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ABSTRACT: Solubility and diffusivity of pure carbon dioxide, methane, ethane, oxygen, argon, and nitro- 
gen in solution-polymerized poly(phenolphtha1ein terephthalate) [PPha-tere] were determined from inde- 
pendent sorption and permeation measurements. PPha-tere absorbs -8 wt % carbon dioxide a t  35 "C (20 
atm), roughly 80% more than polycarbonate or polysulfone does. The carbon dioxide permeability of PPha 
a t  35 "C exceeds 20 Barrers. The permselectivities, defined as the ratio of pure-gas permeabilities, for 
C0,/CH4 and CO,/C,H,, respectively, are greater than 28 and 59 a t  35 "C. The dual-mode model formal- 
ism was adopted to analyze the sorption and permeation data. Inference regarding the physical state of 
absorbed gas molecules is made. The equilibrium sorption parameters and the diffusion coefficients are 
correlated with the critical temperature of the gas and the dimension of the gas, respectively. 

Introduction 
Recent intensified searches for better gas-separation 

membrane and permeation barrier materials has led to 
the discovery of many polymers exhibiting extraordi- 
nary transport proper tie^.'-^ Our interest has been in 
the relationship between molecular features (including 
packing density, local chain mobility, and functional groups 
of the polymer and dimensions and the donor-acceptor 
nature of the penetrants) and transport parameters (includ- 
ing the diffusion and solubility coefficients of pene- 
trants in the polymer). One of the polymers which we 

* To whom correspondence should be addressed. 

0024-9297/90 f 2223-2370$02.50/0 

found to exhibit transport properties superior to com- 
mercial materials is the polyester of phenolphthalein and 
phthalic acid chloride. The effects of the nature of the 
phthalate (tere-, iso-, or a mixture of them) on the vari- 
ous properties of the polymer have been reported in a 
previous paper.5 It  was found that the para linkage in 
poly(phenolphtha1ein terephthalate) ( to  be called PPha- 
tere in this paper) resulted in a lower mass density of 
the polymer relative to its isophthalate counterpart (PPha- 
iso). The lower mass density of PPha-tere was consid- 
ered equivalent to poorer packing since PPha-tere and 
PPha-iso are essentially isomers made of the same con- 
stituent atoms. 

0 1990 American Chemical Society 
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Table I 
Source and Purity of the Gases 

gas supplier grade and purity 

8. 

6 -  
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b 

%/ 
k F  Argon 

E& Oxygen 

CO, MG Scientific Gases Coleman, 99.99% 
C,H, Linde Specialty Gases CP, >90.0% 
Ar, N, Linde Specialty Gases Ultra-high, >99.99% 
CH, 
0 2  

I n  th i s  paper,  we report  t he  solubilities and diffusivi- 
ties of pure  CO,, N,, O,, CH,, Ar, a n d  C2H6 in P P h a -  
te re  at 35 "C u p  t o  21 a tm.  Comparison with commer- 
cially available glassy polymers  is included. Correla- 
tions for t h e  solubility, diffusivity, and other properties 
of t h e  gases following t h e  formalism of the  dual-mode 
theory6 is also examined. 

Experimental Section 
Materials. Phenolphthalein and reagent-grade trieth- 

ylamine were purchased from Fisher Scientific Co., while tereph- 
thaloyl chloride, HPLC-grade l,Zdichloroethane, and the meth- 
anol were purchased from Aldrich Chemical Co. Gases used in 
this study are N,, CO,, CH,, Ar, C,H,, and 0,. The suppliers 
and purities of the gases are listed in Table I. Poly(pheno1- 
phthalein terephthalate) was synthesized by reacting phenol- 
phthalein with terephthaloyl chloride, following a slightly mod- 
ified solution polymerization method developed by M ~ r g a n . ~  
The polymerization protocol is described below. 

Phenolphthalein w a ~  dissolved in 1,2-dichloroethane in a 1000- 
mL four-neck round-bottomed flask into which triethylamine 
was added. A nitrogen bubbler and an outlet tube were inserted 
through a rubber stopper, the stopper was placed in the first 
opening of the flask, a thermometer was inserted in the second 
opening, a stirrer with a Teflon impeller blade was inserted in 
the center opening, and a 100-mL graduated, stoppered addi- 
tion funnel, which was connected to another nitrogen bubbler, 
was placed in the last opening. Terephthaloyl chloride dis- 
solved in 1,2-dichloroethane was placed in the addition funnel. 
The flask was immersed in an ice/water bath. Medium speed 
stirring was started, and after about 10 min, the addition of the 
terephthaloyl chloride solution was begun a t  a rate that allows 
addition to complete in about 1 h. Additional 1,2-dichloroeth- 
ane was then added to rinse the terephthaloyl chloride residue 
in the funnel. This mixture was added slowly to the reaction 
vessel. After the reaction, the solution was yellow, and a pre- 
cipitate of a byproduct salt, triethylamine hydrochloride, was 
also formed. The mixture was allowed to stand for 1 h at room 
temperature. 1,2-Dichloroethane was then added to the mix- 
ture to dilute it. This mixture was then filtered with a glass 
filter with an average thickness of 47 mm and 4 pm pores to 
remove the solid contaminants. The filtrate was poured in meth- 
anol to precipitate the polymer, which was then recovered by 
filtration with a Buchner funnel. The polymer was washed with 
hot methanol and filtered again. The washed polymer was placed 
in a glass dish and dried in a vacuum oven a t  80 "C for approx- 
imately 16 h. The dissolution, precipitation, washing, and dry- 
ing sequence was repeated twice more. The dry, clean polymer 
was then stored in a dessicator for future use. 

A Cannon-Ubbelohde viscometer in a constant temperature 
bath of 20 O C  was used to determine the intrinsic viscosity of 
the polymer in s-tetrachloroethane, The Mark-Houwink con- 
stants, K and a, were taken from literatures to be 5.09 x lo-, 
and 0.69, respectively. The intrinsic viscosity and viscosity- 
averaged molecular weight thus determined are 0.6961 dL/g, 
and 35 064, respectively. 

Sorption and Permeation. Steady-state permeability to pure 
gases was measured with a barometric type of device where the 
pressure in a known downstream volume is monitored as the 
gas permeates through the film and accumulates in the down- 
stream v o l ~ m e . ~ ~ ~  The downstream pressure was kept below 
10 mmHg, and the upstream pressure was varied up to 21 atm. 
Sorption isotherms of the pure gases were measured with a dual- 
transducer barometric device.loJ1 Detailed procedures for the 
construction, operation, and calibration of the apparatus can 
be found in the l i t e r a t ~ r e . ~ * ~ - ' ~  

Air Products Instrument, 99.7% 
Air Products Ultra-pure, >99.947% 

Pressure (atm) 
PPha-tere @ 3 5 T  

Pressure, atm 
Figure 1. Equilibrium sorption isotherms for (a) CO,, C,H,, 
and CH, and (b) Ar, O,, and N, in PPha-tere a t  35 OC. 

All permeabilities were determined with a 0.8-mil-thick film 
that had been previously exposed to CO, a t  21 atm for -24 h 
while the downstream pressure was kept well below 10 mmHg. 
Films with this type of "history" were called "vectored" sam- 
ples by Paul's group.13 Specimens placed in the sorption cham- 
ber were films of -0.8 mil thickness. All sorption isotherms 
reported here were determined after the polymer had been 
exposed to 21  atm of CO, for more than 24 h. 

Results and Discussion 
I. Equilibrium Solubility. Sorption isotherms of 

CO,, CH,, Ar, C2H6, N,, a n d  0, in PPha- te re  are pre- 
sented in Figure 1. T h e  isotherms were analyzed accord- 
ing t o  t h e  dual-mode model6 

(1) 
where C is t h e  molar concentration of t h e  gas in t h e  poly- 
mer, cm3 (STP) /cm3 polymer, p is t he  pressure of t h e  
gas, and  k,, b, and C,' are  dual-mode parameters,  cor- 
responding t o  Henry's law constant, Langmuir mode affin- 
ity constant,  and saturation Langmuir  capacity, respec- 
tively. A SAS nonlinear Marquard t  regression routine 
was used; t h e  program minimizes t h e  s u m  of squares of 
t h e  residues to f i t  t h e  experimental  data. T h e  dual- 
mode sorption parameters  for t h e  various gases at 35 O C  

a re  listed in Table  11. The solid lines in Figure 1 were 
computed values from eq  1 employing t h e  parameters  in 
Table  11. Clearly, t h e  calculated curves fi t  t h e  experi- 
mentally determined points very well. T h e  solubility 
increases in t h e  order N, < 0, = Ar < CH, < C,H, < 
CO,, t h e  same t r end  as reported for many o ther  glassy 
polymers. T h e  solubilities of CO,, CH,, Ar, a n d  N, in 

C = kDp + C,'bp/ (1 + bp)  
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Table 11 
Dual-Mode Sorption Parameters at 35 O C  

$ F 20' 

iJ 

k,, cm3 CH', cm3 
(STP)/cm3 (STP)/cm3 b, 

i * pn'vsu'fOne 
. ; e '  

i '  

f 

1 ! ;  
10.0, 

' !  

gas polymepatm polymer atm-' 

. 

1 

~~ 

1.44 31.2 0.398 
0.829 23.6 0.497 
0.311 12.4 0.149 
0.228 6.83 0.056 Ar 

0 2  0.333 1.93 0.136 
NZ 0.160 3.89 0.062 

CO, 
C*H, 
CH, 

Carhiin Dioxide a35 i 

. polycarbonate 

a polysulfone . PPO . PPha-tere 

60 I 

1 
0 i i 

1 0 IIPha-tere 

3.i T 

0.6 r l 

1 polycarbonatc 

n polysultane . Pro 
Y 
M 
0 - PPha-tere 
I -0.6' 

200 300 400 
-1.4 ' 
100 

Critical Temperature, K 

Figure 3. Correlation between the Henry's law constant, k,, 
and critical temperature of the gas, T,. 

35 "C 

P 
M 
0 
I 

I 

-0.5} 

-0.9 -O*'I ' 

t +  
-1.5' I 
100 200 300 400 

Critical Temperature, K 
Figure 4. Correlation between the Langmuir affinity con- 
stant, b, and critical temperature of the gas, T,. 
k, and b values of a given gas in different polymers can 
vary significantly even among aromatic polymers. The 
causes for these differences, either of energetic or entropic 
nature, however, wait to be identified. 

The following equation was reported by Koros and 
Paul,'l which has been extensively used for interpreting 
the C,' data of CO, in many glassy polymers 

where u* is the sorbed molar volume of the penetrant in 
cm3/gmol and a1 - ag is the difference in thermal expan- 
sion coefficients at temperatures above and below the 
glass transition of the polymer. From eq 2, the ratio of 
C,' for CO, over that of C,H, in PPha-tere equals 

(3) 

Substituting into eq 3 the respective experimental C,' 
values from Table 11, one calculates u * ~ , ~ , / u * ~ ~  = 1.32. 
In other words, the sorbed molar volume of C2d6 is 1.32 
times as large as that of CO, according to eq 3. 

Fleming et  al.,' reported that the partial molar vol- 
ume of CO, at 35 OC in polycarbonate is approximately 
equal to its infinite dilution molar volume in low molec- 
ular weight liquids. Ethane is expected to behave simi- 
larly since its critical temperature is very close to that 
of CO, and the experimental temperature, 35 OC. The 
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Table 111 
Infinite Dilution Partial Molar Volumes, V', of Gases in 

Organic Liquids at 25 OC (cm*/gmol) 

Oxygen 

Solubilities and Diffusivities of Gases in PPha-tere 2373 

acetone 55 55 64 46 
methyl acetate 54 53 69 46 
carbon tetrachloride 53 5 67 48 
benzene 53 52 67 47 
chlorobenzene 50 49 64 45 
average 53 52 66 46 

Table IV 
Comparison between Equation 3 and Experimental 

(C,'),/( CH')a.C6 for Organic Vapors in 
Poly[ l-(trimethylsily1)-l-propyne]* 

deviatn from 
penetrant (C"')n.Cx from eq 3 exptl value, % 

exptl (CH'Ii 

n-nonane 0.91 0.65 -28 

benzene 1.50 1.31 -13 
CCl, 1.27 1.18 -7 

a Data taken from ref 25. 

partial molar volumes of CO,, C&, CH,, and N in sev- 
eral organic liquids and their respective are 
listed in Table 111. Substituting the appropriate aver- 
age volumes into the right-hand side of eq 3, one gets 

(4) 

Gratifyingly, the predicted value, 1.43, differs from the 
experimental value, 1.32, by only 8%. 

Further examination of the validity of eq 2 can be made 
by applying a similar analysis to the sorption data found 
in literature of several vapors in poly[l-(trimethylsily1)- 
l-propyne] a t  35 0C.25 With n-pentane taken as the ref- 
erence, (CH')i/(CH')n-C5 is calculated from eq 3, where the 
penetrant "sorbed density" is assumed to be equal to the 
corresponding liquid density. The results are compared 
with experimental data in Table IV. The agreement 
between experimental and predicted values is not as close 
as for CO, and in PPha-tere but is acceptable con- 
sidering the approximations made on sorbed density and 
the experimental uncertainty in the determination of 
CH' for the highly sorbing poly[l-(trimethylsily1)-l-pro- 
pyne] .25926 

In contrast, inspection of the data in Tables I1 and I11 
clearly reveals that u* cannot be approximated by L-i" for 
penetrants well above their critical temperatures. For 
example, the 8" value of nitrogen is very close to that of 
carbon dioxide but the C,' value for N, is only one- 
eighth that of CO,. Table V summarizes comparisons 
similar to those in Table IV, for CO,, CH,, and N, in a 
few glassy polymers. Obviously, the agreement between 
prediction and data is very poor for penetrants well above 
their critical temperatures a t  the experimental condi- 
tions. (The cause for the relatively small error for the 
PPO polymers and its implications are unknown at this 
time.) 

The above discussion leads to the following tentative 
conclusion: the sorbed density of a penetrant in the glassy 
polymer is similar to its partial density in ordinary liq- 
uids only if the penetrant is slightly above its critical 
temperature or below its critical temperature. One impli- 
cation of this conclusion is that the thermodynamic states 
of a sorbed penetrant in glassy polymers and in liquids 
are similar only if the gas is subcritical. Caution, there- 
fore, must be exercised when thermodynamic parame- 
ters obtained from gas/liquid equilibria are used to inter- 

Table V 
Comparison between (CH:),/(CH'), and Equation 3 for 

Penetrants above Their Critical Temperatures 

(CH')CH,/(~H')CO~ ( C H ' ) N ~ / ( ~ H ' ) C O ~  
polymer exptl eq 3 deviatn, % exptl eq 3 deviatn, 70 

PPha-tere 0.40 0.88 +120 0.12 0.87 +625 
PC" 0.45 0.88 +96 0.11 0.87 +691 
PPOb 0.68 0.88 +29 0.30 0.87 +190 
PPOBr(O.91)" 0.72 0.88 +22 0.40 0.87 +118 
PArd 0.45 0.88 +96 
PES' 0.36 0.88 +144 0.20 0.87 +335 

Poly(2,6-dimethylphenylene oxide) and bro- 
minated PPO, respectively: Chern, R. T.; et al. J .  Membr. Sci. 
1987, 35, 103. dPolyarylate: Sheu, F. R.; et al. J.  Polym. Sci.,  
Polym. Phys. E d .  1988, 26, 883. e Polyethersulfone: Sanders, E. S. 
J .  Membr. Sci. 1988, 37, 63. 

a P01ycarbonate.l~ 

33 "C 
PPha-tere 

22 
20 

3 5 10 15 20 
c 
1 1.0 2 0 . 8 b -  I Methane - - - - - I  

Ethane 
.- 

"J 5 10 1 5  20 
Pressure, atm 

Figure 5. Pressure-dependence of the permeability of PPha- 
tere at 35 "C to CO,, C&6, CH,, Ar, O,, and N,. 1 Barrer = 
lo-'' cm3 (STP).cm/wcm2.cmHg. 

pret equilibrium sorption of gases in polymers. Cer- 
tainly, this tentative conclusion waits to be corroborated 
by experimental approaches other than sorption iso- 
therms described here. 

11. Steady-State Permeation. The permeability of 
PPha-tere to pure CO,, C,H,, CH,, Ar, O,, and N, at  35 
"C decreases with increasing upstream driving pressure 
(Figure 5). Gas permeabilities of many glassy polymers 
over a range of 1-20 atm have been reported; the mag- 
nitude of the permeability is typically CO, > Ar > N, > 
CH,. Clearly, this trend also holds for PPha-tere at  35 
"C. The permeability ratios of CO, to CH, and C2H6 a t  
20 atm are 28 and 59, respectively. Coupled with a rea- 
sonably high CO, permeability of >20 Barrer and good 
membrane-forming properties, the high permselectivity 
makes PPha-tere a potential membrane material for CO,/ 
hydrocarbon gas separations. 

Table VI summarizes the dual-mode transport param- 
e t e r ~ , , ~  D ,  and D,, which were evaluated from the per- 
meability and solubility data following the dual-mode equa- 
tion: 

The solid lines in Figure 5 are values computed from eq 
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Table VI 
Dual-Mode Transport Parameters for PPha-tere at 35 "C 
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'7 l o 6 [  ' ' ' ' 
! 

gas D,, xlOs cm2/s Dw, xlOs cm2/s F 
10.20 5.85 0.057 
6.21 8.29 0.133 

Ar 4.11 2.96 0.072 
N* 3.08 0.755 0.025 

1.65 0.893 0.054 
0.283 0.244 0.090 

CO, 
0 2  

CH4 
CZH, 

Table VI1 
Kinetic and Collision Diameters of Gases 

gas kinetic diameter," A collision diameter,* A 
3.30 4.00 
3.40 3.42 
3.46 3.43 

3.68 
3.80 3.82 
3.80 4.42 

COZ 

0 2  

CH4 
C*H, 

Ar 

NZ 3.64 

Reference 30. Reference 29. 

5 and the parameters in Table VI. Clearly, eq 5 fits the 
experimental data reasonably well. 

Diffusion Coefficient and the Dimension of the 
Gas. Diffusion coefficients of small molecules in glassy 
polymers are often found to correlate exponentially with 
the size of the penetrant.2s Two parameters are fre- 
quently used: Lennard-Jones collision diameter and kinetic 
diameter. The former is often determined from viscos- 
ity data2' and, therefore, is an average dimension over 
all possible orientations. The kinetic diameter is the cal- 
culated intermolecular distance of the closest approach 
for two molecules colliding with zero initial kinetic energy 
and is often taken to correspond to the smallest diame- 
ter of a zeolite window that allows the given gas mole- 
cule to enter the inner cavity.30 On the basis of the large 
diffusion coefficient of CO, in many glassy polymers, it 
has been suggested that this minimal molecular dimen- 
sion of the gas molecule rather than the collision diam- 
eter controls the transport in rigid glassy polymers.31 This 
statement will be examined further in the following dis- 
cussion. 

The collision diameters and kinetic diameters for the 
gases are listed in Table VII. The two diameters differ 
considerably only for CO, and C,H,. Ethane has the same 
kinetic diameter as CH, but a significantly larger colli- 
sion diameter. If indeed the diffusion in glassy poly- 
mers is correlated with the kinetic diameter rather than 
the collision diameter, the diffusion coefficient of C,H, 
would be similar to that of CH,, an expectation not sup- 
ported by the data shown in Table VI. On the other 
hand, the large diffusion coefficient of CO, must be attrib- 
uted to its small kinetic diameter since its collision diam- 
eter is next to only C2H6 among the gases studied here. 

is the exception in the size-dif- 
fusivity correlation is a subject of future investigation 
where, for example, C,H, and C4H10 should be included. 
It is worth noting that reasonable correlation has been 
reported between the zero-concentration diffusivity and 
the collision diameter of a large number of gases and vapors 
in poly(methy1 methacrylate), polystyrene, and poly(vi- 
nyl chloride).2s Figure 6 shows a plot of log DD (the Hen- 
ry's law mode diffusion coefficient) and log D, (the Lang- 
muir mode diffusion coefficient) versus the collision diam- 
eter, except CO,, for which kinetic diameter is used. The 
goodness of correlation is reasonable and is similar to 
that reported in the literature for other glassy poly- 
m e r ~ , ~ ~ , ~ ~ , ~ ~  where 0, and CpH6 were not studied. 

111. Comparison with Existing Data for PPha- 
tere. The magnitude of the isotherms for CO,, CH,, and 

Whether C02 or 

. 
6 . 
.3 . 
u 2 1081 0 

'u 
rj \ 0 . 1 , 

I 1 

c 0 1091 
.I 

5 

1 DD 

- 4 
0 i 

w 
2 
n ,  do 3.5 4.0 4.5 5.0 

Gas Diameter, A 

Figure 6. Correlation between the dual-mode diffusion coef- 
ficients, cm2/s, and the dimension of the gas. Collision diam- 
eter was used for all the gases except CO, for which kinetic 
diameter was used. 

N, is 5-1070 smaller than the corresponding isotherms 
reported in a previous paper.5 In contrast, the steady- 
state permeability to pure CO, is 10-20% larger than 
that previously ~bse rved .~  These discrepancies can be 
traced back to a few possible causes. First, the sorption 
device has been completely renovated and recalibrated 
between the two independent studies.', The latest cal- 
ibration is believed to have improved the accuracy of the 
solubility measurement by - 5 %  due to a more elabo- 
rate calibration procedure. A separate paper is in prep- 
aration to address this issue. Second, the PPha-tere sam- 
ple used in this study was solution-polymerized, while 
the previous one was interfacially polymerized, which raises 
the question regarding a possible difference in the molec- 
ular weight of the two samples. Molecular weight of the 
polymer has been shown to have some measurable influ- 
ence on the gas sorption and permeability of glassy po- 
l y m e r ~ . ~ ~  The absence of molecular weight data and spec- 
imens from the previous study, unfortunately, precludes 
an unequivocal discussion on this issue. Nevertheless, 
there is little doubt that the two polymer samples are 
different since the density of the present sample is 0.006 
g/cm3 less than the previous one, i.e., 1.291 g/cm3 com- 
pared with 1.297 g/cm3. Whether a difference in molec- 
ular weight or casting solvent causes the density varia- 
tion is still to be revolved. The larger gas permeability 
reported here is a result of larger gas diffusivity, which 
in turn can be attributed to the lower packing density of 
the present sample, manifested clearly in its lower mass 
density. 

Conclusions 
PPha-tere was shown to absorb 6040% more gases 

(pure CO,, CH,, Ar, C,H,, N,, and 0,) than poly(methy1 
methacrylate), Bisphenol A polycarbonate, and polysul- 
fone do under the same experimental conditions. PPha- 
tere is also greater than 3 times more permeable than 
these polymers. The high permselectivity and perme- 
ability, together with good membrane-forming proper- 
ties not presented here, make PPha-tere a potential mem- 
brane material candidate for carbon dioxide/hydrocarbon 
separations. Following the formalism of the dual-mode 
model, we inferred that the physical states of the poly- 
mer-sorbed gas and liquid-sorbed gas are similar only when 
the experimental temperature is not much above the crit- 
ical temperature of the gas. The diffusivity of gases in 
PPha-tere correlates reasonably well with the collision 
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diameter; carbon dioxide is the only exception. Finally, 
the dual-mode sorption parameters, k ,  and b, of all six 
gases in PPha-tere show a strong dependence on the con- 
densability of the gas, similar to most other systems 
reported in the literature. 
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ABSTRACT: With the aim of implementing crystal structure refinement programs applicable to fibrous 
materials and on the basis of the whole-pattern approach, theoretical functions have been developed express- 
ing the continuous diffraction intensity versus crystal size and misalignment parameters. Applications of 
this function to two synthetic polymers, polyisobutylene and isotactic polypropylene, has afforded an excel- 
lent agreement between observed and calculated intensity. 

Introduction 

In recent papers”’ we have proposed a whole-pattern 
approach in structure refinement of crystalline fibrous 
materials, viz., a least-squares procedure using, as obser- 
vations, the continuous diffracted intensities instead of 
the traditional integrated ones. To this end, we have 
studied bidimensional profile functions appropriate for 
describing the X-ray diffracted intensity recorded on pho- 
tographic films, considering either cylindrical or flat- 
camera geometry. Starting from a modified Pearson- 
VI1 function, we have found, on empirical grounds, that 
the product of two Gauss functions is adequate to fit sin- 
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gle reflections if a system of curvilinear film coordinates 
7 and p is chosen, which makes the shape of the recorded 
spots rectangular 

7i and pi being the curvilinear coordinates of any point 
of the film and Tk and pk those of the center of the kth 
reflection. 

In this paper a more exact approach is reported based 
on theoretical functions instead of empirical ones, also 
with the aim of obtaining, besides structural parameters 
refined, morphological parameters such as crystal sizes 
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