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ABSTRACT: The work is aimed to further investigate thermodynamics of sorption of organic vapors in
perfluorinated polymers. Amorphous perfluorinated random copolymer of 50.7 mol % tetrafluoroethylene and
49.3 mol % perfluoromethylvinyl ether, poly(TFEPMVE), was studied using the inverse gas chromatography
method. As solutes, several hydrocarbons and fluorocarbons of different classes were studied nralkeaies

C;—Cy0, benzene and toluene, methylcyclohexampgerfluoroalkanes £and G, perfluoromethylcyclohexane,
perfluorinated benzene, and toluene. In addition, partially fluorinated toluene derivatives were investigated. It
was shown that solubility coefficien$ of fluorocarbons in this rubbery polymer are significantly higher than
those of their hydrocarbon analogues. Correlations of the typedi\ + BT, whereT, is the critical temperature

of the solutes, were demonstrated for both hydrocarbons and fluorocarbons; however, the curve for fluorocarbons
is located above that of hydrocarbons. Therefore, in this regard, the behavior of perfluorinated rubber is analogous
to the amorphous glassy perfluorinated polymers studied earlier. Hydrocarbons and fluorocarbons also reveal
significant differences in other thermodynamic parameters of sorption in poly{PMB/E): enthalpies of sorption,

activity coefficients, partial molar enthalpies of mixing, and FleHuggins parameters.

1. Introduction Table 1. Polymers with Peculiarities of Solubility of Fluorocarbons
and Hydrocarbons

Amorphous perfluorinated polymers are distinguished by pr—

interesting physicochemical properties as materials for gas cyycture glassy effect rubbery effect
separation membranes. Some of them have very high perme-

- P : PF amorphous Teflon enhanced ? ?
ability for gases and liquids® and large free volumg&® All polymers AF2400° (T, = 240°C)  solubility
perfluorinated polymers (both amorphous and semicrystalline) ir’l:ﬁ%%f&gu(f_eﬂfgoo o of FC

. : .=

have extremely good Chem'f:al _stabllﬁy[educeq Swface HC poly(1-trimethylsilyl-1-  reduced poly(dimethyl- reduced
energy’ and unusually low activation energy of diffusi&f. polymers propynej (Ty > 300°C) solubility ~ siloxane}” solubility

Recently, interesting phenomena were demonstrated for of FC (Tg=~123°C)  of FC

sorption of fluorocarbons and hydrocarbons in amorphous
Teflon AF: Fluorocarbons £-C; have systematically higher
solubility coefficientsS as compared to what can be expected
from correlations ofS with the critical temperature of other

corresponding glass transition temperaturég, it is quite
desirable to have information on sorption in amorphous
polymers withTy below room temperature. Homopolymers and

solutes including hydrocarbod®:12 On the other hand, solubil- copolymers of tetrafluoroethylene and hexafluoropropylene are
! ! not suited as objects of such investigation because of their

ity coefficients of fluorocarbons in common hydrocarbon based semicrvstalline nature

glassy and rubbery polymers are reduced as compared to AI y Ih u dl | £ 50.7 mol % tetrafl

hydrocarbon solutes with corresponding critical temperatdres. roetﬂy?ggr;n%uz S;%n n?cT "/ioggri‘/lrl?oerro(r)nethi/lvmgl e(t)h:rri)ol:g:

b et oyl be e (TFELPAIVE) s an inereting candidte for such .

of gas sorption of partly fluorinated metathesis polynor- Investigation of gas and vapor sorption of hydrocarbons and

bornenes: poly[5,5-difluoro-6,6-bis(trifluoromethylnorbornene] fluorocarbons in this polymer was undertaken in several
- POYL>, ' y laboratories. The first results on sorption of gaseoys @

3\/11 %glzasd’Sfﬁ;t“filrﬁlci:]oégé(heoﬁt?::?srot%rgpg%ﬁy)t?ggbggii?%s of hydrocarbons and fluorocarbons angt-Cg hydrocarbons have
poly P been reported by Prabhakar et%l.

ethane are located below than those of carbon dioxide while in . . N
; . In this work we present the results of the investigation of

hydrocarbon-based polymers the order of these isotherms is - L . . .
sorption thermodynamics in this copolymer using the inverse

ﬁ\pﬁgslrtiiéioovr\\,fa\\/i(nairr,l I W;Srﬁzfgbed to higher solubility of,CO gas chromatography method. Measurements were performed for
g poly ) a wide range of solutes including aromatic and aliphatic

A summary pf the studjes of solubility of fluorocarbons and fluorocarbons € Cs, hydrocarbons €-Cio, and solutes con-
hydrocarbons in perfluorinated and hydrogen-based ponerStaining both hydrogen and fluorine atoms.

is given in Table 1. Since gas and vapor sorption and diffusion
phenomena are different in polymers below and above their 2 Background

The inverse gas chromatography (IGC) of polymers is based
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f DuPont Porformance Elastomers LL.C. on the theory of eqwlpnum gas chromatograp?ﬁyz. In Ehe
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virtually weakly sorbed component (e.g., air or methane) is
needed to account for the dead volume of the chromatograph.

Using the valueg; andt,, the net retention volumey can be
found:

3273.2

T

col

W= (tr - ta)':c‘]z 1)

whereF. is the flux of gas carrier (cffs), J2 is the correction
for pressure drop in the colun®f, and Teo (°K) is the
temperature of the experiment.

After accounting for the mass of the polymer in the column,
the specific retention volum¥y can be calculated:

W

V,
¢} w,

@)

wherew, (g) is the mass of polymeric phase in the column.

The specific retention volume can be related to Henry's
distribution constankK

Vg

K
P ©)

where p is the polymer density (g/cfh Hence,Vy can be
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Figure 1. Structure of poly(TFE/PMVE).

to find partial molar free energiGy, (kJ/mol), enthalpyAHn,
(kd/mol), and entropS;, (J/(mol K)) of mixing:

AG,,=RTIn m (7a)
9 In(i)m
Wy
AHp=R—o = am (7b)
AH,, — AG,,
ASy=—7— (7¢)

The process of solute vapor dissolution in a polymer can be
described by a sequence of two stages: the condensation of
vapors with the formation of a liquid phase followed by the
mixing of this phase with the polymer to yield an infinitely
dilute solution. Therefore, a change in the thermodynamic
potentials (and partial molar enthalpy of mixing in particular)
can be represented approximately as
AH,,= AH,— AH_ (8)

whereAHc is the enthalpy of condensation of the solute. The

regarded as a physicochemical parameter that characterizes thenthalpy of condensation can be found at standard tempefatures

equilibrium in the solute-polymer system tested.

Different thermodynamic properties of gas (vapgsplymer
system can be calculated. Thus, Kawakami et @iroposed
IGC for determination of the infinite dilution solubility coef-
ficient which accounts for the nonideality of the vapor phase:

poJ34)

Here, p° = 1 atm is the standard value, the second virial
coefficient B;; (cm®mol) and molar volume/; (cm?/mol) of

(4)

1 2B, —V,
S= g)pvg EXAT

or after accounting its temperature dependeéfce.

The Flory-Huggins parameteryi,, which characterizes
thermodynamic interactions between the polymer and the solute,
can be determined using IGC. In the conditions of infinite
dilution and assuming sufficiently large molecular mass of the
polymer,y12 can be expressed by the formifla

273,
p(ivgvl

0
p
x12=1n —1- R_;(Bn — Vi) )

wherev, (cm?¥/g) is the specific volume of the polymer.
On the basis of the FloryHuggins model and Hildebrard

solutes can be calculated as recommended by Reid andScatchard solution theory, DiPaola-Baranyi and Guflipto-

Sherwood® pg (Pa) is the inlet pressure in the column, algtl
is the correction for pressure drop in the column.

The temperature dependenceSHillows a determination of
enthalpy of sorptiom\Hsg:

AHS)
RT ©®)

S=§ exr(—

Another thermodynamic parameter that can be found via the

specific retention volume is the reduced activity coefficient at
infinite dilution:26

a | 7R\ W
In—l) =In( )——lB -V
(Wl Vgngl RT( 11 1)

where pflJ is the vapor pressure of the solute (Pa) at the
experimental temperatufg and M; (g/mol) is the molecular
mass of the solute. Using the activity coefficient, it is possible

(6)

posed a method for the estimation of polymer solubility
parametew,. A treatment of the equation

612 X12 20, 622

RT V, RT! RT (10)
whered; (J/cn?)¥2 is the solubility parameter of the solutes,
permits the estimation af, via either the slope or the intercept
at the vertical axis in the coordinate®{RT — y12/V1) Vs 1.

All these possibilities of IGC in the infinite dilution limit
were examined in this work.

3. Experimental Section

3.1. Materials. Poly(TFE/PMVE) was kindly provided by
DuPont Performance Elastomers, L.L.C. (Wilmington, DE). The
chemical structure of this amorphous perfluoroelastomer is shown
in Figure 1. This random copolymer of TFE and PMVE was
prepared by continuous emulsion polymerization by simultaneously
feeding a gaseous mixture consisting of TFE (44.2 g/h) and PMVE
(83.2 g/h) and an aqueous solution (243 mL/h) containing 0.91 g/L
of ammonium persulfate, 6.17 g/L of disodium phosphate heptahy-
drate, and 50.62 g/L of ammonium perfluorooctanoatatl L, CDV
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mechanically stirred autoclave. The temperature of the reaction was 200 1
maintained at 85C and the pressure at 4.1 MPa (600 psi). The
polymer emulsion was removed continuously by means of a letdown

valve, and the unreacted monomers were vented. The emulsion from 150188 5 . o CaFsCH
24 h of operation was collected, and the polymer was isolated by o 0 Cefie
first diluting the emulsion with 8 volumes of deionized water per 2 [
volume of emulsion at a temperature of 80 and then adding a €100 |
solution of 75 g/L of magnesium sulfate heptahydrate to the diluted >
. . . >
emulsion at the rate of 0.3 volume of the magnesium sulfate solution g
per volume of emulsion. After stirring fol h at 60°C, the 50l 7 % o o o oCeHo

coagulated polymer crumb was filtered, washed in deionized water

for 30 min at 45°C, filtered again, and dried in an air oven for 48 [@ % 8 o o CHCH

h at 70°C. The polymer yield was 3.7 kg. The composition of the ol vy
polymer, as determined by FTIR, was 50.7 mol % TFE and 49.3 0 10 20 30 40
mol % PMVE. The polymer’s inherent viscosity was 0.65 dL/g, as E., cm%min

measured in a solution of 0.1 g of polymer in 100 g of a solvent
mixture consisting of 60/40/3 volume ratio of heptafluoro-2,2,3-
trichlorobutane, perfluoro(butyltetrahydrofuran), and ethylene glycol

dimethyl ether at 30C.
IT_E y le etr a ition t i  thi | 8 °C is the temperatur€C) andp(t) is expressed in g/ctn A = 2.054
e glass transition temperature of this polymer- as glcn? andB = —1.79 x 10-% g/(cn? K).

measured by a differential scanning calorimeter at a heating rate
of 20 °C/_m|n. _Th_e density of_tht_e polymer determined by the 4 Results and Discussion
hydrostatic weighing method (liquid-phase 2-propanol) was found
to be 2.02+ 0.04 g/cm. A set of carefully selected solutes was used in this study.
All the solutes studied had a purity not less than 98%. Only peak 1hey includedh-alkanes G—Cio, aromatic hydrocarbons (ben-
retention time was measured in the chromatographic experiments.zene and toluene), methylcyclohexaneperfluoroalkanes £
3.2. Chromatographic MeasurementsLarge pore solid carrier ~ and G, perfluoromethylcyclohexane, perfluorinated benzene and
Inerton AW, with surface area about 0.%/mand a particle size  toluene, and toluene derivatives containing both H and F
of 0.16-0.20 mm, was used for coating the perfluorinated rubber. atoms: 4-fluorotoluene and 2,3,4,5,6-pentafluorotoluene.
The deposition of poly(TFE/PMVE) was performedrfi@a 5 mass 4.1. Solubility Coefficients. Figure 3 shows the retention
% solution in the commercial solvent PF5068perfluorohexane, diagram, that is, the dependence of Wy vs reciprocal
3M Co., Minneapolis, MN). Slow evaporation of the solvent was temperature. For all the solutes, the dependencies are linear.

carried out at atmospheric pressure and-38 °C in a rotary  Thjs means that no phase transitions occur in the temperature
evaporator. Then the chromatographic phase was dried in avacuun}ange studied, and the enthalpy of sorption is temperature-

to constant weight. On the basis of weight loss determined by back- independent. Thig values for the fluorocarbons are markedly

extraction, the concentration of the polymer phase on the solid ) .
carrier was 3.0+ 0.5 mass %. This corresponds to the mean larger than those of their hydrocarbon analogues. An examina-

thickness of the polymer layer 6f500 nm. The measurements in  tion of the figure indicates that the slopes of the dependences
the range 4590 °C were performed using a LKhM-8MD chro- ~ are steeper for fluorocarbons than those for hydrocarbons of
matograph with thermal conductivity detector and a stainless steel different classes (e.g., benzendheptane, methylcyclohexane).
column with the lendt 3 m and inner diameter 3 mm. The vapor This point will be discussed in a more quantitative manner later
samples were introduced with a syringe, using a sample size ofin this paper.

about 1umol. The temperature of the sample evaporator was kept  sing eq 4 and dilatometric data reported by Prabhakar et
at 200°C in all the experiments. Helium served as a gas carrier, al. 19 the solubility coefficientsS were calculated. It is well-

and air peak was used for estimation ff To introduce the Jnown that theS values correlate with measures of gas
corrections into egs 1, 4, 6, and 9, the inlet pressure was checke . . .
condensability of solutes such as boiling poify, critical

using a high-sensitivity manometer, while the outlet pressure was
gang y P temperatured,, and Lennard-Jones energy parametkf?.33

taken as atmospheric. i Il th h i Vi lated. th

A necessary step in a study of equilibrium chromatography is Slncel a these ‘.re? p?‘ra‘l["e‘.er?l arev\;ﬂeary |nterr$ at:—:‘ > ese
an estimation of the range of gas carrier flow rate with no diffusion COrrelations are intrinsically similar. When a set of solutes is
limitations at different temperatures, based on the determination Characterized by a relatively narrow range of variation of
of specific retention volume as a function of gas flow r&te? condensability, linear correlations are usually observed, for
The flow rate in the experiments must be less than a certain limiting example:
value such that there will be no dependenc¥gdn F.. An example
at45°C is shown in Figure 2. It is seen that the equilibrium regime logS=a-+bT, (11)
of dynamic sorption is attained at flow rate-&0 cn/min, so this
flow rate was used in the experiments at this and higher temper- .
atures. Retention timess did not depend on the size of injected Howe\{er, for Iarger;ets of solutes, the data are better fitted by
sample having the order of Amol. This means that the thermo- @ nonlinear correlation of the type
dynamic parameters determined corresponded to the infinite dilution
cond@ti_onsz.9 E)_(perimental_errors were es_,t_imated using the Student logS=a + b'(TC)Z (12)
coefficients with the confidence probability of 0.95.

Partial vapor pressures of the solutes were found according to__, . .
the Antoine equatioh and/or the equation [Ryp = A In T + B/T This type of correlation has been demonstrated for both rubbery

+ C + DT?, as calculated using the K3Bdatabase. and glassy polymer¥38

The temperature dependence of the polymer density or specific Figure 4 shows the correlation of the solubility coefficients
volume has been reported by Prabhakar e alased on the  Sat 35°C of various hydrocarbons and fluorocarbons studied

experimental values obtained by Dr. F. Briatico (Polytechnic of in this work. For comparison, the results reported by Prabhakar

Milan) and kindly provided to us. The original experimental data et al® for alkanes and fluoroalkanes;€Cs, n-alkanes, and
were approximated by the linear functip(t) = A + Bt, wheret cycloalcanes €-Cg are also presented. The data obtainedCtHV

Figure 2. Effects of the gas carrier flow rat& on the specific retention
volumesVj of several solutes at 4%C.
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Figure 3. Retention diagram of several hydrocarbon and fluorocarbon
solutes in poly(TFE-PMVE): (a) 1, benzene; 2, methylcyclohexane;
3, n-octane; 4, perfluorobenzene; Bperfluorooctane; 6, perfluoro-
toluene; (b) 1n-heptane; 2n-perfluorohexane; 3, toluene; 4, 4-fluo-
rotoluene; 5n-nonane; 6n-decane; 7, 1,2,3,4,5-pentafluorotoluene.
The data for perfluoromethylcyclohexane overlap those-nbnane,

so for clarity the former is not shown in this figure.
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Figure 4. Correlation of the infinite dilution solubility coefficientS
of fluorocarbons and hydrocarbons in poly(TFE/PMVE) with solute
critical temperaturel, at 35 °C: filled points, fluorocarbons; open
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Table 2. Infinite Dilution Solubility Coefficients S, cm3 (STP)/cn?
atm of Fluorocarbons (FC) and Their Hydrocarbon (HC) Analogues

at 45°C
FC S HC S
CgFis 271+ 45 GgHisg 50+ 7
CsF11CFRs 109+ 16 GsH11CH3 30+5
CsFs 125+ 20 GsHs 24+ 4
CsFsCRs 290+ 45 CsHsCHs 50+ 8

Table 3. Solubility of Alkanes and Fluoroalkanes G—C3 (Bunsen
Coefficients, cn? (STP)/cn® atm) in Hydrocarbon and Fluorocarbon
Solvents

gas cyclohexane benzene NEg; gas cyclohexane benzene NFG)s

CH,¥ 0.68 0.52 0.44 Cpo 0.21 0.14 0.94
CHg*® 5.0 3.8 2.2 GFg*0 0.51 0.27 3.1
CsHg®®  21.9 15.0 GRg*° 13 0.61

1. The dependenc&T,) is strongly nonlinear and can be
approximated by a parabola for both hydrocarbons and fluoro-
carbons, in agreement with the previous restfig.3436
Separate dependenc®d.) are observed for hydrocarbons and
fluorocarbons.

2. Solubility coefficients of hydrocarbons in perfluorinated
rubber are markedly lower than those of fluorocarbons. Solubil-
ity coefficients of the compounds containing both-B and
C—F bonds (partly fluorinated toluenes) have intermediate
values. The difference between solubility coefficients of fluo-
rocarbons and hydrocarbons increases with the molecular weight
of the solutes. The difference is marginal for compoungs C
Cs but increases to 1 order of magnitude for compoungls C
Cs. This result is consistent with the observation made earlier
for glassy amorphous Teflon 1680Similar assumptions about
the differences of the solubility of hydrocarbons and fluoro-
carbons were made more recently as Well.

As an additional illustration, Table 2 shows strong differences
in the solubility coefficients of fluorocarbons of different classes
(aliphatic, cycloaliphatic, aromatic) and their hydrocarbon
analogues.

Therefore, the results of the present work fill the gap shown
in Table 1 and indicate that enhanced solubility of fluorocarbons
(or reduced solubility of hydrocarbons) is characteristic for the
amorphous perfluorinated rubber studied.

Abundant data are available on solubility of fluorocarbons
in low molecular mass hydrocarbon and fluorocarbon solvents
as well as for hydrocarbons in the same two groups of
solvents’”~40 Some of these data are shown and examined in
Table 3. The table indicates that hydrocarbon gases have a lower
solubility in the fluorocarbon solvent tri(perfluoropropyl)amine
in comparison to corresponding fluorocarbons with the same
number of carbon atoms. For example, solubility of @Hower
than that of Ck by a factor of about 2. Similar effects are
observed for the other perfluorinated solvents. On the other hand,
solubility of hydrocarbons in hydrogenated solvents is much
higher than that of fluorocarbons (e.g., solubility ofHg and
CsFsg). It means that the effects of increased solubility of
fluorocarbons in perfluorinated polymers observed by us and
by Prabhakar et &P have nothing to do with polymer state of
these “solvents” and must be ascribed to point interactions
between solutes and solvents. Interestingly, in these cases too
the differences are greater for larger solutes, as has been noted
in ref 14.

4.2. Enthalpy of Sorption and Partial Molar Thermody-

points, hydrocarbons; squares, partly fluorinated hydrocarbons; trianglesnamic Parameters The temperature dependencesSofvere

are the data from ref 19.

IGC were subjected to short linear extrapolation to this

used for finding the enthalpies of sorptiokHs, which are
presented in Table 4. It is seen that sorption of fluorocarbons

temperature. Several conclusions can be made from this plot.in poly(TFE/PMVE) is characterized by noticeably m()é%\/
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Table 4. Enthalpy of Sorption in Poly(TFE—PMVE) Table 6. Partial Molar Enthalpy of Mixing AHp, into
— a
solute AHg, kJ/mol Poly(TFE—PMVE)
AHp,? AHm®  AHpd
n-heptane —224+1.0 m m m
n-octane 304403 solute kJ/mol kJ/mol kJ/mol
n-nonane —33.94+0.2 n-heptane 12311 9 13
n-decane —36.1+0.3 n-octane 8.3t 0.3 4 10
methylcyclohexane —249+05 n-nonane 9.5£0.2 4 13
benzene —23.4+0.4 n-decane 11.8 0.2 4 14
toluene —27.8+0.3 methylcyclohexane 8.8 0.5 6 9
n-perfluorohexane —31.5+ 04 benzene 8204 7 9
n-perfluorooctane —40.7+ 0.3 toluene 7.9£0.3 3 7
perfluoromethylcyclohexane —31.94+0.2 n-perfluorohexane -1.8+0.4 -6 -5
perfluorobenzene —38.7+0.2 n-perfluorooctane —3.8+£0.1 e e
perfluorotoluene —32.3+0.3 perfluoromethylcyclohexane  —0.7+ 0.2 0 -1
2,3,4,5,6-pentafluorotoluene —36.0+ 0.2 perfluorobenzene 0Z0.5 -1 2
4-fluorotoluene —30.1+0.2 perfluorotoluene —7.5+0.2 -9 -5
2,3,4,5,6-pentafluorotoluene 2450.2 0 6
Table 5. Activity Coefficients at Infinite Dilution at 45 °C 4-fluorotoluene 6.9 0.2 5 9
solute Inga/w1)” at 45°C 2The sources of the data fdrH. are refs 25, 27, and 32Based on
temperature dependence of the activity coefficients in the rangel@d®
n-heptane 4.240.2 - d
n-octrja\ne 4.8-02 °C. ¢Based on the formulaH;, = AHs — AH using AH; enthalpies of
n-nonane 51 0.2 condensation at the boiling pointsBased on the formulAHm, = AHs —
n-decane 5'3: 0'2 AHc using temperature dependéekitic as calculated according to Reid and
methylcyclohexane 4& 0:2 Sherwood?® € The value of the enthalpy of condensation for this compound
benzene 4.4 02 seems to be at odds with the reported values for other fluorocarbons.
toluene 45+0.2 . ) .
n-perfluorohexane 1.40.3 Regarding the values of the enthalpies of sorptithls, one
n-perfluorooctane 11202 can conclude that the more negative values observed for
ng:38;88“86;22’%‘3'0“9’(3”5’ 11§ 8-% fluorocarbons are caused mainly by exothermic enthalpies of
perfluorotoluene 12002 mixing. Because _of the Iqw cohesion energy density of
2,3,4,5,6-pentafluorotoluene 2450.2 fluorocarbons, their enthalpies of condensation are less exo-
4-fluorotoluene 4.10.2 thermic than corresponding values for hydrocarbons.

Detailed studies of sorption thermodynamics in glassy

negative values ohHs. Bearing in mind eq 8, this can be related polymers using the IGC method reved@# that the partial
to both the variations of enthalpiesH: and AHn,. To get the molar enthalpies of mixind\H, vary in a wide range of values
answer to this question, let us consider the variation of the partial and strong effects of solute size (e.g., its critical volume) on
molar enthalpy of mixingAHp, of hydrocarbons and fluorocar-  this parameter are observed. On the other hand\Hgvalues
bons with poly(TFE/PMVE). in hydrocarbon-based rubbery polymers are confined to a rather

The most rigorous way for finding thAH,, values is a narrow range of values for the same solutes. Table 6 shows
consideration of the temperature dependence of the activitythat the range of variation of th&AHy, values in poly(TFE/
coefficients according to eq 7b. The weight fraction activity PMVE) is more or less the same as in previously investigated
coefficients can serve as a measure of free energy of mixing hydrocarbon-based rubbers (see e.g. ref 47). However, the
(eq 7a). The larger are the values d/{v))®, the less process of mixing of the perfluorinated rubber with hydrocar-
thermodynamically favorable is the process of mixing. The bons is characterized by more endothermic (positive) values of
values of the activity coefficients for different solutes are AHm, while exothermic mixing is observed for fluorocarbons.
compared at 43C in Table 5. Unusually high values ofy( No distinct effects of solute’s size on tieH,, values can be
w;)> are observed for hydrocarbons in poly(TFE/PMVE). For seen in the case of rubbery poly(TFE/PMVE). This is consistent
example, thedy/w;)” values in the range 13220 are observed  with the concept that such effects in glassy polymers are related
for n-alkanes G—Cyo. For comparison, thea(/w;)* values of ~to filling of free volume elements in a polymer.
hydrocarbon solutes in common, hydrogen-based polymers are 4.3. Flory—Huggins Parameter.The dissolution of vapors

lower by at least 1 order of magnitude* in a rubbery polymer is usually described using the Hory
Besides using the temperature dependenceagiv)®, a Huggins modef

common, though approximate, way for finding thél,, values 5

is an application of eq 8 (see e.g. refs 10 and 36). Here, one Ina; =1n ¢, + (1= @) + x1,(1 — @) (13)

neglects nonideality of the vapor phase. In such calculations,

the enthalpy of condensation can be taken at standard temperwherea; = p/ps is solute activity in the vapor phase; is the
atures, e.g., at corresponding boiling pafor after taking into volume fraction of sorbed molecules, apg is the Flory-
account its temperature dependence according to Reid andHuggins interaction parameter. The Flefluggins equation
Sherwooc?® Both ways were employed in this work, and the is widely employed to model sorption in rubbery polymers due,
results are compared in Table*6lt can be seen that, for all  in part, to its ease of use and because it allows characterizing
the solutes, different approaches for calculation give qualitatively the entire, usually observed exponential sorption isotherm by
similar trends for hydrocarbons and fluorocarbons, though in means of a single parameter. Sometimes, a free volume
many cases the differences are beyond the statistical errorcomponent is partitioned in thg, value?? but its contribution
indicated in the second column of the table. The mixing process is minor in rubbers as compared with the term describing the
is strongly endothermic for hydrocarbons. For fluorocarbons, contact interactions in formation of the polymesolute mixture.

the AH,, values become exothermic; however, the absolute IGC enables a direct determination of the FleRuggins
values ofAH, are not large, as compared, for example, to the parameter using eq 9. The resulting temperature dependence of
mixing process in some high free volume glassy polyn&#%46 x12 for various solutes is shown in Figure 5. As expectedctgv
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., 3 X12=Xo T 21 Tc (15)
T 7
o . 356 The results of the study of the same polymer using IGC can be
E s @ ° used to check this assumption. An examination of Figure 5
27 indicates that the FloryHuggins parameters at constant tem-

perature indeed increase when the size of a solute increases (e.g.,

from n-heptane tan-decane). In a more quantitative manner,

1+ the correlationsy12—T. were treated separately for aliphatic

i f } fa hydrocarbons and fluorocarbons. The following equations (at
p—— —3 45 °C) were found for hydrocarbons

%1, = 0.0097T, — 2.61 (16)

and for fluorocarbons

28 28 30 32 Y1,= —0.0044 + 2.17 17)

1IT*10°% K"
by, B By substituting these into eq 14, the following correlations were
found in the approximation of the linear correlation ofS@and
] T, namely for hydrocarbons
3+ o o a o5
M -4 InS=0.010r,— 1.9 (18)
oy 3 a
ol b ¢ and for fluorocarbons

In S=0.024T, — 6.7 (19)

Therefore, the slope is significantly higher for fluorocarbons,
in agreement with the observation made by Prabhakar 6t al.
0+ . L e Y | at slightly lower temperature.

Experiments with partially fluorinated toluene molecules
(CeHsCHs, CsH4FCHs, CeFsCHs, CsFsCFs) enabled an exami-
nation of the effects of hydrogen replacement by fluorine within
the structure of the same carbon skeleton. A linear decrease in
the Flory—Huggins parameter, as seen in Figure 6, as well as
Figure 5. Temperature dependence of the FleHugginsy.2 param- i |n(ay/w;)™ (and hence free energy of mixingG,) is observed
iferbe(r‘?l)u%)’:c')%irﬂ;g;%(;’cgnf)’eznj;gﬁg';u(g’oqgf(uag‘r?é;i’qg’ggﬁg;mt(gl)uefe' w_he_n the number of introduced fluorine atoms increa_ses.
perfluoromethylcyclohexane; 2, 1,2,3,4,5-pentafluorotoluene; 3, 4-fluo- Similarly, values ofAH, and AS, decrease nonlinearly. This
rotoluene; 4,n-heptane; 5,n-nonane; 6,n-decane. The data for indicates that mainly contact interactions betweenHCand
methylcyclohexane overlap those of 4-fluorotoluene and benzene, soC—F honds of solutes and €F bonds of the polymer are
for clarity the former is not shown in this figure. responsible for the observed thermodynamic parameters. It is
worthwhile to note that this result is in line with the observed
solubility of lower hydrocarbons/fluorocarbons in low molecular
mass hydrocarbon and fluorocarbon solvents.

4.4. Solubility Parameter.As has been mentioned, the IGC
50 : liohati d loaliphatic hvd ) method enablgs a determination qf the solubiIiFy parameter of
(OCR)m].” For various aliphatic and cycloaliphatic hydrocar polymers?® Using eq 10, one can find the solubility parameter

bons they were in the range 2:8.3. In both cases, Flory &, of the polymer via the slope and the intercept of this linear
Huggins parameters of this magnitude reflect unfavorable dependence.

thermodynamic interaction of-€H bonds with perfluorinated
medium. They1, values observed for perfluorinated solutes are
mainly in the range ©0.5, or even negative, indicating good
affinity of the polymer to these compounds. For partly fluori-
nated toluene derivatives, intermedigie values are observed.
An increase in temperature results in a decreasgiinfor
hydrocarbons and an increase for fluorocarbons, thus reflecting
positive and negative values &fH, respectively (cf. eqs 6
and 9).

In the investigation of gas sorption in poly(TFE/PMVE) by
the static volumetric method,the authors suggested correlating
solubility coefficients by the linear equation

26 2.8 3.0 32
1UT*10%, K"

hydrocarbons, which are nonsolvents for poly(TFE/PMVE), very
large positivey1, values are observed. They can be compared
with the y12 values found for the systems hydrocarbdow
molecular mass poly(perfluoroalkyl ether), [(OCHCIF,),—

The definition of the solubility parameter is based on regular
solution theory?! It is known that the core idea of this approach
is the fulfillment of geometric mean rule for the interaction
energy of two components &ndj) in solutions:

€ = (eiilel-j)l/2 (20)

This theory is often not valid for solutions of low molecular
mass hydrocarbons (HC) and fluorocarbons (FC), while it holds
for binary solutions of hydrocarbons and fluorocarbéhig*
Similar effects have been noted for HC/FC systems where one
of the components is a polymer, that is, for solutions of FC in
a hydrocarbon-based polymer (poly(dimethylsiloxane)) and
InS= —(4.5+ y0) + (6/T — x) T, (14) solutions of HC in perfluorinated polymé&¥5¢ Nevertheless, it

is interesting to explore this problem once more for a big group
where the adjustable parametggsandy; are defined by the  of fluorocarbons and hydrocarbons in perfluorinated rubber poly-
formula (TFE—=PMVE) using IGC as a tool. CDV
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CeHsCH;  CgH4FCH, CsFsCH; C¢FsCF3

270

170
M., g/mol
Figure 6. Flory—Hugginsyi. parameters in partly fluorinated toluene
derivatives.

012 +

0.04 +
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Figure 7. Estimation of solubility parameté, in poly(TFE-PMVE)
at 45°C: filled circles, fluorocarbons; open circles, hydrocarbons;
squares, partly fluorinated hydrocarbons.

Figure 7 presents an example of the dependence describe

by eq 10 at 45C for poly(TFE-PMVE). The values ob at
different temperatures were computed using the well-known
Hildebrand formulét

AH, — RT\v2
51= T

whereAH, (J/mol) is the enthalpy of vaporization ang (cm?®
mol) is mole volume of the solute. These parameters were
calculated as recommended by Reid and Sher®#oad.shown,

(21)

perfluorinated and hydrocarbon solutes form two independent

lines. This method for the determinationdfhas been applied
to polystyrene and poly(methyl acrylate) (above tfig)?8 and
for glassy poly(vinyltrimethylsilaney’ In these studies, mainly

Sorption in Amorphous Perfluorinated Rubbet803

Table 7. Solubility Parameter 8, (J/cm3)2 of Poly(TFE—PMVE) at
45°C

line for perfluorinated solutes

line for hydrocarbon solutes

slope
12.94+0.2

intercept
12.9+ 0.2

slope
12.1+ 0.5

intercept
13.5£ 0.5

experiments with fluorocarbons are more reliable because
regular solution theory is less successful for description of the
system poly(TFEPMVE)—hydrocarbons.

It is tempting to compare the value é% for poly(TFE-
PMVE) obtained here with those reported for other perfluori-
nated polymers. Such a comparison is not simple for several
reasons. First, the value found via IGC refers to the infinite
dilution conditions, while common methods for determination
of the solubility parameters are based on measurements with
finite solute concentration (viscosity, swelling, and surface
tension methods). Since many perfluorinated polymers are
semicrystalline and nonsoluble, the data are not abundant.
Standard references report values of-13 (J/cn¥)Y2 and 12.7
(J/cn)¥2 for poly(tetrafluoroethylene¥®5® Both values are
rather close to that found in the present work. These values are
among the smallest for all the polymers studied and reflect
reduced interchain and surface energy of perfluorinated poly-
mers.

5. Conclusions

The following conclusions can be made as a result of the
chromatographic study of sorption of numerous hydrocarbons,
fluorocarbons, and partly fluorinated hydrocarbons in amor-

é)hous, rubbery poly(TFEPMVE).

1. Solubility coefficients of aliphatic, cycloaliphatic, and
aromatic fluorocarbons in this perfluorinated rubber are mark-
edly higher than those of their hydrocarbon analogues. These
differences are larger for heavier solutes. Solubility coefficients
of all the vapors studied increase proportionally to the square
of the critical temperaturel2, but hydrocarbons and fluoro-
carbons exhibit separate dependences. The data for lower alkanes
and fluoroalkanes reported earlier are consistent with the results
of chromatographic study of higher hydrocarbons and fluoro-
carbons, so unified correlations of $ws Tc? are observed in
a wide range of variation of, that is, between 190 and 620

2. The temperature dependencies of the solubility coefficients
indicated that the enthalpies of sorptias of fluorocarbons

hydrocarbons served as solutes. For all the systems investigatedn POly(TFE-PMVE) are noticeably more negative than those
single dependences in the coordinates defined by eq 10 wereof hydrocarbons. The estimated values of partial molar enthalpy
obtained, and thed, values estimated via the slopes and ©Of mixing AHp, of fluorocarbons with poly(TFEPMVE) are
intercepts were in excellent agreement. So for the first perflu- Slightly negative, which is unusual for rubbery materials. It can
orinated polymer studied using the IGC method we observe two reflect affinity between fluorocarbons and perfluorinated poly-
separate dependences for fluorocarbon and hydrocarbon solutedner. On the other hand, strongly endotherlid,, values are
This behavior is similar to separate correlations observed for Observed for hydrocarbons, thus mirroring repulsive forces
solubility coefficients of HC and FC in perfluorinated polymers between these solutes and perfluorinated polymer chains.
according to several works2and shown in Figure 4 for poly- 3. The Flory-Huggins interaction parameteys, in poly-
(TFE—PMVE). One can assume that in both cases the same(TFE—PMVE) were found for different solutes at various
reasons related to nature of intermolecular interactions in thesetemperatures. Hydrocarbons are characterized by large and
systems are responsible for appearance of differing dependencepositive values ofy12, reflecting unfavorable thermodynamic
for HC and FC. interactions of C-H bonds and the perfluorinated medium. For
The values of the solubility parameteds obtained are fluorocarbons they are in the range-0.5 or even negative.
presented in Table 7. The agreement betwe¢siope) and),- This is indicative of good affinity of the polymer with these
(intercept) is excellent for the line obtained by sorption of compounds. For partly fluorinated hydrocarbons Feruggins
fluorocarbons. On the other hand, the agreement is much worseparameters;;2 have intermediate values: a good linear cor-
for the values obtained in experiments with hydrocarbons as relation is observed between, and the number of fluorine
the solutes. We speculate that ihevalues obtained from the  atoms introduced into the toluene molecule. CDV
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4. Using IGC data, the solubility parameter of poly(TFE
PMVE) 6, = 12.94 0.2 (J/cnd)¥2 was found on the basis of

Macromolecules, Vol. 39, No. 5, 2006

(24) Kawakami, M.; Kagawa, SBull. Chem. Soc. Jpri978 51, 75-78.
(25) Ried, R. C.; Sherwood, T. Kthe Properties of Gases and Liquids
McGraw-Hill: New York, 1966.

sorption data for perfluorinated solutes. Excellent agreement >q) patterson, D.: Tewari, Y. B.. Schreiber, H. P.; Guillet, J. E.

between the), values found via the slope and the intercept of

Macromoleculesl971, 4, 356—359.

the corresponding dependence is evidence of the reliability of (27) Stull, D. R.; Westrum, E. F.; Sinke, G. The Chemical Thermody-

the obtained value as well as a comparison withdhealues

of other perfluorinated polymers. On the other hand, less reliable
results were obtained on the basis of sorption data of hydro-
carbons. These results seem to be a consequence of a Iimite(glzo)

applicability of the regular solution theory to the system
“perfluorinated polymerhydrocarbons”.
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