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Abstract: Fluorous media have great potential for selective extraction (e.g., as applied to organic synthesis).
Fluorous polymer films would have significant advantages in fluorous separations. Stable films of Teflon
AF 2400 were cast from solution. Films appear defect-free (SEM; AFM). Rigid aromatic solutes are
transported (from chloroform solution to chloroform receiving phase) in a size-dependent manner (log
permeability is proportional to —0.0067 times critical volume). Benzene’s permeability is about 2 orders of
magnitude higher than in comparable gas-phase experiments. The films show selectivity for fluorinated
solutes in comparison to the hydrogen-containing control. Transport rates are dependent on the solvent
making up the source and receiving phases. The effect of solvent is, interestingly, not due to changes in
partition ratio, but rather it is due to changes in the solute diffusion coefficient in the film. Solvents plasticize
the films. A less volatile compound, —COOH-terminated poly(hexafluoropropylene oxide) (4), plasticizes
the films (Tq = —40 °C). Permeabilities are decreased in comparison to 4-free films apparently because of
decreased diffusivity of solutes. The slope of dependence of log permeability on critical volume is not
changed, however.

Introduction desired hydrogen bonding and inhibit nonspecific extraction of
interfering species becomes important.

The unique nature of fluorocarbon solvents makes them
significant in selective extraction. The poor solubility of most

The goal of extraction is selective removal of target species
from their matrix to another phase. Artificial receptor-based

molecular recognition can enhance the selectivity of extraction hydrocarbons in fluorous phases has been useful in synthesis

and minimize the consumption of solveAts.Hydrogen bond- NS . e
- . . . . by simplifying the postreaction purification procéssluorous
based artificial receptors selectively associate with target species_: . . : . .
iphasic synthesis and fluorous biphasic catalysis have been

through specific hydrogen bonds between the target species an L . .
. . attractive in recent years and have provided understanding about
the complementary receptor. Studies of solvent influences on o L S "
solubility, partitioning, and reactivity in fluorous phases?

hydrogen bond-based molecular recognition of phenobatttital Selectivity is achieved by attaching a fluorocarbon tag to one

i 7
gazﬁibrr?;?g:\?ar:??c: s,s(;)lltlltzndtisgrri(t))zttei:)tlr]ef,e(lr(;,ti f rzinaffggéotg:\tion of the reactants, followed by separation of the desired products
q P 9, according to the solubility in fluorous solvents. The fluorocarbon-

VV\\I/ILh tr(])itrelg?:tt%;tagsgli g?lu:;;]tybc;f .t:f :gcggt(t))r) ‘;‘ﬁe(;?cr.‘gy-s tagged products or reagents can be removed easily by extraction
postu ity improv Y & JUAICIOUS iy fjorocarbon solvents.

choice of solvent that maximizes the extraction of the target . o . .
In practical situations, dimensionally stable solvents such as

solute, while minimizing the extraction of interfering species. ted liquid tained i | b b
However, it is definitely not a trivial task to investigate a series ;u_ppg;_eﬂ Iquids contained In polymer membranes are bene-
ficial. We therefore investigated an amorphous glassy

of solvents for each receptor. A general way to encourage the

(8) Gladysz, J. ASciencel994 266, 55—-56.

" University of Pittsburgh. (9) Horvath, I. T.; Rabai, JSciencel994 266, 72—75.
* Northwestern University. (10) Barthel-Rosa, L. P.; Gladysz, J. 8oord. Chem. Re 1999 190-192
(1) Valenta, J. N.; Dixon, R. P.; Hamilton, A. D.; Weber, S./&hal. Chem. 587—-605.
1994 66, 2397-2403. (11) Studer, A.; Hadida, S.; Ferritto, R.; Kim, S.-Y.; Jeger, P.; Wipf, P.; Curran,
(2) Chen, H.; Weiner, W. S.; Hamilton, A. BCurr. Opin. Chem. Biol1997, D. P. Sciencel997, 275 82?r826.
1, 458-466. (12) Llnclau B.; Sing, A. K.; Curran, D. Rl. Org. Chem1999 64, 2835~
(3) Joshi, V. P.; Karmalkar, R. N.; Kulkarni, M. G.; Mashelkar, R. |Ad. 2842
Eng. Chem. Red999 38, 4417-4423. (13) Luo, Z Zhang, Q.; Oderaotoshi, Y.; Curran, D.$ience2001, 291,
(4) Sun, L.; Weber, S. GJ. Mol. Recognit1998 11, 28—31. 1766—1769
(5) Valenta, J. N.; Weber, S. @. Chromatogr., AL996 722, 47—57. (14) Gladysz, J. A.; Curran, D. P.; Horvath, I. Handbook of Fluorous
(6) Valenta, J. N.; Sun, L.; Ren, Y.; Weber, S.&hal. Chem1997, 69, 3490~ Chemistry Wiley-VCH: Weinheim, Germany, 2004.
3495. (15) Chemical Separations with Liquid Membran&artsch, R. A., Way, J.
(7) Kamlet, M. J.; Abboud, J. L.; Taft, R. WI. Am. Chem. Sod. 977, 99, D., Eds.; ACS Symposium Series 642; American Chemical Society:
6027-6038. Washington, DC, 1996.
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R F elementg?3The disordered regions appeared to be interspersed
—(FzC—CFz}n—% with lower free volume regions, and the apparent diffusion
o O constants of penetrants showed strong dependence on diffusion

time. A recent study demonstrated enhancement of permeability
for large molecules by physically dispersing silica nanoparticles
in the Teflon AF polymer film$*35The reports of pervaporation
of organic solvents through these films also showed high
permeability of volatile organic compoung&?

We have recently communicated the first transport data for
solutes permeating films of Teflon AF 2400)(in contact with

fluorous polymer, Teflon AF, as a transport medium for solutes.
Teflon AF is a copolymer of tetrafluoroethylene (TFE) and 2,2-
bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) (Figure 1).
Two products available are Teflon AF 2400 (87 mol % PDD,  their solutions®® This work demonstrated that the films absorb
Tq 240°C, 1) and Teflon AF 1600 (65% mol PDDIy 160 5 substantial amount of solvent (CHEto which they are
°C).® While sharing many significant characteristics of other exposed. As a result, organic solutes have high permeability in
known Teflon polymers, such as chemical inertness and thermalhe films compared to the penetrants of similar size in gas

stability, Teflon AF is highly permeable to low molecular weight  nermeation. The high permeability arises from increased dif-

Figure 1. Teflon AF.

gases and has been studied in gas sepat&tidrand pervapo-
ration?324 Teflon AF polymers are mechanically stiff and are
moderately soluble in some fluorinated solvents at room

fusion coefficients of the solutes in the film. For benzene, the
partition ratio is 0.04 from chloroform to the film, lower than
the value of benzene partitioning from the same solution to a

temperature; thus thin and dimensional stable films can be jmaginary “dry film” of 1 (0.34)3¢ By dry film, we mean a
prepared easily through solvent casting. The film is transparent fjjm that has not been exposed to solvents. It is evident that the

within a wide UV—vis and IR rangé8 which enables analysis
of the films with these spectroscopic techniques.

Teflon AF 2400 has a large fractional free volume (FFV) of
0.32722 This is much larger than most glassy plastics, including

solvent plays an important role in solute transport through these
films. In this article, we report the results from our investigation
of the factors that affect the solute permeability through the
films of 1. These factors include the characteristics of the solutes

other Teflon polymers. Transport of gas-phase species (pen-(solute size, polarity, and structure) and the solvents (chloroform,

etrants) through Teflon AF films has shown that the films have

methanol, water, 1,1,2-trichlorotrifluoroethane). Films bf

large permeability coefficients for gases that are second only doped with a fluorous plasticizer are reported for the first time

to poly(trimethylsilyl propyne) (PTMSP), a well-known highly
permeable polyme¥22The films demonstrate moderate selec-
tivity to a variety of gases. Studies of sorptfer?® and
diffusior?®31 of penetrants in Teflon AF films have led to

and are compared with films df.

Experimental Section

Reagents. Teflon AF 2400 () was purchased from DuPont

insights into how gases are separated with these films. Perme-wilmington, DE). FC-72 (perfluorohexanes) was obtained from 3M

ability of organic vapors increases with the vapor pressure,

which suggests possible plasticization of the polyfié¢Large
free volume elements on the order ef B A exist in the polymer
as determined by positron annihilation lifetime spectros-
copy?0:8233A study of penetrant diffusion in Teflon AF 1600
films by NMR also showed that the films contain large

disordered regions that consist of these high free volume

(16) Li, S.; Sun, L.; Chung, Y.; Weber, S. Gnal. Chem.1999 71, 2146-
2151

(17) Paugam, M.-F.; Bien, J. T.; Smith, B. D.; Chrisstoffels, L. A. J.; de Jong,
F.; Reinhoudt, D. NJ. Am. Chem. Sod.996 118 9820-9825.

(18) Resnick, P. R.; Buck, W. H. IModern FluoropolymersScheirs, J., Ed.;
Wiley: Chichester, UK, 1997; Vol. 2, pp 39#419.

(19) Nemser, S. M. U.S. Patent 5051113, 1991.

(20) Alentiev, A. Y.; Yampolskii, Y. P.; Shantarovich, V. P.; Nemser, S. M.;
Plate, N. A.J. Membr. Sci1997 126, 123-132.

(21) Dasgupta, P. K.; Genfa, Z.; Poruthoor, S. K.; Caldwell, S.; Dong, S.; Liu,
S.-Y. Anal. Chem1998 70, 4661-4669.

(22) Pinnau, |.; Toy, L. GJ. Membr. Sci1996 109 125-133.

(23) Polyakov, A. M.; Starannikova, L. E.; Yampolskii, Y. B. Membr. Sci.
2003 216, 241-256.

(24) Polyakov, A. M.; Starannikova, L. E.; Yampolskii, Y. B. Membr. Sci.
2004 238 21-32.

(25) Bondar, V. I.; Freeman, B. D.; Yampolskii, Y. Rlacromolecules.999
32, 6163-6171.

(26) Merkel, T. C.; Bondar, V.; Nagai, K.; Freeman, B. Blacromolecules
1999 32, 370-374.

(27) Merkel, T. C.; Bondar, V.; Nagai, K.; Freeman, B. D.; Yampolskii, Y. P.
Macromolecules 999 32, 8427-8440.

(28) De Angelis, M. G.; Merkel, T. C.; Bondar, V. |.; Freeman, B. D.; Doghieri,
F.; Sarti, G. C.Macromolecule2002 35, 1276-1288.

(29) Meresi, G.; Wang, Y.; Cardoza, J.; Wen, W. Y.; Jones, A. A.; Gosselin,
J.; Azar, D.; Inglefield, P. TMacromolecule001, 34, 4852-4856.

(30) Meresi, G.; Wang, Y.; Cardoza, J.; Wen, W. Y.; Jones, A. A.; Inglefield,
P. T.Macromolecule2001, 34, 1131-1133.

(31) Wang, Y.; Inglefield, P. T.; Jones, A. Rolymer2002 43, 1867-1872.

(32) Alentiev, A. Y.; Shantarovich, V. P.; Merkel, T. C.; Bondar, V. |.; Freeman,
B. D.; Yampolskii, Y. P.Macromolecule002 35, 9513-9522.

(33) Davies, W. J.; Pethrick, R. Azur. Polym. J.1994 30, 1289-1293.

(Minneapolis, MN). Acid red 37 3) and Reichardt's dye3j were
purchased from Aldrich (Milwaukee, WI). Krytox 157 FSH (FW 7600
7500,4) was from Miller-Stephenson Chemical Company Inc. (Dan-
bury, CT). 1,1,2-Trifluorotrichloroethane (TCTFE), spectrophotometric
grade chloroform, and the solutes used in transport experiments were
from Aldrich (Milwaukee, WI). All aqueous solutions were prepared
with deionized water produced from a Milli-Q A10 system (Millipore,
Bedford, MA).

Apparatus. The surfaces and the cross sections of the films were
imaged by scanning electron microscopy FE-SEM (Philips, model XL
30 FEG). The topography of the film was imaged by atomic force
microscopy (AFM) (Digital Instruments, model NanoScope llla). UV
absorbance measurements were carried out on awib/diode array
spectrophotometer (Agilent, model 8453E, Palo Alto, CA). Quartz
cuvettes with path lengths of 0.1 and 1.0 cm were purchased from Starna
Cells (Atascadero, CA). IR spectra were obtained from an Excalibur
FTS 3000 spectrometer (DigiLab, Randolph, MA). Multiple transport
experiments were carried out on a 15-position stirrer (Cole-Parmer,
Chicago, IL) equipped with a stirring speed controller. The homemade
glass transport cuvette (1 1 x 4 cn¥) had well-polished walls and a
hole of 0.5 cmi.d. on the wall in contact with the film. Film thicknesses
were measured by a Starrett micrometer (Athol, MA) with an accuracy
of £1 um.

Preparation of the Films. Films of 1 were cast frmm a 1 wt %
Teflon AF 2400 polymer solution in FC-72. A defined amount of
solution was transferred into a glass Petri dish that had a flat bottom

(34) Merkel, T. C.; He, Z.; Pinnau, |.; Freeman, B. D.; Meakin, P.; Hill, A. J.
Macromolecule2003 36, 8406-8414.

(35) Merkel, T. C.; Freeman, B. D.; Spontak, R. J.; He, Z.; Pinnau, |.; Meakin,
P.; Hill, A. J. Science2002 296, 519-522.

(36) Zhao, H.; Ismail, K.; Weber, S. @. Am. Chem. So2004 126, 13184~
13185.
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(diameter 7.5 cm) and was covered by a glass plate. The solvent was
allowed to evaporate overnight at room temperature. The formed film
was stripped from the Petri dish. Soaking the film in water for a short
time helped peel off the film more easily. The film was dried in an
oven at 11C°C for 2 h and stored in a container at room temperature.
For use in transport experiments, the film was cut into small pieces
(about 1x 1 cn?) with scissors.

To prepare films doped with Krytox 157 FSH, the dopant was _
dissolved in FC-72 and mixed with 1% Teflon AF 2400 polymer — e e R
solution in the desired proportions. The films were formed under the Det WD ——— 5 um
conditions described above. The formed film was readily peeled off ) 3 )
with a scalpel without the water-soaking procedure. The film was then Fgure 2. SEM image of the cross section of a film bf
left in a vacuum oven fol h atroom temperature. Drying at high
temperature was not used because the doped films shrank at elevated
temperatures.

Transport of Solutes through Films. Transport of solutes was
carried out on a homemade, three-phase transport device at room
temperature (24t 2 °C).3” The subject film was held between two
pieces of viton rubber in which holes of a diameter of 0.5 cm (an area
of 0.196 cni) were cut to define the transport area. The rubber-secured
film was then clamped between two transport cuvettes. A multiple
position stirrer controlled the small stirring bar in each cuvette at a
stirring speed of 300 rpm. The source phase contained 3 mL of solute-
containing solution at a defined concentration. The receiving phase
contained 3 mL of solvent at the beginning of the experiments. The
solute concentration in the receiving phase was monitored by UV
spectrophotometry until steady transport was reached. The steady-state

flux, J, of a solute through the film is given by eq 1. Figure 3. SEM image of the topography of a film df
J=(dC/dt)(V/A) (mol-s *-cm ?) (1)
A is the effective film areay is the volume of the receiving phase,
and dC/dt is the accumulation rate of the solute in the receiving phase o SO3NH;  NH2 ‘
at steady state. The permeability coefficightcan be calculated from Chy— Ly N 3
the flux,
o~y
P=JI/(C,— C)~ JC, (cmts? )

SO3NH,4
wherel is the thickness of the filmCs andC, are the concentration of_ Figure 4. Acid red 37 @) and Reichardt's dyed].
the solute in the source phase and the receiving phase, respectively.
BecauseC; is negligible at the beginnin@;s — C; is close to the initial
concentration of the solute in the source ph&&g, The permeability
coefficient depends on the nature of the solute, the film type, and the
temperature.

Determination of Diffusion Coefficients (D) and Partition Ratios Results and Discussion
of Solutes Kp). The experiment was carried out in a similar transport ) ) )
device while a quartz cuvette was employed for the receiving phase to ~ Film Integrity and Transport Experiments. SEM and AFM
obtain continuous UV measurement of the receiving pRadéick were used to image the topography and possible defects of the
films (200—-300xm) were used to observe the whole kinetic process film (Figures 2 and 3). The cast film appears homogeneous both
from the start of transport to the steady state. The thick film was on the film surface and through the cross section, with no
prepared by firmly stacking multiple thin films (about 2th) together obvious pinholes or cracks. AFM images indicated a smooth
after dipping the thin films in a mixture of 4% FC-72 and 96% TCTFE  gyrface of the film with RMS roughness of 0.4 nm over a 10-
briefly. The film was then washed with dichloromethane and dried at um scan range. The smooth surface of the film cast fidmas

110 C.'n an oven. !n the transport experiment, the concentration of a enabled applications of Teflon AF polymers in surface polish-
solute in the receiving phase was recorded as a function of time. The.

38 i i ] ini
diffusion coefficient and partition ratio of a solute were obtained through ing™ and allows for preparation of thin stable films containing

nonlinear curve fitting according to eg®8jn which we assume that mlnlma_l defe_cts. ) )
the solute in the membrane is initially at zero concentration and also 1 N€ integrity of the film and the transport device was tested
maintains zero concentration in the receiving phase during the initial With two dyes that have high molecular weight, high molar

receiving phaseC is the concentration of the solute in the source phase,
and| is the film thickness. This equation is an infinite series. We
determined that 10 terms & 10) was sufficient.

transport period. absorptivity, but different polarities (Figure 4). An aqueous
solution of2 and a chloroform solution o3 were used as the
Dt 1 2 (-1 5 25 source phases, while water or chloroform were employed as
Q=KpCl| ==~~~ —exp(-D’r )| (3) the receiving ph r tively. No m rable absorban
2 6 2 2 g phases, respectively. No measurable absorbance

Q: denotes the total amount of a solute transported through the film at 7) ?gafzg's’éﬁgf?’ H.; Chen, Z.; Nims, R; Weber, SABal. Chem2003

timet, which can be calculated from the recorded concentration in the (38) Leistner, A. JAppl. Opt.1993 32, 3416-3424.
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Table 1. Permeability Coefficients of Benzene through Films of 1 -7.0
with Various Thicknesses
film thickness film density (g-mL~Y) PI(107° cm?-s7Y)
(um) (+ SEM, number) (+ SEM, number) @
7.8 1.61+ 0.10 (5) 41+ 5 (2) 80 |
12 1.65+ 0.06 (5) 33+ 1(2)
37 1.74+ 0.07 (9) 37+ 3(9) ol
26% nd 33+ 6(7) S
aThe films were prepared by stacking multiple thin films (aboup®t) 9.0 -
together.
was observed in the receiving phase after 3 days in repeated
experiments. In light of the detection sensitivity, the permeability

-10.0 L 1 L 1 L L L
- , 12
coefficients are estimated to be no more than %.110" 200 300 400 500 600

cm-s1 for 2 and no more than 1.% 107'2 cn?-s™! for 3.
This proved that the film did not contain defects that allowed
significant passage of somewhat polar molecules 500 Da. Figure 5. Dependence of permeability coefficients esn?) on solute size.
For the organic solutes that we have investigated, the relative
standard deviations of the measured permeability coefficients

are from 10 tg_#% Wiltjhi” rt]he S?T_F batch of filr::s, and 12 tof reports about separation of gases through Teflon AF ##is2
25% among different batches of films in over three years of 4 nenaporation of organic liquids through these fifmenere
study. The films had good long-term stability and showed no high molecular weight gases or organic liquids had lower

changes in transport properties after months of storage at roompermeability than the smaller ones. The slope-a3.0067

ter_rrﬁerature. bil fici b df il observed from solute transport is comparable to that obtained
e permeability coefficients of benzene measured from films ;. g0 reports but is smaller than those strongly size-sieving

o_f various thickness_ agre_ed_ wit_hin the variation_ _between glassy polymers such as polysufone (PSF) and polycarb&hate.
different batches of films, indicating that permeability coef- Dependence of Permeability on the Concentration of
ficients are independent of the film thickness (Table 1, first three Solutes in the Receiving PhaseClg). Benzene and pyrazine

entries). The evaporation gonditions during ﬁl_m preparation WET® in chloroform showed constant permeability coefficients regard-
fou_nd_ to affect t_he density Qf. the formed films z_and_ resu_lt_m less of the initial concentrations in the source phase (Figure 6),
varlatlo_n_of the film permeablllty_. Compare_d to th_|n films, it is which agrees with the solution-diffusion transport mddién
more d'ff_'cu" to control the density of th'CI_( ﬂlms with thg SAME s transport mode, the transport process consists of partitioning
preparation progedures. Therefore, the thick f|Im§ used in kinetic a solute from the source phase into the film, diffusion of the
transport experiments were prepared by stacking a number Ofsolute through the film, and release of the solute to the receiving

thin films together. The thickness of thick films prepared in phase. The permeability coefficier®)(is the product of the

tEiskway was fmﬁ agu(r;_ed_ dantlj fﬁompa}re: with tkhessurLl of _tEe diffusion coefficient D) and the partition ratio of a solute from
thicknesses of the Individual films of the stack. Stacks With e g6 rce phase to the filnKg) as shown in eq 4! In this

thicknesses more than 2.0%.d|fferent tharl expected were notcase, the permeability coefficient is independent of the solute
used. The quality of the thick films was confirmed by comparing concentration
the permeability coefficients of solutes with the values obtained '

V, (cm’mol™)

these solutes gave a slope ef0.0067 and a correlation
coefficient of 0.99. This observation is in agreement with other

from the thin films. The average permeability coefficient of P=D"Ky (4)
benzene through the thick films is 3:3 1078 cn?-s~1, which
is close to that through thin films (Table 1). However, solutes such as benzoic acid and pentafluorobenzoic

Dependence of Permeability Coefficients on the Solute  acid showed changing permeability coefficients vt (Figure
Molecular Size. Neutral, rigid aromatic molecules were used 7), with higher permeability coefficients at low€g, Carboxylic
to investigate the dependence of permeability on the molecularacids are well-known to dimerize. Benzoic acid has been
size of the solutes. The permeation of the dissolved solutesreported to have a dimerization constant of 87 in 1,2-dichlo-
through Teflon AF films was found to be much higher than roethane (37C)*2 and 516 in benzene (2&).43 Dimerization
that of gas-phase penetrants. For example, the permeabilityof carboxylic acids is solvent-dependent; higher dimerization
coefficient of benzene is about 2 orders of magnitude higher constants have been demonstrated in solvents with lower
than the value extrapolated from gas permedtiéh (see dielectric constant$t Considering that the dielectric constant
Supporting Information). Although films ofl are highly of chloroform ¢ = 4.8) is between those of 1,2-dichloroethane
permeable, the permeability of solutes decreases rapidly as mola(e = 10.36) and benzene & 2.3)2it is reasonable to assume
volume increases. The permeability coefficient of anthracene that the dimerization constant of benzoic acid is in the range of
was only 1/74 of benzene, indicating the size-sieving charac- 102 M~ in chloroform. With this dimerization constant, the
teristics of the film. The critical volume\t) is a convenient

i ili (40) Wijmans, J. G.; Baker, R. W.. Membr. Sci1995 107, 1—21.
measure of the size of a solute. A pIggt of the permeability ;¢ il ¢ 7 Reinhoudt, D. N.: de Jong, Ghem. Soc. Re 1994 23,
coefficients and the critical volumed/§)*® of the solutes is 75-81.
H ; H ; (42) Coetzee, J. F.; Lok, R. M.-S. Phys. Chem1965 69, 2690-2696.
shown in Figure 5. Linear regression of IvaersusVC for (43) Barela, R.; Liwski, G.; Szatylowicz, Hzluid Phase Equilib.1995 105,
119-127.
(39) Lide, D. R.CRC Handbook of Chemistry and Physi€RC Press: Boca (44) Williams, D. H.; Gale, T. F.; Bardsley, B. Chem. Soc., Perkin Trans. 2
Raton, FL, 1998. 1999 1331-1334.
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6.0E-08 Table 2. Permeability Coefficients of Solutes through Films of 12
solutes number PI(107° cm2-s~1)b PI(107° cm2-s~1)°
o,a,0,-trifluorotoluene 1 47 /
4.0E-08 | benzene 2 33 36
N ¢ $ toluene 3 24 /
3 ¢ ¢ pyrazine 4 21 23
2 pyridine 5 14 /
~ 2 0E-08 § % § § benzyl alcohol _ 6 6.2 /
: { pentafluorobenzoic acid 7 4.8 5.6
naphthalene 8 4.3 /
benzoic acid 9 15 35
anthracene 10 0.45 /
0.0E+00 : - - . 2-hydroxypyridine 11 0.13 0.38
0 50 100 150 200 250
Solute conc. (mM) aTransport was carried out with solutes in chloroform as the source phase

) - . through the film with an effective area of 0.20 €¢and a thickness of &
Figure 6. Dependence of the permeability coefficients of benzene and 1 ;m™ at room temperature (24 2 °C). The reported permeability
pyrazine on the initial concentrations of solutes in the source phase. The coefficients are the mean values of duplicate measurements, with a pooled
initial concentrations of benzen®) and pyrazine®) in the source phase  relative standard deviation as 16.4%, so the standard error of the mean is
were 5, 20, 60, 100, and 200 mM. The error bars are from a pooled standard12%.° 0.1 M solution.c 0.005 M solution as the source phase.
deviation.
concentration affected the permeability coefficients of pen-
tafluorobenzoic acid to a smaller degree.
As the concentration of carboxylic acid increases, the activity
6.0E-00 - coefficient decreases (extrapolated infinite dilution standard
% state), but the activity itself increases. The observation that
% % % permeability decreases as concentration increases is therefore
4.0E-09 - § certainly a kinetic, not a thermodynamic, effect.
[ ] Permeability of Fluorinated Solutes and Polar SolutesThe
[ permeability coefficients of fluorinated solutes and polar solutes
20809 - § are shown in Table 2. The four neutral aromatic hydrocarbons
) s are included in the table for comparison. For some of the solutes,
(] the permeability coefficients obtained at a lower concentration
0.0E+00 (5 mM) are also listed. Fluorinated solutes showed higher
0 50 100 150 200 250 permeability than their nonfluorinated analogues. The perme-
Solute cone. (mM) ability coefficient ofa,a,o-trifluorotoluene is twice the value
Figure 7. Dependence of the permeability coefficients of benzoic acid and Of toluene, and the permeability coefficient of pentafluoroben-
pentafluorobenzoic acid on the initial solute concentratioBs)( The zoic acid is three times the value of benzoic acid. Film4 of
experimental conditions were the same as in Figure 6. Solutes: benzoichgye been reported to have a higher dissolving power for
:gﬂgi;g‘iﬁggﬂuorObenzo'c aci@]. The error bars are froma pooled o hrocarbon gases than their hydrocarbon analogues because
of the fluorous nature of the polymét.For example, the
monomer fraction in the concentration range 6fZ00 mM concentration of @ sorbed inl is 13% higher than that of
changes from about 60% (at 5 mM) to about 15% (at 200 mM). C;Hg at 15 atm feed pressure. However, because of the larger
Transport through films of is sensitive to the molecular size molecular size of the perfluorocarbons, perfluorocarbon gases
of the solutes. Therefore, the monomer has a much largerhave significantly lower permeability than the hydrocarbon
permeability than the dimer. Dimerization of benzoic acid leads analogues despite favorable solubifityin contrast, in this work,
to a lower concentration of benzoic acid monomer in the source the permeability coefficients of dissolved fluorinated solutes are
phase, which results in a decreased permeability coefficient. still higher than the values of the hydrocarbon analogues.
Worthy of mention is that the dimerization constant of benzoic Preference of films ofl for fluorocarbons hints at possible
acid is probably higher in the film than in chloroform, applications in separation of fluorocarbons from hydrocarbons
considering the nonpolar nature of the film. However, the with this type of films.
partition ratios of solutes from chloroform to the film are The polarity of the solutes was found to influence the
generally small, for example, 0.04 for a nonpolar molecule, permeability. In the group of solutes benzene, pyridine, and
benzene, and 0.02 for a polar molecule, 3-hydroxypyridine. As pyrazine that have similar molecular size, the permeability
a result, the concentration of benzoic acid monomer in the film decreased with increased polarity. The same phenomenon was
is small, and the dimerization equilibrium in the film does not found in the group of solutes toluene and benzyl alcohol. The
likely affect the permeability strongly. The correspondence of observation is consistent with the general view that polar solutes
the concentration range over which the permeability changeshaving smaller partition ratios into the fluorous environment
and the dissociation constant in chloroform supports the notion thus results in lower permeability.
that the dimerization equilibrium in the film has a small effect 2-Hydroxypyridine has a remarkably low permeability coef-
on permeability. Pentafluorobenzoic acid has a smaller dimer- ficient considering its molecular size. 2-Hydroxypyridine dimer-
ization constant than benzoic aéfdiWe observed that the izes and tautomerizes in solveAfs?® Keto-monomer (2-

8.0E-09

P (cmzs'l)

(45) Zhukova, V. A.; Tarasova, L. |.; Sheikh-Zade, M.Tleor. Eksp. Khim. (46) Beak, PAcc. Chem. Red.977 10, 186-192.
1978 14, 396-398. (47) Takasuka, M.; Saito, T.; Nakai, Nib. Spectrosc1996 13, 65—74.
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8.0E-09
O---H-N )
< N-H---0 ¢
Figure 8. 2-Pyridone dimer. 6.0E:09 | P
Table 3. Permeability Coefficients of Pyrazine in Different o ¢
Solvents? “g
o
solvent PI(107° cm?-s7%) ratio A~ *
4.0E-09 |
chloroform 21+ 0.7 1.0 ¢
methanol 6.6- 0.4 0.32
water 4.1+ 0.1 0.20
aTransport was carried out through films divith 20 mM pyrazine in 2.0E-09
each solvent as the source phase. Other conditions were the same as in 0 5 10 15 20 25
Table 2. The ratios are the permeability coefficients compared to the value Percentage of TCTFE (%)

obtained from chloroform.

pyridone) is more stable than enol-monomer (2-hydroxypyridine)
in chloroform, and thus the dimeric equilibrium is primarily
between 2-pyridone and its dintér(Figure 8). The self-

Figure 9. Addition of 1,1,2-trichlorotrifluoroethane to chloroform in the
source phase enhanced the permeability of naphthalene. The percentage of
TCTFE mixed with chloroform (v/v) in the source phase varied as 0, 2, 5,
and 20%. The receiving phase contained only chloroform.

association constant of 2-pyridone is large and increases whenafr fiims, Polyakov and co-workers found that 10 organic
the polarity of the solvent decreases. Dimerization constants solvents with a wide range of polarity showed small difference

are reported to be 6.5 10? M~1in CHClz and 2.5x 10* M1
in CCls.%” The low permeability of 2-pyridone in transport is a
result of the low fraction of monomer in the chloroform solution
(8.4% in a 0.1 M solution) and the cyclic structure of the dimer.
In contrast to benzoic acid discussed in the former section,
dimerization of 2-pyridone is stronger and the dimer has a more
rigid structure. Self-association of 2-pyridone is likely stronger
as well in the film. All these factors lead to a very low
permeability coefficient.

Solvent Effects on Solute TransportPyrazine was chosen

of solubility in the films (within a factor of 2), which is
substantially smaller than the variation of their permeability
coefficients?®> We have measured the partition ratios of two
solutes with very different polarities, benzene and 3-hydroxy-
pyridine, from CHC} to films of 1. The values are remarkably
similar, 0.04 and 0.02, respectively. All of this indicates that
the changes among permeability coefficients of pyrazine (solute)
in various solvents primarily come from the differences in its
diffusion coefficient in the film, not from the differences in its
partition ratio. This is likely caused by partitioning of the solvent

as the solute because it presents satisfactory solubility in solventsinto the film, altering its propertie%:36

with a large range of polarities. Chloroform, methanol, and water
influence the transport of pyrazine as shown in Table 3. In
chloroform, the permeability was three times higher than that
in methanol and five times higher than that in water.

The permeability coefficient is the product of the partition
ratio and the diffusion coefficient. The effect of solvents on
the permeability coefficient can be predicted if we assume that
the solvent does not influence the film properties, and thus the
diffusion coefficients of the solute in the film will be identical
in all experiments. The only effect of solvents on permeability
would then be the difference in partition ratios. If we define
the permeability of a solute in the film in the presence of solvent
j asPj, and similarly, if we define the partition ratio of a solute
from solvent j to solvenk asK;, we obtain eq 5.

PHZOI PCHCI3 = KHZO,fiIm/ KCHCI3,fiIm = KHZO,CHCE ©)

If solvent does not influence diffusion coefficient in the film,
then the ratio of the permeability coefficients for pyraziRg,&/
Pchci) should be comparable to the partition rakg,o cHce.

The former is 0.20, whereas the latter is £ T he two values
are clearly not identical. This tells us that the assumption that
solvent does not influence the diffusion of the solutes is wrong.
Solvents act not only to influence the partitioning, but also to
influence the diffusion coefficients of solutes in the film. In an
investigation of pervaporation of organic solvents through Teflon

(48) Chou, P.-T.; Wei, C.-Y.; Hung, F.-D. Phys. Chem. B997 101, 9119~
9126

(49) Abraham, M. H.; Platts, J. A.; Hersey, A.; Leo, A. J.; Taft, R.JMPharm.
Sci. 1999 88, 670-679.

If solvents influence permeability by increasing solute dif-
fusion coefficients, we hypothesized that a cosolvent that was
compatible both with the source (and receiving) phase and the
film would have a significant effect. The effect of halogen atoms
on solubility has been demonstrated in the pervaporation study
through Teflon AF films?3 The solubility of chlorinated methane
increases in the order of CCH CHCl; > CH,Cl,, with the
solubility of CCl, twice the value of CKCl,. TCTFE is a good
solvent for many fluorinated and nonfluorinated compounds and
is soluble in chloroform (used as a source/receiving phase
solvent). A variety of proportions of TCTFE were mixed with
chloroform solutions of naphthalene, which was used as the
source phase. Results shown in Figure 9 demonstrate that
addition of TCTFE in the source phase enhanced the perme-
ability. It is likely that fluorinated solvents such as TCTFE could
have higher solubility than nonfluorinated solvents in Teflon
AF films, which plasticize the films and increase the transport
of solutes.

To understand the role that solvents play in transport of
dissolved solutes, it is helpful to measure the solvent uptake in
the films. Uptake of solvents is often obtained by soaking a
film in solvents and then monitoring the weight increase of the
film.23:50 Having concerns that the volatility of the organic
solvents might affect the measurement, we developed a method
to determine the solvent sorption in the film by FTARFilms
of 1in an IR flow cell were allowed to contact the saturated
vapor of the solvent, chloroform in this case. The IR absorbance

(50) Walsby, N.; Sundholm, F.; Kallio, T.; Sundholm, &.Polym. Sci., Part
A: Polym. Chem2001, 39, 3008-3017.

J. AM. CHEM. SOC. = VOL. 127, NO. 43, 2005 15117



ARTICLES

Zhao et al.

i
OF3~CFz—CFy—O~{~C~CF7O—f-CFy—CFz—COOH
F m

Figure 10. Krytox FSH @).

of the solvent vapor in the flow cell was monitored by an FTIR
spectrometer until equilibrium was reached. The equilibrium
concentration of chloroform in the film is measured to be 7.9
+ 0.2 g/100 g of polymer (SEMj = 5 (1.13 M))2® which is

close to the value reported by Polyakov et al. in a pervaporation

study measured by the weighing method (9.11 g/100 g of
polymer)?3 They also examined the sorption of a couple of other
common solvents in the films df. The solubility of methanol

was determined to be 1.84 g/100 g of polymer (0.99 M) and

that of water was determined to be negligible. The concentra-

tions of the sorbed chloroform and methanol in the film are
similar. However, the influence of the two solvents on the
permeability of pyrazine is not comparable. Clearly, the
chemical nature of the solvent, not just its ability to fill space,
influences solute permeability.

Due to the high concentration of solvents sorbed in the films,
the films in contact with organic solvents become somewhat
like a supported liquid membrane. Solvent uptake results in
partitioning and diffusion behavior of solutes that is quite

different from the same species acting as gas-phase penetrants.

177426
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Figure 11. IR spectra of films ofl doped with varied percentages 4f
(wiw).

1500

Table 4. Permeability Coefficients of Solutes through Films of 1
Doped with 50% 4 (w/w)

solute P,/(107° cm?-s~%)2 PP,
o,0,0-trifluorotoluene 6.0 7.7
benzene 3.5 9.7
toluene 2.5 9.7
naphthalene 0.33 13
anthracene 0.043 10

aThe experimental conditions were the same as those in Table 2, except

Benzene vapor has been reported to have a diffusion coefficientthat the films of1 were replaced with the doped films. The permeability

of 4.9 x 10719 cn?-s71in Teflon AF 16003 Benzene liquid in

a pervaporation study has a diffusion coefficient of 49308
cm?-s1 in Teflon AF 1600 films and 1.9< 1077 cn?-s L in
Teflon AF 2400 films?® We have measured the diffusion
coefficient of benzene in the solute (chloroform solution)
transport experiments to be (1420.3) x 1076 cn?-s71.36 The
diffusion coefficient of benzene in chloroform-containing films

is remarkably larger than that of the benzene gas as a result of

plasticization.
Transport through Films of 1 Doped with Perfluoroether
4. The apparent plasticization of the films by organic solvents

is interesting and leads to very large increases in solute

diffusivity. It would be significant if the film could be plasticized
in the absence of organic solvent. It is intriguing to explore
fluorous additives as plasticizers of films af Part of the
significance is to maintain the fluorous nature of the film while
gaining better control of the solute diffusion and the solute
solubility that affect the selectivi®y>? of the film. Poly-
(hexafluoropropylene oxide) terminated with a carboxylic acid
(4) (Figure 10) was found to be miscible with in any
proportion. It is known tha# has an IR absorbance at 1775
cm~1 from the G=0 stretch of the carboxylic acid dimg&tFilms
of 1 doped with various percentagesd$howed the expected
absorption peak around 1774 ch{Figure 11). We did not see
any IR evidence for the dissociation of the carboxylic acid dimer
into the monomer.

It was found tha# plasticized films ofl. The glass transition
temperatureTg, of 1 doped with 50%4 (w/w) was measured

(51) Podgorsek, R. P.; Sterkenburgh, T.; Wolters, J.; Ehrenreich, T.; Nischwitz,
S.; Franke, HSens. Actuators, B997, B39, 349-352.

(52) Lysander, A. J.; Chrisstoffels, F. J.; Reihoudt, D. NClemical Separations
with Liquid MembranesBartsch, R. A., Way, J. D., Eds.; ACS Symposium
Series 642; American Chemical Society: Washington, DC, 1996; pp 18
56

(53) Doan, V.; Koeppe, R.; Kasai, P. 3. Am. Chem. S0d.997 119, 9810~
9815.
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coefficients are the mean values of duplicate experimémgP; is the
ratio of average permeability coefficients through a filmlaind the doped
film.

Table 5. Partition Ratios and the Diffusion Coefficients of
Benzene in the Film of 1 and the Doped Film&

partition ratio diffusion coefficient (cm?-s~1)%
film of 1 0.04+ 0.01 (1.2 0.3)x 1076
doped film 0.03+ 0.003 (9.5:0.8) x 1078

aThe reported values are the average and the standard deviation of the
mean from seven measurements for filmlafnd from three measurements
for the doped film (50%4-50% 4, w/w).

to be —40 °C, compared to 240C for film of 1.2 The solute
permeability coefficients id-doped films are shown in Table
4. For better comparison, the ratios of the permeability coef-
ficients in the two types of films (films ofl and the doped
films, P1/P,) are also presented.

The permeability of benzene throughdoped films is still
considerably larger than its permeability as a gas-phase pen-
etrant. However, its permeability and the permeabilities of other
solutes are lower than the permeabilities in the abseneke of
The average ratio of the permeability coefficients in the two
types of films Pi1/Py) is about 10. Interestingly, the linear
correlation of logP and the critical volume of the four neutral
aromatic solutes hold, giving a slope 6f0.0066 and a
correlation coefficient of 0.98. This slope is essentially the same
as the value 0f-0.0067 for films ofl1, which shows that the
doped film is sensitive to the critical volume of the solutes to
the same degree as films of There are two possible reasons
for reduced permeation, namely, decreased partitioning of
solutes from the solvent into the film and decreased diffusion
of solutes in the film. Table 5 lists the partition ratios and the
diffusion coefficients of benzene in the two types of film. The
partition ratio of benzene in the doped film is not significantly
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smaller than that in the film ofl. On the other hand, the decrease in permeability with the addition #fcompared to
diffusion coefficient decreases about a factor of 10 in the doped the case in films ofl alone bears a resemblance to the
film, changing from 1.2x 106 cn?s 1 in the film of 1 to 9.5 phenomenon of antiplasticizatiéfr,>6 which occurs when small
x 1078 cm?-s71 in the doped film. volume fractions £10—30%) of plasticizers actually increase
We speculate that the occupation of free volume by tensile strength and decrease permeability by a reduction of free
significantly alters the diffusion of small molecules even as it volume. Larocca and Pes$amoted that compatibility (i.e.,
increases Teflon AF 2400 chain mobility. We are led to this similar values of solubility parameter) between additive and
conclusion from considering that our work presented here and polymer was one important factor in the additive’s ability to
earlief® and other studies of solute dynanit¥-30.32in the decrease free volume. The system under investigation in this
films are consistent with the idea that diffusion takes place by article differs from the studies described in that we are
solute moving from one region of free volume to another. comparing films either plasticized with chlorform or plasticized
Plasticization by low molecular weight solvents enhances solute with 4 and chloroform. We are not comparing films of pure
diffusion even as it occupies free volume because the solventwith films of 1 containing some fraction &f. Nonetheless, there
molecules themselves are diffusing rapidly. When plasticization is the similarity to antiplasticization that a polymer-compatible
is by polymeric4, however, the free volume is lowered while additive apparently decreases film permeability.
the environment within the free volume becomes viscous in
comparison to solvent-saturated films, although the environment
becomes less restricted than that of dry films. The observed
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