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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

Because there is no Simple method for measuring the solubilities of nonvoiatile
solutes in a polymer, this work presents a thermodyn;amic framework for estimating such
solubilities from infinite-dilution distribution-coefficient data for aqueous solutions of the
solute in equilibrium with the polymer.

The experimental; infinite-dilution distribution—coefﬁciént is related to that
calculated from a molecular-thermodynamic model (F lory—Huggihs). The thfee binary
Flory paraméters aré obtained from wéter-solﬁte and w”ater—polymér data, and from the
solute’s distribution coefficient.

Sboh‘lbi]iti‘e.s of nineteen nonvolatile aromatic solutes were estimated in three
pdlymers: ethyl-vinyl acetate copb]ymer (EVAc) with 33 (EVACc33), 45 (EVAc45) vinyl
acetate content and poly(vinyl acetate) (PVAc) at 25 °C where most of the solutes are
solids.

The data reported here may be useful for a varigty of applications including
design of membrane processes or dfug-delivery systems, and for packaging téchnology

for foods, chemicals and pharmaceuticals.

Keywords: solubility, nonvolatile solutes, Flory-Huggins, ethylene-vinyl acetate

copolymers, poly(vinyl acetate).



INTRODUCTION

The liferature is rich in both experimental and theoretical studies concerning the
solubilities of volatile substances in polymeric matérials_ (for éxample, Wolfarth, 1994,
Hao et al., 1992; Bonner, 1975). However, little is known about solubilities of non-
volatile liquid and solid soiutes in polymers, despite a need for this information in a
variety of applications including controlled-release systems where the drug solubility in
the supporting polymer plays an essential role for determining load capacity and diffﬁsion
rate into the physiological environment (Langer and Peppas, 1983). In packaging
technology for foods and pharmaceuticals, sorption from the contained product may alter
essential properties o}’ both the producf and the polymeric container; or release of
oligomers or processing ad‘ditives'from the polymer may contaminate the stored product
(Vergnaud, 1998; Jenke et al., 1991; Hayward et al., 1990; Hayward and Jenke, 1990b).

Heavy organic solutes tend to be solids near room temperature. Because th¢ rate
of diffusion of a soylid into a polymer is extremely slow, there is no simple, inexpensive
way to méasure a solid solute’s solubility in a polymer. H(;v;lever, when the soluté is
dissolved in a solvent that does not dissolve the polymer, infinite-dilution distribution
coefficient data can be obtained more easily. Coupled with a molecular-thermodynamic
modél and other experimental data, it is then possible to estimate the desired solubility.

In this Work, we use the Flory-Huggins model (Flory, 1953) to estimaté the
solubilities ‘of nineteen nonvolatile organic solutes in three ‘polyn.lers: two ethyl-vinyl
acetate copolymérs with 33 and 45 weight percent vinyl acetate (VAc) and poly(vinyl
acetate) at 25 °C. We have recently measured infinite-dilution distribution coefficients for

these solutes between water and polymer (Fornasiero ef al., 2001).



Table 1 présents'the most relevant solute properties: molecular weights, densities
and melting points. For solutes that are solid at 25 °C, the densities in Table 1 are those of
~ the liquid at a temperature just above the melting point. In addition, Table 1 gives molar
enthalpies of fusion and differences in the liquid and solid molar heat capacity.

For each of the three polymers, Table 2 shows the average molecular weight,

density at 25 °C, VAc content and glass-transition temperature.

ESSENTIALS OF THE ESTIMATION METHOD

Solubility is an equilibrium property. When a solid solute is brought into contact
with a polymer film, diffusion of molecules from the solid into the‘ polymer is
prohibitively slow. To attain equilibrium in a long (but reasonable) time, it is helpful to
dissolve the solute in a liquid that is nearly immiscible with the polymer. In this work, the
solvent is water. If the polymer absorbs a non-negligible amount of solvent, the polymer .
phase is a ternary systém. Therefore, in addition to pure-component properties, the

molecular-thermodynamic model contains three unknown binary Flory parameters: one

for the water-solute binary y,,, one for the water-polymer binary y,, and one for the
solute-polymer binary y,,. We need experimental information to evaluate each binary
coefficient. We seek y,, because that enables us to calculate the solubility of the solute

~inthe dry polymer.

‘The desired solubility of a solute in a dry polymer is obtained in two stepé. First,
we measure the distribution coefficient K; for the solute between the polymer and the
solute’s aqueous solution; we also ﬁeasure the (small) sofubility of solute-free water in

the polymer, as explained elsewhere (Fornasiero et al, 2001). We also require the




sblubility of the organic solute in water. (If the solute is completely miscible in water, we

use vapor-liquid equilibrium data for the binary solute-water mixture.) Water-solute data
~ are often available in the literature yielding Fvlory parameter y . . Flory pérameter Kowp
(water-polymer) is obtaiﬁed ﬁérri water-polyﬁler data. After these have been determined,
the remaining (and desired) Flory parameter X, 1s obtained from the measured
distribution coefficient K. 5.

Second, knowing solute-polymer Flory parameter Z;p: we calculate the desired
solubility of the solute in the dry polymer using the Flory-Huggins model.
Calculation of y,, and y,,

For a binary solution of solute i (the larger molecule) in solvent j (the smaller

molecule), the activities of components i and j are

Ina, ;'1n(1-cpj)+[1——"‘—)-cbj+Zj,.-i-c1>§. (1a)
n) Ty
Ina, =m(¢j)+(1_g).(1_q>,.)+ o(i-o) v

where y; is the Flory interaction parameter and @ represents the volume fraction of j

defined by
n.r.
D, = g , _ ' 2)
n,.r,. + njrj

where »; is the number of molecules of type j and 7; is the number of segments in
molecule j. In the Flory-Huggins model, the number of segments per molecule appears

only as a ratio set equal to the ratio of (liquid) molar velumes of the two components:
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- For solid solutes af 25 °C, molar volumes are those of the hypothetical liquid at 25 °C.
‘We approximate these denéities with the densities of the liquids slightly aboire the
melting point.

First, coﬁsider the binary water(w)-solute(s) system. If s is a solid, the solubility

of s in water is given by

fpflfes = rs,wd)s,wfpl;lres ' ) ) (4)

L

where f, .. is the fugacity of pure liquid s; f es 1s the fugacity of the pure solid; @, ,

ure:
is the measured aqueous solubility and I',, =a,_,/®, , is the volume-fraction activity

coefficient of the solute in water. Equation (4) assumes that there is negligible solubility

of w in 5. Equation (4) is rewritten
s ' | | '
(I_) = 1_‘.s',wq)s,w ' (5)
.pures »

where superscript S stands for solid and superscﬁpt L for (subcooled) liquid. The ratio of
the two pure-component fugacities is found from the melting Femperatufe, the enthalpy of
fu'sién and the heat vcapacitiés of thé pure solid and pure liquid, as discussed in standard
textbo.oks (for example, Prausnitz et al., 1999).

If solute s is a liquid, the solubility of s in water is given by

i f;L, = rs,wq)s,wfpl;lres ’ , (63)




 where f; is the fugacity of s in the liquid phase that is in equilibrium with the aqueous
- phase. If the solubility of water in that phase is negligible, f,".— f .., and the solubility

of s in water becomes:
D . - ' . 6b
» T | (6b)

Equation (6b) is a reasonable approximation for liquid solutes that are sparingly soluble
in water; therefore, we used Equation (6b) for benzonitrile, nitrobenzene, and 2- and 3-
nitrotoluene (Benes and Dohnal, 1999).

Benzyi alcohol and benzonitrile show appreciable mutual solubility with water at

25 °C. For these solutes, we calculated the Flory solute-water parameter y,. from

[ @ =T @ . | (6¢)

s,W T s,w 5,5 5,8

where @, , and @, are the experimental volume fractions of solutes s in the water-rich
phase and in the solute-rich phase, respectively. Activity coefficients I,,and I are
given by Flory-Huggins equation. Experimental data are from Sorensen and Arlt (1979)
and Solimo and Gramajo de Doz (1995). - |

Pyridine and nicotine are liquids at 25 °C; they ar.ef-completely miséible in water.
The equation of equilibrium for coniponént Jj nbw is

0 P=T0, 1%, G
where y; is the vapor-phase mole fraction, P is the total pressure and g is the vapor-phase
fugaéity coefficient. Vapor—liqﬁid equilibrium data (Gmehling et al., 1988) and gas-liquid
chromatography data (Gmehling et al., 1994) for the binary solute-water nﬁxture are used

to find Flory pararhetér X., for pyridine and nicotine in water.



Table 3 gives aquéous solubilities at 25 °C for all solutes, infinite-dilution activity
coefficients and Flory solute-water parameters together with sources of experimental
~ data. For benzyl alcohol and acetophenone, Table 3 also gives mutual solubility data with
' water at 25 °C. For nitrobenzene and the three isomers of »nitrotoh‘lene and nitrophenol,
the aqueous solubility at 25 °C has been calculated by linea_r interpolation of the
experimental data (Benes and Dohnal, 1999) using van’t Hoff coordinates (In(x;) versus
/T, where x; is the solubility in mole fraction).

Ina similar manner, we obtain ¥, , from the meaéured solubility of solute-free

water in the polymer, assuming negligib_le solubility of the polymer in water. Table 4
shoWs measured water solubilities in the three polymers and caicﬁl'ated Flory water-
polymer parameters.

In general, Flory parameters vary with the so.]uti‘on composition. However,
because the solubilify of water in the polymer is small, final results (Table 7) are' not

sensitive to the coefficient y,. for EVAc copolymers, and they vary little for PVAc.

Calculation of Flory Parameter Zsp from Distribution-Coefficient Data

For the ternary mixture containing water, solute and polymer, the distribution
coefficient for the solute at infinite dilution, K" is defined by

(0)) re . o :
K7 = lim —=£ =2~ : ' ®

, =
0,.,—*0(1):“, :I“:’p

where @,

» an@ I, refer to thg wet polymer.‘ Subscripts p and w stand, respectively, for

the polymer phase and for the aqueous phase; I'® stands for the volume-fraction-based

s,W

activity coefficient at infinite dilution. I, is obtained from experimental data for the




solute-water binary as discussed above. For 19 solutes, Table 5 shows the distribution

coefficients and the corresponding infinite-dilution activity coefficients in three

' polyiners, as calculated from Equation (8).

The activity coefficient of the solute in the wet-polymer phase (T, ,) is given by

the Flory-Huggins equation for a ternary system:

InT,, = (1—q>,)eq>w;’5-—q>p —:‘—+[zw, ._r’z_.-cbw +Zqu>p)(q>w +®,)-x., :—fcbwcb'p

w p w

w

(9a)

where all volume fractions are in the wet-polymer phase (subscript p has been omitted).

At infinite dilution, @, — 0, Equation (9a) becomes

o rS . rS‘ . rJ rS \
lnl"s’p =1—®w;——®p;—+st -—r——-(Dw +,(:p(l)p —~;(wp-;—(Dw(Dp (9b)
w P w w .

Becausé Flory parameters g, (for EVAc45 and PVAc) and y,, have been
prex)iously determined, Equation (9b) gives the desired Flory parameter i’w . In Equation
(9b), @, is set equal to the experimental solubility of solute-free watier in the polymer.
Because water sdlubility in EVAc33' is negligibie, the terms containing D, {ranish.
Because the unknown Flory parametef for vs./ater-EVAc33v binary multiplies <15w in

Equation (9b), it does not affect our calculation of X, - Table 6 shows calculated solute-

polymer Flory parameters.

Solubilities in the dry polymers

For solute s in the dry polymer p, activity coefficient I, , is related to the desired

solubility @, , and to y,, by Equation (1b) for the binary system solute-(dry) polymer.



For solutes that are solids, once y,, is known, and assuming that polymer solubility in
the solid solute is negligible, the desired solubility o, 1s calculated from the

equilibrium equation

fS) |
F & =|<— - 10
P o (fL pures ( )

Assuming negligible solubility of polymer in the solute is reasonable only for

S N
solid solutes. If pure s is a solid at 25 °C, the ratio (1—[) is obtained from pure-
’ pures

component properties as indicated earlier. However, if pure s is a liquid at 25 °C, both
components (solute and polymer) exhibit some mutual solubility. The solute chemical

* potential x4, and the polymer chemical potential 4, in phase o are,_respectii'ely:

R A )
b nfo,)+(-0,,) 15 2, 0., o "

RT . r, RT

s 5

o 0
_ - r r
Pra _ nfl-,, )+ @, (1 __11.)+ PAIRRLST L Hpa
r,
where superscript 0 indicates standard state. Similar relations hold for the chemical
potentials in phase §. The equations of equilibrium arenow u = and p,, =p,,. |
With g, =, and 4, = p; ,, the equilibrium compositions of both phases can be

calculated. However, it is well known (Flory, 1953) that polymer and solute are

2
completely miscible if the solute-polymer Flory parameter is less than 1 1+ ,1 .
o 2 Vi p/ 7 '

Because r,>>r, the critical Flory parameter is 0.5. Therefore, we apply the phase-

10




equilibrium equations only if x,, >0.5. In this calculation, ¥, is assumed independent

of composition and equal to its infinite-dilution value.

" RESULTS AND DISCUSSION
Table 4 shows calculated water-polymer interaction parameters. Because water

solubility in EVAc33 is negligible, y,,, is large. While we cannot precisely determine

Zop> calcuiated solubilities in dry EVAc33 are not affected by this uncertainty because
the volume fraction of water in the polymer phase is essentially zero. For EVAc45, we
obtained xwpl =4.61, very close to 4.91 reported by Chuang et al. (2000) for EVAc
| copolymer with 37% VAc at 32 °C. For PVAc, we determined a Flory p.arameter equal to
1.88 at 25 °C, while Immergut et al. (1999) give Xy =2.5 at40 °C.

Table 6 reports solute-polymer interaction pararheters and Table 7 shows
calculated solubilities in the dry polymer'. Solubilities range from a minimum of 1%
volume fraction for 4-nitroaniline in EVAc33 to complete miscibility for nicotine and
pyridine in all three polymers.

For solid solutes, the solubility depends on the strength of polymer-solute
ibnteraction as well as on the melting properties of the pure solid. The solubilization
process can be split into two steps: the first corresponds to melting the pure solute? and
the second corresponds to mixing the (subcooled) liquid 'solute with the ‘pélyrvner’ .

Solubility increases upon lowering the melting point and the enthalpy of fusion because

! For PVAc, calculated solubilities at 25 °C are reliable if the saturated polymer-solute mixtures have glass-
transition temperatures lower than 25 °C, as discussed in the Appendix.

2 The enthalpy required to raise the temperature of the pure solute from the experimental temperature to the
triple point and lowering it back to the experimental temperature after melting is usually negligible when
compared with the enthalpy of fusion. _

? For solid solutes at 25 °C, we use the density of the hypothetical liquid at 25 °C.

11



less energy is reqﬁired for the melting transition. Solubility also increases with a
decreasing Flory parameter that provides an inverse measure of solute-polymer affinity:
the lower the parameter, the higher the affinity. Therefore, when we compare calculated
solubilities for different solutes in the same polymer, there is no direct correlation
between Flory parameter and solubility because the me_lting properties differ from solute
to solute. On the other hand, if we compare the solubility for the same solute in our three
different polymers, there is a clear trend with Flory parameter. For liquid solutes, the

solute with the smallest Flory interaction parameter has the largest solubility since here
the melting properties play no role; for y , <0.5 we have complete miscibility.

Complete miscibility is predicted for pyridine and nicotine in all three polymers;
for benzyl alcohol in EVAc45 and PV Ac; for acetophenone in EV Ac copolymers and for
2-nitrotoluene with EVAc45. For these systems, we tested the prediction by preparing
solutions with ~50% polymer weight faction. Clear solutions were obtained at 25°C for -
PVAc in pyridine and nicotine. For EV Ac45, clear solutions were obtained for pyridine,
benzyl alcohol, acetophenone and 2-nitrotoluene, suggesting complete miscibility for
these systems. For PVAc + benzyl alcohol and EVAc45 + nicotine mixtures, some
cloudiness is observed for 50% polymer weight fraction, indicating possible partial
solubi]i.ty or, more likely, need for a long time to attain equilibrium. for EVAc33, results
are inconclusive.

Solubility increases with VAc content in the polymer f(.)r most solutes
(nitroanilines, nitrophenols, etc.). The solubility of 1-naphthol in EVAc33 is the same as

that in EVAc45 within experimental error. Only acetophenone shows the reverse trend,

12




while nitrobenzene, 2- and 4-nitrotoluene, benzophenone and benzonitrile have the
highest solubilities in EVAc45.
For a copolymer AB in a solvent s, Flory inferaction parameter yg), is given by;
ZS;AB) =Xt Py + X3Ps — X 3P Dy N (12)

where y.4. 78 and y;p are Flory interaction parameters for A-s, B-s and A-B, respectivély
(A = VAc, B = ethylene, s = solute); @, and Pp represent the volume faction of monomer
A and | B in the copolymer, respectively (Stockmayer et al., 1955). Therefore, the
calculated Flory parameter y,,=ysus) i, in general, a non-monotonicr function of the
copolymer cofnposition and a minimum or maximum can be found for some copolymer
composition depending on . z.s and z4s. Equation (12) may explain‘the solubility
maximum in EVAc45 for some of the solutes. For PVAc, all solutes with polar moieties
give Flory parameters that are negative or much smaller than 0.5, probably because of
_attractive specific interactions between the vinyl acetate group in the polymer chain and
polar groups in thé solute molecules. The ortho-substituted phenol, 2¥nitrophenol, is an
exception because the nitro group iq the ortho position may form attractive
intramolecular interactions with the hydroxyl group, decreasing affinity with vinyl
acetate. Nitrotoluenes, acetophenone, benzonitrile, benzophenone and nitrobenzpne have
positive Flory parameters. We novtice also that the latter are the same solutes that do not
show rising sd]ubilities with increasing VAc contenf in the EVAc cdpolymeré. When
solute-polymer interactions are. dominated by attractive specific interactions betw_eén
polar moieties and the Vinyl acetate group, solubility increéses monotonically with VAc
content; otherwise, it presents an in\;erse trend or a maximum in the range 33-100% VAc

content.

13



Our calculations rest on the validity of Flory.-Huggins theory for temafy s;yétems.
By comparing experimental equilibrium data for polymer-solvents ternary systems with
the prediction of Flory-Huggins model, Favre et. al. (1996) showed that fairly good
agreement can be achieved for sorption of apolar liquids iﬂ eléstomers. However, the
applicaﬁon éf Flory-Huggins theory to ternary systems leads to large deviations for polar
~ liquids in both homopolymers and copolymers,_ and for semi-crystalline polymers. The
observed discrepancies are probably due to non-constancy ’bf the polymer-solvent Flory
" parameter. | "

In our calculations the solute-polymer Flory parameter y,, is assumed

independent of composition; this approximation is reasonable if the predicted solubility
in the polymer is small. However, Table 7 show that for most solutes the solubility is
quite large.. This is not consistent with the approximati.on,v reducing confidence in these
calculations. We expect, therefore, that; uncertainties in calculated solubilities may be
significantly larger than those estimated from uncertainties in the exﬁerimental data
shown in Table 7.

For lfquid solutes, the calculated polymer volume fractions in the solute-rich

S

phase @, are negligible when X > 0.6. For EVAc45 in nitrobenzene, @ l;, reaches

the maximum value 6.72-10™ with X, =0.53 and decreases rapidly with rising y,. The

Flory-Huggins model predicts that the solute-rich phase is nearly pure solute. However,
‘because we calculated the Flory parameters at infinite dilution of solute, calculated

results in the solute-concentrated phase may be unreliable.

14




CONCLUSION

Because there is no simple method to determine experimentally the solubility of a

'~ solid or non-volatile liquid in a polymer, a simple method based on the Flory-Huggins
model is proposed to calculate that solubility. This method requires infinite-dilution
distribution-coefficient data for the solute’s distribution between the polymer and a liquid
solvent that does not dissolve the polymer. Additional required data include the solubility
of the solute in the solvent and the soiubility of the solvent in the polymer. From these
data we determine the Flory parameter for the éolute- (dry) polymer system; that
parameter gives us the de.sired sblubility of the solute in the (dry) polymer.

This thermodynamic framework is applied to nineteen aromatic non-volatile
solutes invethylene-vinyl acetate with 33% or 45% vinyl acetate content, and poly(vinyl
acetate). For solid solutes, so]ubility dépends on the strength of polymer-solute.

" interaction as well as on the melting properties of the pure solute, while for liquid solutes
it depends only on the former. Solubility increases monotonically with VAé content in
the polymer for those solutes where attractive specific interactions between polar
moietiés in the solute molecules and the vinyl acetate group ih the polymer dominate the
solute-polymer interaction. |

The procedure described here rests on the validity of the Flory-Huggins model for
temary (solute-solvenf polymer) systems. Therefore, there is some uncertainty in the
accuracy of the solubilities presented here. Nevertheless, they may be useful for process
and product design whenever polymers are used as membranes, as matricés for drug-

delivery systems or as packaging materials for foods, chemicals, or pharméceuticals.
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APPENDIX: EFFECT OF GLASS-TRANSITION TEM}’ERATURE

Tﬁe F lory-Huégins model applies only to mixtures where‘ the polymer is rubbéry.
While ethy‘llene-vinyl acetate copolymers EVAc33 and EVAc45 are rubbery at room
temperature, pure poly(vinyl acetate) is glassy; its glass-transition temperature T is 39.7
°C. However, sorption of a solute lowers the glass-transition temperature; this lowering is

often called plasticization. The plasticization effect of a solute may be estimated using

Chow’s equation (1980):
In T =§‘[(1—0)1n(1;0)+01n0] | o | 1.1

where T, is the glass-transition temperature of the polymer-solute mixture and Ty is the
glass-transition temperature of the solute-free polymer; ¢ is a physically significant

constant and @ is a measure of solute concentration defined by:

zZR
$= M _AC
ey . (L.2)
9_ Mmonp: (D-‘:P .
M p, 1-0, ,

where z is the lattice coordination number, R is the gas constant, AC, is the variation of
the isobaric specific heat at the glass transition, p; and pp» are solute and polymér
densities, and M,,,, and M,, are monomer and soluté vmolecular weights. We uséd z=2 as
suggested by Chow, AC, = 0.5 kJ/kg K (Brandrup et al., 1999), and M0n =86.1 gr/mol.
In our solubility calculations, we assin_ne that the mixture solute-polymer is
rubbery. We consider the calculated solubilities to be reliable, if they are larger than the

solute volume ﬁactionvrequired to depress T to 25 °C (®,;). For all solutes studied here,
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this condition'is verified bexcept 4-nitroaniline and 4-nitrotoluene, for which @, is 89
- and 8.3%, respectively. At saturation, the calculated glass-tr'an'sition temperatures for
~ their mixtures with PVAc are 28.6 and 27.6 °C respectively; therefore, the calculated
“solubilities at 25 °C should be viewed with caution. For water; Bair ef al. (1981) showed ‘ |
that '(Dzs ré‘quired to lower T, g t0 25 °C is approximétely equal to 2.5%, lowe; than the
"meaSured water solubﬂify in PVAc (7 weight percent). Therefore, we can determine With

 confidence the water-polymer Flory interaction parameter from water-solubility data.
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Table 1: Solute properties: molecular weight M (g/mol), density ps
(g/cm?), melting point T;(°C), molar enthalpy of fusion 4H; (J/mol) and
molar heat-capacity difference between liquid and solid state Ac, (J/mol

K)

Solute M Ds Iy AHy Acp
1-Naphthol 114 1.113 95.0° 23470° -
2-Naphthol 114 1.078°  1204°  18790° -
2-Nitroaniline 138 1.280° 69.3°  16110° -
3-Nitroaniline 138 1.210° 113.8° 23690° -
4-Nitroaniline 138 1.050°  147.5°  21150° -
2-Nitrophenol 139 1.294 44.8° 17450° -
3-Nitrophenol 139 1.280° 96.8°  19200° 86.19

- 4-Nitrophenol 139 1281°  113.8°  18250°  85.0¢
2-Nitrotoluene 137 1.163° -3.8¢ - -
3-Nitrotoluene 137 1.157° 16.0° - -
4-Nitrotoluene 137 1.123 51.6° 16810° -
Acetophenone 120 1.055° 19.6° - -
Benzoic Acid 122 1.084°  1123°  18060° -
Benzonitrile 103 1.010°  -12.8 - -
Benzophenone 182 1.098* 47.8° 18190° 55.55°
Benzyl Alcohol 108 1.045°  -15.5° - -
Nicotine 162 1.010° -80.0° - -
Nitrobenzene 123 1.196° 5.7° - -
Pyridine 79.1 0.978° = -41.6° - -

? Density of the liquid just above the melting point (Beilstein)

b All liquid solute densities are at 20 °C (Nguyen, 1999)

¢ Domalski and Hearing (1996)
4 Domalski and Hearing (1990)
¢ Benes and Dohnal (1999) ‘
fIntemational Chemical Safety Card (1993)
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Table 2: Polymer properties: ayerage molecular weight M (g/mol), density
Ds (g/cm®), composition (comonomer weight percent), glass-transition
temperatures Tgg (°C)

Polymer M Ds VAc wt.% Teo
PVAc 500000 1.189 | 100 39.7 @15)°

EVAGS 250000 095 45 80°

EVAc33 150000 0.936 133 -95°

2 Measured by modulated differential scanning calorimetry (DSC 2920, Modulated DSC T4 Instrument) at

a heating rate of 3 °C/min, with modulation amplifude of 21 °C and period of 60 sec

® Estimated using Equation ( 1) and Ty (PVAc)=32°C, T, (PE)=-125 °C (Brandrup et al., 1999).
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Table 3: Propenies of aqueous solutions for nineteen solutes: aqueous ‘

solubility @, (10 volume fraction) at 25 °C, mﬁn1te-d11ut10n activity
coefficient and solute-water Flory parameter

Solute D; | ' X ws
1-Naphthol 7.10° 236 1.62
2-Naphthol 5.91° 272 1.62
2-Nitroaniline 7.06° 619 - 1.91
3-Nitroaniline 5.16° 218 1.69
4-Nitroaniline 3.69° 227 1.61
2-Nitrophenol 1.0° 59 1.91
3-Nitrophenol ~ 82.5° 387 1.44
4-Nitrophenol ~ 98.0° 30.9 140
2-Nitrotoluene ~~ 5.59° 1810 2.00
3-Nitrotoluene 4.41° 2289 2.03
4-Nitrotoluene 2.01° 2867 . 2.03
Acetophenone - 64.3¢ 156 1.64
Benzoic Acid 26.9* 742 - 1.53
Benzonitrile - 19.8° 522 1.93
Benzophenone  1.23* - 4933 1.82
Benzyl Alcohol 426° 22.7 1.37

~ Nicotine R c.m. 1.38° 0.92
Nitrobenzene 16.6° 619 1.95
Pyridine c.m. 3 92 1.08

2 Howard and Meylan (1997)
® Beilstein
¢ Benes and Dohnal (1999)
4 The corresponding equilibrium volume fractions of water in the solute-rich phase are 153-10™ (Sorensen
and Arlt, 1979) for acetophenone and 969-10™ (Sohmo and Gramajo de Doz, 1995) for benzyl alcohol.
° Gmehling et al. (1994)
f Gmehling et al. (1988)
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Table 4: Water content .in the saturated polymers (wexght %) and
polymer-water Flory parameter

EVAc33  EVAedS  PVAc
Water content ~0 0.43 @ooey 7.0 03
X . | . lage 460 1.8
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- Table S: Distribution coefficients K, between water and polymers and
infinite-dilution activity coefficients I';, in three polymers for nineteen

3

non-volatile solutes

Solute K Iy,
EVAc33 EVAcdS PVAc EVAc33 EVAcd5 PVAc
|-Naphthol 509 623 2203 039 038 0.1
2-Naphthol 372 743 1693 073 037  0.16 -

2-Nitroaniline  66.3 140 350 933 442 177
3-Nitroaniline 365  80.1 266 597 272 083
4-Nitroaniline 252 659 322 902 345 071
2-Nitrophenol 937 122 185 636 488 322
3-Nitrophenol 441 942 3136 088 041  0.12
4-Nitrophenol 339 873 3742 091 035 0.8
_ 2-Nitrotoluene 336 483 435 539 375 416
3-Nitrotoluene 105ﬂ 249 _ 386 21.80 9.19 5.93
"4-Nitrotoluene 345 471 423 8.31 6.09 6.78
Acetophenone 38.7 41.5 55.7 4.04 3.76 2.80
Benzoic Acid 518 139 534 -1432 534 139
Benzonitrile. 439 545 771 1190 959  6.78
Benzophenone 1356 2231 1782 364 221 277
Benzyl Alcohol 279 108 234 813 210 097

Nicotine . 1.42 22 46 097  0.06 0.03
Nitrobenzene 91.5 145 172 -~ 6.76 427 3.60

Pyridine 1.09 2.65 5.32 3.59 1.48 0.74
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Table 6: Polymer-solute interaction parameters‘ Zsp and activities

s _
(%) of pure solid solutes in three polymers
pures

 Solute | Xop [f_s J
EVAc33  EVAcdS PVAc S ) pres
1-Naphthol -1.93 -1.89 2.97 0.165
2-Naphthol - -1.31 -1.92 250 0159
2-Nitroaniline 1.23 0.57 -0.03 0.431
' 3-Nitroaniline 079 - 010 071 0.112
"4-Nitroaniline 1.20 0.35 -0.74 0.083
2-Nitrophenol 0.85 " 0.67 0.62 0.645
3-Nitrophenol -1.13 ‘1.80 -2.68 0.288
4-Nitrophenol -1.09 -1.95 -3.10 0.270
2-Nitrotoluene 0.68 0.41 0.89 -
3-Nitrotoluene 2.08 1.31 1.26 . -
4-Nitrotoluene 112 . 0.90 142 . 0574
Acetophenone 0.40 0.42 0.64 ;
Benzoic Acid 1.66 0.77 -0.06 0.192
Benzonitrile 1.48 ' 1.34 1.40 -
Benzophenone 0.29 -0.07 - 0.77 0.605
Benzyl Alcohol 1.10 -0.17 - -043 -
Nicotine -1.03 -3.66 427 -
Nitrobenzene 0.91 053 0.70 -
Pyridine 028  -0.56 147
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Table 7: Calculated solubilities @, , (volume fraction) for nineteen
nonvolatile solutes in three polymers ' '

Solute ) , : (Ds.p v .

EVAc33 EVAc4S PVAc
1-Naphthol 0.237 @0.001) 0.234 (z0.004) 0.325 =0.002)
2-Naphthol 0.171 0.001) 0.230 @o0.001) 0.282 @0.001)
2-Nitroaniline 0.056 (x0.003) 0.113 @0.002) 0.198 @0.001)
3-Nitroaniline ~ 0.020 ooy 0.039  @o0on) 0.081 @000
4-Nitroaniline 0.010 o) 0.022 o) 0.063 =0
2-Nitrophenol ~ 0.149  (0.008) 0.181 @o003) -~ 0.192 (20.06)
3-Nitrophenol ~ 0.256 . :0.002) 0331 @ooony ~ 0.408 0.001)
4-Nitrophenol 0.238  (z0.001) 0.331 (20003) 0.424  (0.001)
2-Nitrotoluene 0.614 (t0.0‘75) c.m. - 0.391 0.030)
3-Nitrotoluene 0.092  0.003) 0.185 @0.002) 0.202  (0.002)
‘. 4-Nitrotoluene 0.121 =0.003) 0.118 0.003) 0.065 (+0.001)
Acetophenone cm.® - c.m. - | 0.6':75‘ (£0.024)
Benzoic Acid 0.014" o0.001) 0.036 (x0.005) 0.081 @o0.001)
Benzonitrile 0.144 0.003) 0.176 @00  0.162 @001
Benzophenone  0.239  (:0005) 0.316 0001 0.148  (20004)
Benzyl Alcohol 0.266 .=0.014) c.m. - c.m. -
Nicotine c.m. - cm. - c.m. -
Nitrobenzene 0.375  (:0.006) 0.921° @oms) ~ 0.592 0061
Pyridine ’ c.m. - can. - c.m. -

® c.m. = complete miscibility ,
® The calculated polymer volume fraction in the solute-rich phase is 6.72-10 for nitrobenzene in EVAc4S.
For all the other polymer-solute systems, it is negligible.
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