.8 94 2 4 |
Cyclohexanol 22.5 59 I2 38 I
Cycloiaexanmw 20.3 55(56) 2802) 1?(22) |
Cycluhexylaminc (18.3 (63) (15) (22) I
C‘yc1ohexy1 chloride I9.-1-(18.4) 70058} 2l(Z4) 9(8)
Decanc 15.8 100 0 9 I
1-Decimal 19.2 58 13 29
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TABLE 16 (continued)

Fractional Hansen Parameters of Liquids, Plasticizers and Oils

Compound 8,1'MPa"‘ 100;; 100;, 1011;, 1I

_f- I

Diaccione 41661161 20.3 45137) 24129) 31134)
Dibenzyi ether 19.2 61 13 36 »
Diisoburyl ketonc 16.6 67 I6 17 '
6-91661616666266: 20.5 67169) 22115) 11116) I
2,2—Dichlo1'odiefl1yl ether 21.: 61154) 29137) 1019)
Dichlotodifluorometham, Freon 12 12.5 86 14 0
1 ,1-Dichlomcthane 13.4 66 33 2 ' L
1,2-Dichloroethsns, ethylene 111611161766 20.: 67163) 29123) 14114) I l _
Dichluromethane, methylcn-1: dichloridc 19.8 59 2] 20
l.2-Dichloroetetrafluoroctharne. Freon 12.9 37 13 0

114 .
Diethylamine 16.4 64162) 10119) 26119)
1 ,4—DiethyIbeI1v.cn1: 18.0 97 0 3 _
1316111)-1 ca.rbcna.te 13.0 64 12 24
Dicthyl 6916:, !.I'—oxybiseI!13.ng 15.6 64167) 13123) 23110) 1
Dieihyl 51.620113, }pc1'111m0ne 13.2 56 22 17 1
131601): 16:16:: 22.7 42 39 19 _ ;

1)1e0)y1 suifide 17.4 77166) l4{26) 913) 1 FDiedayicne glycol 29.9 31125) 29130) 40145)Diefiayiermxfianunc 25 .3 38 30 32 , I
Difluamelhaal: 14.9 37 40 23 .
Dimcthoxymctlzane. fomzal. mezhylal 17.4 59157) 7132) 34111) ;
N.N-Dimcthylformamidc 24.8 41 32 27 ’
Dilncthylsiloxane 12.1 100 0 0 '

' Dtrrlethyl sulfone 29.9 311 33 24 t I
,- Dinlethylsulfoxide 26.4 41137) 36133) 23130) '- 1,4—Din:1ane, dicthylene oxide 207 67(58) 7128) 26114) ' I
' 13113661666 17.4 75 20 5 .
I Dipropylaminc 16.2 74172) 7112) l9(16) 1
' Dipmpylcne g1yc-61, oxybispmpmml 31.7 35130) 26125) 39145) | - I

Epichlomhydxin. {1.‘.!1lor0r11cthyI)oxiranc 21.9 521 31 11 I !131116661 26.2 36136) 13119) 46145) |
Euumozanasnc 31.5 32131) 29132) 40139) I I 1
13:11;-15661616 15.4 51 111137) 31117) ' 1 '
Ethylbenzenc 13.0 371110) 315) 10115) I . I
2-1z111y11)n6mo1 21.3 48 10 42 l .
Ethyi chlorofomazte 19.6 43 31 21 1 '
E01311 formats 19.4 43 26 26 I
2—EI:hylhex1ma1 20.3 50153) 916) 41141)
13111;) 1312181113 21. 1 44 21123) 35133)
Ethyl caflaonaxc 29.7 42 47 11 ' '
Elhfibllc glycol, 1,2—e1h813Bdi0I 33.3 30132) l8{17} 52151)
Folmaxnide 36.4 28 42 30
Fannie acid 124.9) (33) 120) 147)
Furffiml, 2—fin'nnca.rbDxya!dehyde 24.3 46 41 13
Farm 121.6 71165) 7112) 22123)
Fhxfiuyi alooboi, 2—£mnm=:1m661 24.3 43 19 33
Giycemi, 1,2,3—pmpm1n'o1 36.21411) 25126) 23122) 52152)
Hepeanc 15.3 100 0 0
1-1161;211:1611 21.5 47 14 39
I-Icxane 14.9 100196) 012) 0(2)
1-Heme: 21.9 47 13 40
1156661311 acetate 17.2 60 12127) 23113)
1Sl)b'tll'}'I anemia 16.6 60 15 25 -

 
MYLAN PHARMS. INC. EXHIBIT 1044 PAGE 91



  118 CRC Handbook of Solubility Parameters and Other Cohesion Parameters

 

 TABLE 16 (continued)

Fractional Hansen Parameters of Liquids, Plasticizers and Oils
 
 
  Compound 6aMPa"’ 19032 19% 190.6’.

  
  
  
  
    
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
    
  
    
  
  
  
  
  
  
  
  
  
    
    
  
    
  
  
  
    
  
  
 

lsobuzyl isolmtyrate 16.6(16.0) 63{63) l2{22) 2505)
Isononyl phenol 19.4 55 14 31

Isophorone 19.8 5162) 25(25) 240.3)
Mesilyl oxide 18.6 55 24 21

Methanol 29.3 3{J{3 1) 22(23) 48{4IS‘)
Mcthoxymcihanol 24.8 39 22 39
Methyl acetate 19.4 45 36 19

Methyl Carbilol', diethylcnc glycol 22.‘l(22.l) 44{44} 21(2) 3504)
monomefilyl ether

Methyl Cellosolve°, ethylene glycol 24.6 39 22 39
monomethyl ether

Me1.'l1yl CeI1oao1ve' acetate, ethylene 20.3 46 17 3?‘
glycol monomelhyl ether acetate

Methyl ethyl keione. 2-bumnone (19.0) (53; (30) (1?)
Methyl format: 20.’? 46 22 32

Melhyl isoamyl kezonc 17.6 62{58) 20{22) l8(20)
Methyl isobulyl curbinol 19.8 5061} 10(7) 40912)
Memyl isobulyl lcetone 17.6 5856) 22423) 200.1)
N-Methyl 2—pyn-olidone 22.9 48 32 20

Mo:-pholine 21.? 51153) 15(21): 28(26)
Naphthalene 20.3 70 8 22

Nitrobcnzene 21 .7 5259} 36(29) [2(l 2)
Nizmetlume 22.‘? -14(47) 43{4-2) 13(1 1)
Niimflielhnlre 25.2 40{4I) 4'l'(46) 13{l3)
2—Nitropropane 20.5 5(l(53) 37(33) 13(9)
Octane 15.1 100 0 0
1-Octane? 20.5 53 9 38

l-Pentanol. amyl alcohol 22.7(21.T) 46617) 1302) 411:4!)
Femanc 14.3 100 0 0
Phmol 24.1 4-6 15 39
1-Propmul 24.6 40 16 -$4
Propionltrile 21.9 43 34 23
Propyl acetate 18.0 5? I5 28

Propylene cazlsonale 27.1 48648) 33013) l4(9)
Propylene glycol, propamdiol 30.3 3469} 16(15): 50016)
Pyridine 21.7 56{56) 26(22) 1802)
2—Pynulidonc 28.4 41 36 23
Resorcinol, 1,3—benzenediol 29.1 38 18 44

Styrene, ethenylbenzene l9.0 '!8(?6) 4(9) 13( 15)
Tetruchlornethanc 21.7 $6 15 L9
Tetrachloroethylene 20.3 6'? 23 10
Tclmchlorometllane, carbon !etra.::l'Ilr>— 17.8 85 2 I3

ride

Telzmhydrofuran 19.4 S5(55} l9{’2.2) 2603)
'1‘et:ahyd:omphzhalerle, telralin 19.4 ll0(33) 8(4) 120 3)
Toluene, melhylbenzene 18.2 0003) 7(6) l3{l6)
Tribzomonmethame, bmmofozm 21.5 54 13 33

'I‘ricl:1omethane 116 7CI(68) l9(17) 1l(15)
Trichlorocthylcne 19.0 68 12 20
Trichiorometllanc, clllocroform 17.8 85 2 13
Triedrylene glycol 26.6 36 23 41

Wale: 48.1 18{19) 28(22) 54458)
Xylene, dimethylbenzene (mixed lso- 18.0 83(82) 5(6) l2( l2)

mere)
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TABLE 16 (continued)

Fractional Hansen Parameters of Liquids, Plasticizers and Oils

Compound 8,r'MIPa"" 1001; lllly; 1019‘.
Pinstidzers

Beryl steamte 15.3 67 17 I6
Dibutyl moleate 17.2 60 I2 28
Dibulyl phthalaxe 20.] 57 29 14
Dibulyl sebacate 15.1 62 23 18
Dimethyl phzhalate 22.1 48 38 14
Dioclyl adipate 18.2 64 23 I3
Dioctyl phthalatc 13.2 62 26 12
Ethyl cinnamaxc 20.7 60 2? 13
Methyl 01:91: 15.6 67 1'7 16
Tricxesyl plwsphate 24.3 51 31} 29
Trimethyl phosphate 25.4 39 37 24
Tribulyl phosphate £8.11 45 35 29
Trioctyl adipate — 62 24 I4

Oils and Commercial Solvenlx

Castor oil 18.2 56 ll 33
Linseed oil (whine refined) 14.9 66 17 I7
Nests fool oil 14.7 69 14 1?

Sperm oil 14.5 75 11 [4
Mineral oil (white refined} 14.5 190 D 0
Pine oil 16.6 76 14 16
Cottonseed oil 14.9 67 15 I8
Mineral spirits — 90 4 6
VM 8: P naphtha — 94 3 3
Odorleas mineral spirits 98 F l
Tin-penline TI 18 5

Adapted from Gardozz, .1. L. and Teas, 3. P. , Treatise on Coatings, Vol. 2, Cliamcxerizaricn ofCa:m'ng.v: Physical
Techniques, Part 11, Myers. R. R. and Long, J. 8., Eds., Marcel Dekker, New York, 19%», chap. 8. Values in
parentheses are fmm the earlier publication of Teas. I. P., J. Pain: Technch, 413516), 19, 1968, for those cases
where differences occur.

3% * 53: (68)

as m 5; == 3: + 23.3,, (69)

5: = 5; -= 2s_sh (70)

The association parameter 8: was obtained from the entropy and enthalpy of association as
defined by Wichc and Bagley,“-“"37 who had investigated the activity coefficients in
mixtures of alcohols with nonpolar liquids and developed multiparamclcr equations for their
correlaxion (Section 7.5). Wielie, in unpublished work cited in Reference 156, also developed
an alternative cwo—componen1 formalism:

5’ -=- Bfi + 6%

where BC is a measure of ability to form “complexes” and '5, is a rneasune of ability to
interact by field forces which do not depend on orientalion (8, == 3,}- These cohesion
paranmters, which were used for solvent selection by twooimensionai mapping, are collected
in Table 16a.

1-loy"° determined nonpolar, polar, and hydrogen-bondinlg parameters by scn1i—empirical
methods which involved:
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TABLE 161:

Two-Component Complexing — Field Force
Cohesion Parameters for Liquids

 5FMI'a"~'

Liquini S, 8, 8,

Acetone 19.7 15.0 12.8
Acetonitrile 24.3 15.3 19.5
Acctaphcnone 21.6 17.5 12.7
Bcnzcnc 18.7 18.3 4.0
Butyl acclnie 17.8 15.7 8.3
Carbon disulfidc 20.3 20.3 0.0
Chlombenzcnc 19. B 19.2 4.7
Cycloimxane 16.8 16.8 0.0
Cyclohcxanone 21.3 17.4 12.3
Dibromomczhane 21.3 20.2 §.7
o-Dichlorobezwene 20.5 19.8 5.6
1,2-Dichlcmoedzane. 20.2 19.2 6.1
Dichlummcthanc 20.2 18.2 8.7
Dimeahyisulfcxide 26.4 18.4 19.0
N,N—Dim€Lhylaccta:nlde 22.1 17.4 13.6
N.N-Dimclixylformmnidc 24.1 19.! 14.7
1,4-D-iuxane 20.7 18.4 9.5
Ethyl acetate 18.2 15.2 10.0
Eihylbcnzenc 18.1 17.9 2.9
Hepmnc 15.3 15.3 0.0
Hcxane 14.9 14.9 0.0
Iodomeflnme 20.9 2-3. 1 5.7
Mcthylcyclollcxanc 16.0 16.0 0.0
Methy1 cthy1 kezone 19.3 1.5.9 11.0
Niuumctharle 26.4 16.7 20.5
Siyrene 19.: 18.7 4.1
Tetraclzlcromczhanc 17.5 17 .5 0.0
Tcualaythofwm 19.5 16.8 9.8
Toluene 18.3 18.1 2.?
Trichlurocihylene 18.7 18.2 4. 6
'{1richIorornerLhane 18 . 7 17.! 6.2
1,1,1-'I‘r1c111omethanc 17.5 16.9 4.8

p-)( flcnc 18.1 13.0 0.8

Adapted from Dickcrson, C. G. and Wic1zc,1.A..Pac.C1Iem.
Eng. Cong:-. (Pratt), 2(1), 243, 1977.

1. Evaluation of the total cohesion parameter or Hildebrand paramelcr 8, as outfincd in
Section 7.2.

2. Separation of the total cohesion parameter by calculation of the aggregation number
(on) from a regression anaiysis of molar volumes as a function of ratio of boiling point
so critical temperature as well as moiccuiar weight, and density

logo: = 3.39066 T,,} To — 0.15848 — 1og(M/p) (71)

The ratio T,,.’Tc may be estimated from Lyderson‘s equation,

{IV 1'', = 0.567 + 2,5, — (E,L~..,—)’ (72)

and the A, vaiucs (critical temperature Lydcrson group constants) were provided by
Hoyf” also (Table 17}, so it is possible to estimate the component cohesion panimclers
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TABLE 1‘? 1 '
Lydersnn Group Constants 5 I

 10* =4.

Gmup, z 1111;111:111: Cyclic 10‘ ‘A-‘E ;

4:11, 2.0 — 2.25 I
-c:11,— 2.0 1.3 2.00
>c11- 1.2 1.2 1.31
:40: 0.0 -0.7 0.41:
4:11, 1.11 -. 1.92 '
=-c11—- 1.3 1.1 1.34
=c< 0.0 1.1 1.29
-CH- (aromatic) _ 1. 1 1 .78 I 1
£ (ammatic) - 1.1 [.49
-0- 2.1 1.4 1.75

>0 (epoxidc} — 2.7 2.57
—coc» 4.7 — 4.97 5
>c=0 4.0 3.3 4.00 !
-CHO 4.3 4.45 .'
—(co.,0) 3.6 — 3.153 |
-C001-I 3.9 . 3.90 ;
-011-» 3.2 3.45 |
-011 (primary) 3.2 4.93
—OH {secondary} 8.2 - 4.40

' 4311 (tertiary) 8.2 — 5.93 ,
+121 11111111111111.-1 5.5 6.00 I
-1911; 3.1 — 3.45
-1111. 3.1 2.4 2.74

! >1~1— 1.4 0.7 0.93
-C=N 0.5 5.39
—NCO 5.4 .- 5.39 .
11co1~1< 5.2 5.45
-(:0NH- 7.1 - . 3.43
—CUN< 5.4 — 7.29
-com, 7.1 3.97 1
—CONH— 7.3 9.33 i-5- 1.5 0.3 3.13 5
-621 1.5 1.5 1
-13 (primary) 1.7 -- - 3.11 ' I
—Cl {secondary} 1.7 . .. 3.17 .
4:1, (twin) 3.4 _ 5.21
-01 (ammzfic) 1.7 2.45 5 1
-11: 1.0 3.92 . ,

—Br (ammafic) 1.0 - 3.13 -
-1-‘ 1.3 0.5
-1 1.2 --

Conjugalicn — 0.5
C11 dtmbie bond . -0.10
Trans dmzbie bond - —~ 0.21)
4-membered ring —- — 1.18
5-mcmberod ring — 0.3
6-mambemd ring — —-- —-0.35
7-mcmbered ring — 0.69
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TABLE 17 {continued}

Lyderson Group Constants

 ll? ‘A,

Group, 2 Aliphatio Cyclic 10‘ ‘As’

0-rtho E}. l 5
Meta — 0. 19
Pars — - 0.69
Bicyclolleptyl .. 0. 34
Tricyclodecane 0.95

Adapted from Hey. K. L, The Hay Tables of Sofubilinv Param-
eiers, Union Carbide Corporation, Solvents and Coatings Materials
Division, South Charleston, WV. I985.

knowing only the density and structure, although the accuracy is limited by the up-
proximations made.

3. Calculation of the hydrogen-bonding parameter from

5.. = 5: I (0! - life!” (73)

4. Evaluation of the polar parameter by a group molar attraction method based on Equation
34, Chapter 6, with the data of Table 7, Chapter 6:

5., ‘- 5. f5«.‘F,/(0621. 'F)]"’ (74)

5. Calculation of the nonpolar parameter 3,, by difference (Equation 65).

Hoy’s values of 8,, End, 39, and 5,, are included in Table I8. Estimates of tbree—cornponent
parameters for phenol, resorcinol, and about 50 alkyl derivatives have been published by
Lille, Kundel, and Eisenm‘ (Table 19). Stekol’shchiltov, Kr1'vLsova, and Rauicrm have
calculated values for hydrocarbons and a few other liquids (Table 20) by various semi-
ernpirical methods based on correlations with physical properties (Section 8.2), and have
compared them with literature data. Martin, Wu, and Beeroowerm-“‘ used three-component
cohesion parameters in their study of solubilities of solids in polar and nonpolar liquids
(Section I22).

I-loy’s dispersion components, 8,, being evaluated by difference, may be considered
less reliable than those of Hansen, which were evaluated directly by bomomorph methods.
On the other hand, Hausa-.n‘s method introduces small hydrogen-bonding components to the
aromatic liquids. The positron method for evaluation of multicomponent cohesion parameters
for liquids, mentioned in Section 3.6, may be able to provide more correct separations of
the components. The positronium (Ps) state in pure liquids is considered a "bubbZe” state
as a result of strong repulsive interactions with liquid molecules at short distances. It has
been suggested by Mogcnsenm that hydrogen bonds in the liquid are not broken when the
Ps bubble is formed, so most of the molecules in its vicinity continue to participate in
hydrogen bonding to the same extent as in the bulk iiquid. Consequently, the P3 “pick off”
rates should be able to be used to determine either 8,, or (83 + 6§)""’, permitting evaluation
of 6,, by optimization of solubility behavior. The positron method seems to show correct
component values; correlation with the Hansen 8,, values is better than with the Hey 5,,

results, whereas the (8§ + 6:)“ correlation is better with the Hey data than with the Hansen {figures, and the hydrogen-bonding components in Hzmsen’s values for aromatic liquids are

not supported. r
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TABLE 18 '

H0y’s Cohesion Parameters for Liquids (and Solids as Subcooled Liquids) at 25°C
5x'M'Pa"”

Liquid Mfg 1:101" pig an" 5, 5, 8,, 8,

Acetaldchydc 44.1 0.771 11.5 10.6 12.7 20.2
116606 acid, 6111611616 6616 60.1 1.044 13.9 12.2 13.9 26.5
A6666 6635611336 102.1 1.075 10.0 11.3 15.7 21.3
Acfitonfl, 2-pmpammc 53.1 0.735 13.0 9.3 11.0 19.7
46616616113 41.1 0.776 10.3 11.1 19.6 24.3

Aoetophcmne, I-phenyletharuzne 120.2 1.024 16.1 11.9 B.2 23.6
I-Acemxy-I ,3-Ulltadictlt 112.1 0.947 14.2 9.9 3.7 19.4
Aoetylaeeton-e. 2,4-pcntaulexiionc 100.1 0.963 11.3 11.3 10.7 19.5 I
Acrolein. 2-propcnai 56.1 0.335 11.4 11.1 12.2 20.1
Acrylic acid, 2.p16pen6ic 66111 72.1 1.040 13.5 12.3 17.9 25.9 I

_ Acryloniuilc, 2—p'ropene1'1it1'iIc 53.1 0. 301 10.6 12.5 14.0 21.6 5
ap Ally! 6661.-11:6 100.1 0.922 14.0 9.5 3.3 13.3 ;

Aliylaseteacetatc 142.2 1.032 13.4 11.3 10.5 20.5 - ', .
11111511311161-61, 2-prcrpen-I-oi 53.1 0.343 13.0 11.3 13.7 25.7
Ally] 611161166, 3-chIu:r0pI'Dp-me 76.5 0.931 13.3 3.9 7.3 13.0

73) Aljyl cya.111'd£. 3-b1.n.c1'1cI1.it1'iIe 67.1 0.330 12.3 11.3 13.2 21.6
N—{2-Aminoezhyncthanolaminc 104.2 1.025 13 .9 12.3 20.3 23.1 I

. I N-(2-Am1'noclhyI)piperazine 129.2 0.973 15 .6 1 1.7 9.0 21 .4 I
‘'33 N-(3-A66n6p16py1)1n61p3611ne 144.2 0.931 16.1 10.2 7.3 20.4 .'

Amyl alcohol. see 1—Pe.111a110l.
.1ec—Amyl 31661161, 666 2_-Pe11I8J10{ 33.2 0.315 14.5 9.1 13.9. 22.0 I

74) prim. acriw Amyl 01001101, 2-1n1:1hy1-1- I
I butaaml

fer!-Amyl 31661161, 2-me01y1—2-3666161 33.2 0.3115 13.3 10.0 12.4 21.1
13632666 73.1 0.374 16.1 3.6 4.1 13.7

Benzyl 31661161, 1166.1-.neme111an61 103.1 1.042 14.7 12.2 15.6 24.6
:11: _ Benzyl Cc116s61ve== 152.2 1.064 14.2 10.2 13.3 22.3
by NJV-(Bis{3—ami11o}1ropy2})1nethy2a111inc 145.3 0.397 14.3 9.9 10.1 20.1
vs 11romo1mm-.66 157.0 1.436 13.4 3.2 0.0 20.1 I

. 2—B1'013.1obu£a:11e, sec-buryi bmmide 137.8 1.251 I6.9 4.4 3.0 17.7
“' , Bmmochluvrcrmedzane 129.4 1.919 16.9 11.1 6.5 21.2 :
1'9 13165666111566. 6111-y1 brnmide 109.0 1.447 16.2 5.1 6.6 13.2 '
Ill 0-B1‘0111os!y1'cn-1: l83-I 1.408 1?. 2? 9.6 0.0 20.1
_-is 0-Bromotoiucne I71 .1} 1.437 I73 8.3 0.0 20.0 '

p-Bromoloimme 171.0 1.391 17.7 11.4 0.0 19.6

Id 11mm6m'c1116mm1-16m 193.3 1.993 12.0 13.3 3.1 13.6 _'
1.3-3661111610-. 54.1 0.614 13.0 6.3 4.5 15.1

‘- 1361111116116 1116511116 116.1 1.106 16.5 13.1 11.6 24.1 1
113 36633 53.1 0.572 13.5 0.0 0.0 13.5 I
~15 1,4-Butallbdifll 90.1 1.013 15.0 13.6 27.0 33.7 ;
,f 1-131111111151, busyl a.Il.‘.0h0I 74.1 0.306 15.0 10.0 15.4 23.7
II 2-3616661, .961.‘-billy] 61661161 74.1 0.302 14.5 9.1 14.3 22.71.1361636 56.1 0.533 12.7 4.2 2.9 13.6 I
-‘ CB’-2-Hfllflfic 56.1 0.614 12.9 3.3 5.3 14.6 I
e zraaus-2-Butane 56.1 0.59‘! 1.3.1 3.6 4.2 14.2
.1 c1‘.s-I-Butenyl mcmyl 611161» 36.1 0.770 14.2 6.4 6.2 16.3

mm-2-11u1cny1 m6111y1 611161 36.1 0.730 13.9 6.2 6.4 16.5

I 3-Bumybuumoi 146.2 0.1179 14.2 7.4 11.7 19.9 '
Butoxydipmpylene glycol 190.3 0.911 14.5 3.2 7.0 13.1

I Butoxyethoxypxupanol 176.3 0.925 13 .6 7.3 1 1.6 19.6
, Butyl 31:36.16 116.2 0.376 14.5 7.3 6.3 17.3

1 m-.1101;-1 acetate 116.2 0.367 13.7 7.7 5.0 16.5
3 Butyi acctoaccme 153.2 0.963 13.6 9.5 10.3 19.5

13u1y1 acrylale 123.2 0.395 14.0 3.3 6.3 17.7
B1Il.fII|!Iiil'B 73.1 0.734 13.6 3 .1 3.0 17.7
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TABLE 18 (continued)

I-Ioy’s Cohesion Parameters for Liquids (and Solids as Subcaoied Liquids) at 25°C

u“»"MPa"‘

Liquid Mfg mo!" pig em" 6, 5, 8,, 5,

BI.1Iy1a.ni1inc 149.2 0.923 16.9 9. 1 6.6 20.4
Butylbenicm 134.2 0.855 16.3 6.5 0.0 17.5
Billy! bcnzoam 178.2 1.001 15.9 9.4 5.9 19.4
1'3I11}'1bl.1'[)‘1‘8IC 144.2 0.365 14.6 6.9 6.2 77.3
Butyl Ca.1'b1tol‘” 162.2 0.948 13.3 8.1 12.6 20.1}
B1.I1y1Carbito1a1:t:taIc 204.3 0.974 14.2 8.1 8.7 18.5
Bury! Cel3os11ive“‘ 118.2 0.896 13.3 7.9 13.0 20.2
Butyl Ce11a8o.1vc° acetate 160.2 0.936 14.4 8.0 7.3 18.2Bury] chloride. 56-: c1'z1o.m1mtane

Bury] cyclahexmic 140.3 0.794 16.1 2.4 0.0 16.2
B:1ty!cyc!ohcxy1amim: 155.3 0.339 16.0 6.3 3.0 17.4
Bmy1cyc10pcntane 126.2 0.779 16. 2 2.9 0.0 16.4
Bmylenc g1y6o1, hutanedioi 96.1 2.091 12.3 12,2 22.2 23.1
But}-Iene oxide 72. I 0.824 15.0 8.0 7.0 18.4
Butyieflzznulamine 117.2 0.888 14.4 9.1 15.0 22.7
Buty1eI11er. 1,1’-oxyhisbutane 130.2 0.764 14.6 4.3 4.5 15.9
Butyl E11131 Cc11osolve° 146.2 0.833 14.4 6-0 6.2 16.8
Busy! isopropeny! cane: 114.2 0.734 15.2 6.2 1.8 16.5
Bulyl iactate 146.2 0.972 12.5 9.6 12.3 20.0
Bury! xncthyi Ccliosalvc“ 132.2 0.841 14.6 6.3 6.7 17.2
13:I1yl—u-mcthylhenzylasniuc 177.3 0.890 15.3 7.9 4.1 17. 7
Bmyl 6—methy1-3-cycloimxane cafboxyiate 296.3 0.939 15.4 7.5 2.2 17.3
2-Butyloctanol 136. 3 0.831 I 4. 5 6.3 1.0.0 18. B
Butyi saficylule 194.2 1.069 15.6 11.2 5-4 19.9
0-Bmylboluene 148.2 0.865 16.6 6.1 0.0 17.7
m—B1.rtyZm1ue1:1e 148.2 0.353 16.5 6.0 0.0 17.5
p-Butyltollitmc 148.2 0.1151 16.5 5.9 0.0 17.5
Butynlidchyde, hlrlanai 72.1 0.796 13.1 8.9 9.6 18.6
Butyric acid, bulanoic acid 88.1 0.953 15.3 10.2 15.3 24.5
Bntyzic anhydlide 158.2 0.962 13.1 10.2 8.9 13.8
7-Butyrolactunc 36.1 1.122 18.6 12.2 14.0 26.3
Bntyronitrile 69.1 0.786 13.3 10.6 12.0 20.8
e—Capn31ac:mns 114.1 1.071 19.1 9.9 14.4 25.9
CarbitoI’° acetate 176.2 1.004 14.4 9.0 9.4 19.4
Carhilul 134.2 0.983 13.0 3.9 14.1 21.2
Carbon dixulfide 76.1 1.256 10.9 16.6 4.3 20.3
Cellosolvefi acetate 132.2 0.968 14.4 9.0 8.9 19.1
Ceflosolve aarylsae 144.2 0.976 14.2 9.4 8.7 19.1
Ccllosolvc 90.1 0.925 13.0 9.1. 15.2 21.9
2—C1I10ma.11y1ide.nc diacetatc 192.6 1.202 14.9 11.3 7.5 20.4
Chlorobcnzene I 12.6 1.093 17.4 9.4 0.0 19.7
2-Chlom-1,3-bmadiene 38.5 0.949 15.0 7.5 3.5 17.2
1-Gxlorobulsne. butyl chioridc 92.6 0.880 15.3 6.9 3.5 17.1
2-Cblurohnlanc, sec-bntyi chloride 92.6 0.867 14.9 6.9 2.4 16.6
2-Chicwelhyl aoctaie 122.6 1.140 15.1 11.4 9.6 21.2
2—C111ome£hy1e1hy1 ether 108.6 0.992 14.4 3.5 7.5 18.4Chloraform, see nichiommethmm

1-Chloluptopmm, pmpyl 661666: 73.5 0.335 14.4 7.2 6.0 17.2
2-Chloropmpane, isopwpyl clfioride 73.5 0.856 14.2 7.3 4.3 16.5
0-Cflhrostyztnc 138.6 1.093 17.1 9.4 0.0 19.6
p-C'11.1om5ty1'ene 138.6 1.080 17.2 9.2 0.0 19.5
Crotanaidshyde. 2-bucenal 70.1 0.347 13.4 10.5 11.5 20.5
Cycfellcxane 34.2 0.774 16.5 3.1 0.0 16.8
Cyciahexanol. cyclohcxyl 331601101 l{X1.1 0.956 13.3 8.6 15.3 22.3
Cyclohexunolle 98.2 0.942 15 .6 9.4 11.0 21.3
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v TABLE 18 (continued)

’ 116,43 Cohesion Parmneters 161- Liquids {and 5611113 as Sllbcoflled Liquids) at 25°C I

5- 601117319 ' E
' Liquid Mfg me!" 114’: cm" 81 3, 61. 5.

.1 .1
g: 1-Cy.-1o11exy1accanc 224.4 0.314 15.9 1.9 0.0 16.1 '
'3 14;yc1o11exy1466mne 252.5 0.313 15.9 1.3 0.0 16.0
'0 I-Cyclohcxyihcpilme 132.3 0.306 16.0 2.1 0.0 16.1
'5 I-Cycluh1:xy3:11)1:111ne 210.4 0.311 16.0 1.9 0.0 16.1
'2 1-Cyclohexyloctane 196.4 0.309 16.0 2.0 0.0 16.1 I |
’2 I-Cyciahaxylundecsnc 233.4 0.815 15.9 1.3 0.0 16.0 I
' Cyclopentane 70.1 0.739 16.1 3.9 0.6 16-5 . F
2 Cyclopenlammc 34.1 0.944 16.2 11.1 3.3 21.5 .
‘4 cwnpenuene 63.1 0.765 15.3 5.3 4.1 16.9 I
'4 2—Cy1:Iopent1:11y! 111661161 34.1 0.976 15.4 11.5 16.5 25.3 : 1
I 1-cyc1opcn1y111:cane 210.4 0.306 17.2 2.4 1.3 17.4
4 1-O_(c!opcntyIhe.pta11e 163.3 0.796 16.6 2.6 0.0 16.8 '
7 I-Cyckapentyllznxaac 154.3 0.791 16.5 2.7 0.0 16.7
9 1r.yc1open1y1m.-me 196.4 0.303 17.0 2.4 0.0 17.1 ,.
8 lcyclnpentyloctaaw 132.3 0.800 16.7 2.5 0.0 16.9 I
5 1-cyclopmzymcmm 140.3 0.736 16.2 2.3 0.0 16.5
9 I-Cyclopcntylundscans 224.4 0.303 17.2 2.3 1.2 17.4
2 Decanc 142.3 0.725 15.3 0.0 0.0 15.3
, ]-Dcca.1wl. decyl 1.1661161 153.3 0.326 15.4 7.0 11.6 20.5
5 2-1'.1ecan61. .796-liecj-‘I a1co1161 153.3 0.321 13.3 6.2 9.3 13.0
3 I—Decene 140.3 0.736 15.7 3.3 1.3 16.0
I 1).-.cy1116:1.-me 213.4 0.350 16.5 5.0 0.0 17.3

. Disccione a1co1161 116.2 0.934 10.7 11.4 12.6 20.0
Diallylamim: 97.2 0.733 13.5 3.5 7.5 17.6
1. I-Dialiyloayethane 142.2 0.371 13.3 11 .0 6. 2 16.7

i 3,3*—Diam1no31pmpy1am1ne 131.2 0.925 13.7 11.5 12.9 22.1
I.3—DiaI11inc1pI0pa.ne 74.1 0.332 13.9 12.9 14.7 24.0
0-Dibroambcnzcne 235.9 1.973 13.5 10.0 0.0 21.0
Dihutylanfine 129.3 0.757 14.6 5.6 5.7 16.7 .'
131131113-1 Ca1bit.oI"' 213.3 0.330 14.3 6.1 7.1 17.0 .]
1110:1154 cc11aso1ve° 174.3 0.332 14.6 5.5 6.1 16.3
1v,N-Dibu1y1e11mn61am'm6 173.3 0. 356 13.2 6.0 9.9 17.6
Dih11ty1f1.1111ar11tc 223.3 0.931 14.2 3.6 3.0 13.4
Dibutyiisopmpanolamine 137.3 0.337 13.2 5.3 3.3 16.9 - 1
13111111371 16111111116 223.3 0.990 14.1 3.6 3.4 13.5 1
1311111111 61111161616 273.4 1.042 15.9 9.5 3.1 20.2 : ;
o-Dichiorobcrzzcnc 147.0 0.293 13.0 9.11 0.0 20.5 I '
191-I}ici1lombc11.2£1'1e 147.0 0.231 17.6 9.5 0.0 20.0 ,

p-Diclfiombexmene 147.0 0.239 17.5 9.2 0.0 19.3
1.1—D1c1z16m6111am, 6111311111.-.116 c1116r16e 99.0 1.163 13.3 10.5 5.6 13.3
l,2—D1'c!'1lor0et|13131:, 61113-16116 dichloride 99.0 1.246 14.2 11.2 9.1 20.2 2
IJi(2-Ch101-0ed1oxy)171cfl11111c 173.0 1.226 13.4 10.2 12.6 21.1
Di(2-Chloraothyl) ether 143.0 1.214 15.4 11.0 9.1 21.0
D1c111or61s6pmpy1 60161 171.1 1.106 15.2 9.7 4.6 13.6
131c1.16mme111ane, methylene dichlflfidc 34.9 1.316 13.4 11.7 9.6 20.2 !
l,3—D1chIo11opr0pa:1e. propylene 416111615116 113.0 1.150 14.4 10.4 5.4 13.5
2,3—Did1lm'opmpar1ol 129.0 1.355 12.2 13 .6 16.4 24.6
n1cm1y1pmp1o11a1 134.3 0.370 14.6 7.1 6.6 17 .5 _
Di{l.3-dimcd1ylh11tyl}111ni11e 135.4 0.731 14.4 4.9 1.5 15.3 -
1,!-Diethoxybulaxm 146.2 0.323 13.3 6.2 4.9 15.9 ' I
l,I—Die!h0xyeth1111e 113.2 0.321 13.5 6.3 5.1 15.9 |
2,5~Die1b0xy1etrahyd1-ofuran 161.2 0.962 14.4 7.7 5.9 17.3
Diel|1oxy'1rigIyc0I 206.3 0.950 14.2 7.5 3.3 13.3
Die1.hy!a:11ine 73.1 0.701 13.4 7.0 6.3 16.5
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TABLE 18 (continued)

H0y’s Cohesion Parameters for Liquids {and Solids as Snbcooled Liquids) at 25°C

 8fl\rIPa”

Liquid 11-11g new gig cm" 8., 0, 6., 0.

Die£i1yla.1ni71oezh}dami11e 116.2 0.1115 14.0 7.3 7.1 17.5
3-{Dic¢hyIamino}ptopylan11'.11e 130.2 0.323 14.4 7.4 7. 1 17.7
1,2-Diethyfbunzcnc 134.2 0.374 16.6 6.5 0.0 17.3
1 ,3-11161113111111.1111.-111: 134.2 0.353 16.6 6.3 0.0 17.7
1,4-111e111y11:enze11e 134.2 0.356 16.6 6.2 0.0 17.7
D1ez11y1Car1111619* 162.2 0.902 14.1 7.1 3.0 17.7
D11-.0111 ce11a161vc9 113.2 0.335 14.3 6.7 6.7 17.1
Dicthylenc glycol, 2,2‘-61310111164151 106.1 1.113 12.4 12.3 23.3 29.1
Dicfl1ylenet11a1'ninc 103.2 0.943 13.0 13.1 14.7 23.6
N,N-Diezhyleihannlamirte 117.2 0.379 13.1 7.3 12.0 19.2
Diethyl 2-6111;-1116111111 202.3 0.335 14.2 5.3 4.9 16.0
Diethyl 2-c1.l1y!—3-1ne121ylglu£ar11f.e 230.2 0.976 13.6 3.0 6.7 17.1
Di01hyIf1111'111n1te 172.2 1.046 13.3 10.3 9.3 19.5
3,3-Diczhylhcxauc 142.3 0.762 15.7 0.0 0.0 15.7
3,4—Diefl1y1hex11:1e 142.3 0.749 15.4 0.0 0.0 15.4
D1'(3—ethyih:xyi)an1i1m 241.5 0.301 14.6 4.2 4.3 16.0
Di(2-ethylhexyi} 4111:: 242.5 0.307 14.9 3.3 4.2 15.9
Diethylfsopaupanolamme 131.2 0.341 12.4 6.7 9.7 17.1
Dicthyl 11616116. 3-p1:nta11one 36.1 0.309 14.5 3.7 7.6 13.5
1116111511 1113101116 172.2 1.063 14.3 10.5 9.9 20.3
3.3—D1c01y1pen11me 123.3 0.749 15.4 0.0 0.0 15.4
2,2-Dicthylpcntalmol 144.3 0.353 14.2 7.3 10.6 19.2
Diethyi phtilalatc 222.3 1.114 15.0 10.9 3.5 20.4
1314111511 pimclate 216.3 0.933 14.4 3.5 3.3 111.6
D'iJ:l.h}'l 1116616311-. 172.2 1.035 14.3 9.11 9.4 19.7
3,9-Die£hyl—6-Iridecanoi 256.5 0.343 14.4 5.2 7.5 17.0
D1g1yco1m1ne 105.1 1.051 11.9 11.1 19.2 25.1
1:>1g1yco1 61116161131111“ 124.6 1.163 13.3 12.1 17.1 24.3
Digiycol diacetate 190.2 1.103 14.7 10.7 1 1.2 21.3
Dihexylaminc 135.4 0.735 15.1 4.3 6.1 17.0
121111131311 61111: 136.4 0.739 15.1 3.7 5.2 16.4
!,I—Di1'11obu0011.ycfl1a.11e 174.3 0.315 14.2 5.3 2.6 15.6
Diisobutjzlenc 112.2 0.711 13 .9 3 .4 0.0 14. 3
Diisobulyl 1:616:16 142.2 0.302 14.5 6.3 3.9 16.5
1,1-Diisopzopoxyetlmrte 146.2 0.310 13.6 6.2 1.7 15.1
Diisopmpylazninc 101.2 0.712 13.3 6.2 2.0 15.2
Diisoptapylcthanolamine 146.3 0.370 14.1 6.9 10.5 13.9
Diisopmpyl malcaie 200.2 1.005 14.4 9.6 7.2 13.7
Disccme 34.1 1.103 14.5 13.5 12.7 23.6
I,3—Dimerh0xyb1.1ta11c 113.2 0.344 14.2 6.7 6.0 16.9
1 ,1-mmcmexyemane 90.1 0.345 13.0 7.3 6. 3 16.6
1,1-Di(1111:fl1oxycdIo11.y)eIi1anc 173.2 0.971 13.3 3.4 3.3 13.4
1.]-Di(me1hoxye‘LhoxyJme1hane 164.2 0.993 14.0 3.8 ll}.0 19.3
1 ,1-Dinaelhoxy-2-mnflzyipmpane 1 13.2 0.339 13.5 7.0 4.7 15.9
Dimcthoxytenaglycol 222.3 1.007 14.5 3.4 10.3 19.7
3—(Di1ncthyl1Ln'rEx1o}p1upionit1'ile 911.2 0.366 14.3 10.5 1 1 .4 21.1
3-{Dim15£|1y2am1'nn)p1'op}r1an1iI1c 102.2 0.312 14.6 3.5 7.9 13.6
D'i{111—111eIhylbenzyE) cther 226.3 0.997 16.3 8.9 0.0 18.6
2,2-Dimcthylbutane 36.2 0.643 13.7 0.0 0.0 13.7
2,3-Dimezhyfbutarw 36.2 0.656 14.2 0.0 0.0 14.2
2,2—Dime1hyiln1t1mol 102.2 0.324 14.6 3 . 7 12.1 20.3
2,3-111111.-11113-11111111161 102.2 0.326 14.1 3 .5 12 .2 20.5
2,4—Di1'ne.thylb1x13nnl 102.2 0.309 14.2 3.5 11.4 20.1

2,3-Dimeihyi-2-butane? 102.2 0.319 13.4 9.4 10.7 19.6 |
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