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ABSTRACT: This work reports the synthesis and hydrogenation of polynorbornenes with functionalized imide
side groups, specifically, poljphenylexo,endenorbornene-5,6-dicarboximide), as well as the sulfonation of

the hydrogenated polymer. The gas transport characteristics and permselectivity of membranes prepared from
the three separated polymers were thoroughly investigated. The results show that hydrogenation of the starting
polymer promotes packaging efficiency, which is even enhanced by further sulfonation of the hydrogenated chains.
The economy of free volume is reflected in the permeation and permselectivity coefficients of membranes prepared
from the polymers. The study of electromotive forces of concentration cells with the sulfonated membrane separating
hydrochloric solutions of different concentration suggests that the membranes exhibit high permselectivity to
protons that decreases as concentration increases. However, a sharp increase in the electromotive force occurs at
high concentrations. The fact that this increase is not observed in the electromotive forces of concentration cells
with sodium chloride in the compartment cells suggests the formation of pair ions between protonated imide
groups and chloride ions at high concentration that restrains co-ions mobility in the membrane. The membranes
exhibit pretty good permselectivity to protons and sodium ions which makes them useful for ionic separation
applications, such as electrodialysis. However, owing to the low water uptake, the protonic conductivity of the
membranes equilibrated with water is nearly 2 orders of magnitude below that reported for Nafion membranes.

Introduction polynorbornenes prepared via addition polymerization have also
been reported?!! The double bonds of the main chain of
separation processes is ever-growing in the past deéa@as. p_olyno_rbornenes confer rigidity to thg molec1114Iar chains, thus
transport across membranes under a negative unidirectionaftindering molecular packaging. Earlier wétk'¢ has shown
driving force perpendicular to the membrane involves solution that the permeability coefficient of oxygen across membranes
of the gas in the membrane, diffusion across the membrane,Of polynor'bonenes Wlth.funcnonahzed imide side groups is
and desorption at the other side of the membrane. Obviously, "€@rly 5 times that of nitrogen. Also, these membranes may
these processes depend on the state (glassy, rubbery, ofxhibit much higher _permselgctlwty than the membranes
semicrystalline) of the membrane. Either sorption, diffusion, or Prepared from poly(trimethylsilylnorbornene) and fluorine-
both may control gas permselectivity in glassy membranes while containing ring-opened polynorbornerféswith the aim of
solubility is the only factor controlling this property in rubbery  investigating the effect of the increase of conformational
membranes. Great efforts are being made in the developmentversatility of the chains on gas permselectivity, pbiythenyl-
of membranes exhibiting high selectivity combined with high €xo,endenorbornene-5,6-dicarboximide) (Poly-PhNDI) was hy-
permeability. Polymeric materials with bulky groups in their drogenated, and membranes were prepared from the resulting
structures may contain high size cavities that facilitate gas polymer, Poly-HPhNDI. Itis expected that the increase in chain
diffusion without affecting very negatively gas permselectivity. flexibility of Poly-HPhNDI promoted by the hydrogenation of
Development of membranes based on materials of this type haghe double bonds of Poly-PhNDI facilitates molecular packaging.
focused the attention of many researchers in the past de¢adesAt first glance this effect will decrease gas permeability, and
Owing to the facile functionalization and high ring-opening as a result one would expect that gas permselectivity is also
methathesis polymerization (ROMP) reactivity of norbornene €nhanced. Therefore, this work reports gas transport across
monomers:4 polymers with different structures can be derived membranes of Poly-HPhNDI, and the results obtained are
from functionalized norbornenes that can be useful for the compared with those found for membranes of Poly-PhNDI.
development of membranes for gas separation. The capability The development of new polyelectrolytes has become a
of polynorbornenes for packaging and gas separation processefiourishing field of research because, aside from their traditional
has been investigatéd? Gas transport studies in ring preserved yse in ionic separation processes, cation-exchange membranes
are being investigated as electrolytes for batteries and fuel
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in ion-exchange membranes is available. For example, the Scheme 1. Synthesis dfi-Phenyl-exo,ende
combination of permeability and ideal selectivity fog/®, and norbornene-5,6-dicarboximide (PhNDI, 2)

CO,/CH,4 places sulfonated poly(phenyl oxide) membranes
below the respective upper bound lines for polymeric mem-

branes'® However, an increase in the ion-exchange capacity /0 NH2

brings the ideal selectivity vs permeability relationship closer C}) Toluene

to the upper bound line, especially for the/l®, gas pair. Gas o + —_—
transport facilitated can be used to separate alkanes from \\o 0—x
alkenes'” The separation factor for ethylene/ethane across O
membranes prepared from blends of silver (I)-form Nafion and (CH3C0)20 HN \\o
2% of poly(pyrrole) increases from 8 to 15 as temperature

decrease¥ The facilitated transport model for GQhrough CH3COONa

ion-exchange membranes containing a diamine complexing o

agent was also reported. The diamine behaves as a mobile carrier &

for carbon dioxidé? In view of these preceding facts, one of M\NO

the purposes of this work was to examine the effect of \

sulfonation on the gas transport properties and permselectivity \o

of Poly-HPhNDI membranes. To accomplish this goal, we have

undertaken the sulfonation of Poly-HPhNDI with acetylsulfonic pan was run twice on the temperature range-300 °C. FTIR
acid. Sulfonation of the double bonds of polynorbornenes has spectra were obtained on a Nicolet 510 p spectrometer. Molecular
already been describ&¥2! In this work, however, sulfonation ~ Weights and molecular weight distributions with reference to
was not carried out in the main chain, but in the phenyl group Polystyrene standards were determined on a Varian 9012 GPC
attached to the imide group. Membranes were prepared by|nstrument at 30C in chloroform (universal column and a flow

casting from this polyelectroyte solutions, and their gas transport rate of 1 mL min).
characteristics were investigated. Monomer Synthesis.N-Phenylexo,endenorbornene-5,6-dicar-

) . boximide (PhNDI, 2) was synthesized according to literature

As a natural extension of the studies of the gas transport (Scheme 1}222NDA (5 g, 30.5 mmol) was dissolved in 50 mL of
characteristics of sulfonated Poly-HPhNDI, we have also toluene. An amount of 2.8 g (30.1 mmol) of aniline in 10 mL of
investigated the ionic permselectivity of these membranes. To toluene was added dropwise to the stirred solution of NDA. The
accomplish this goal, the electromotive forces of the concentra- reaction was maintained at 3Q for 3 h. A precipitate was filtered
tion potential cells of sulfonated Poly-HPhNDI membranes were and dried to give 7.6 g (29.5 mmol) of amic adidThe amic acid
measured keeping the ratio between the concentrations of thePbtained (7.6 g, 29.5 mmol), anhydrous sodium acetate (3.0 g, 36
concentrated and dilute compartments in the vicinity of two. f&”}o')éaﬁd aé:et;]lc anhy:jréde:rgl g,|_312 mtmI(IJ'I) v;ere healt_ed at 90
As polyelectrolytes, sodium chloride solutions and hydrochloric .- ' ° " and then cooled. 1he Solid crystaliized on cooling was

. . . filtered, washed several times with water, and dried in a vacuum
acid were used. From the electromotive forces the counterion

- oven at 50°C overnight. Pure monome@rwas obtained after twice
transport numbers were obtained, and the effect of the concen~ecrystallization from toluene: yieler 81%: mp= 195-196°C.

tration of the electrolyte solutions on the counterion transport 1y NMR (300 MHz, CDCH) (Figure 1): 6 (ppm) = 7.49-7.25
number was investigated. Information concerning the diffusion (5H, m), 6.33 (2H, s), 6.24 (2H, s), 3.38 (2H, s), 2.84 (2H, s),
of protons in the sulfonated membrane equilibrated with water 1.62-1.46 (2H, m)13C NMR (75 MHz, CDC}): 6 (ppm)= 176.8
was also obtained from the proton conductivity measured at (C=0), 137.8 (G=C), 134.4, 131.7 (EN), 129.0, 128.4, 126.2,

room temperature. 47.7, 45,7, 42.8. FT-IR: 3064 EC—H str), 2946 (C-H asym
str), 2877 (C-H sym str), 1770 (€0), 1594 (G=C str), 1454 (C-
Experimental Section N), 1382, 1329, 1289, 1188, 975, 799 tn

) ) Monomer Metathesis Polymerization.Ring-opening metathesis

Materials. Exo (90%)- andendo(10%)-norbornene-5,6-dicar-  polymerizations were carried out in glass vials under a dry nitrogen
boxylic anhydride (NDA) was prepared via Dielslder condensa-  atmosphere at room temperature. Adding ethyl vinyl ether under a
tion of cyclopentadiene and maleic anhydride. Maleic anhydride dry nitrogen atmosphere terminated the reactions. After cooling,
(18 g, 0.18 mol) was dissolved in 60 mL of trichlorobencene and the solutions were poured into an excess of methanol. The polymer
heated at 190C. An amount of 12 g (0.09 mol) of dicyclopenta-  \as purified by solubilizing into chloroform containing a few drops
diene was added dropwise to the stirred solution of maleic of 1 N HCI and precipitating into methanol. The obtained polymer
anhydrlde. The reaction was malnta|ned at 19Cfor 3 h and then was dried in a vacuum oven at 4C to constant We|ght
cooled. The mixture was precipitated in 200 mL of hexane. The ; ] e
obtained solid was filtered, washed several times with hexane, anddic?ﬁgg“;ﬁ&i%"ggg@?pﬁﬁgg,plh Zn(;g%oﬁrr;%%wgg)g%egzgg
dried in a vacuum oven at 50C overnight. NDA was obtained g (0.0041 mmol) of catalyst were stirred in 6.0 mL of 1,2-
after three recrystallizations from toluene: yietd 70%; mp= dichloroethane at room temperaturer fb h (Scheme 2). T’he

102_.104 °C. Aniline, acetic anhydrit_je, sulfur[c acid, and o_ther obtained polymeB was soluble in chloroform and dichloromethane.
chemicals were purchased from Aldrich Chemical Co. 1,2-Dichlo- H NMR (300 MHz, CDC}) (Figure 1): 6 (ppm) = 7.42-7.21

roethane, dichloromethangdioxane, and toluene were dried over ;
anhydrous calcium chloride and distilled over GaH3-Bis(2,4,6- (258H6 TZ)H57m8) (22H]:tgal(’llSHS),S)5.5l4éf|‘(|f§, ss)])ggéll\?N%H(?ss) &Hlj
trimethylphenyl)-4,5-dihydroimidazol-2-ylidene)(PGEIRU=  cpeyy): o (ppm)= 177.1, 133.7¢is), 131.8 (rans), 128.9, 126.3
CHPh and CIRh(PRJs were purchased from Aldrich Chemical 55509 486 460 42.8 405. FT-IR: 3034;(C—H ar str) '
Co. and used as received. 2930 (G-H asym str), 2869 (EH sym str), 1775 (€-0), 1590
Characterization. *H NMR and**C NMR spectra were recorded  (C=C str), 1457 (G-N), 1385, 1323, 1290, 1165, 980, 790 T
with a Va_rlan spectrometer at 300 and 75_.5 MHz, respectively, in The values of the number-average molecular weilfht,polydis-
CDCl; using tetramethylsilane (TMS) as internal standard. persity, Ma/M,, glass transition Ty), and decomposition T¢)
The glass transition temperature was measured with a DuPonttemperature of poly{-phenylexo,endenorbornene-5,6-dicarbox-
2100 instrument at a heating rate of A/min. The samples were  imide were respectivelijl, = 2.1 x 10°, My/M,, = 1.3, Ty = 222
encapsulated in standard aluminum DSC pans in duplicate. Each°C, andTy = 418 °C.
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Figure 1. 'H NMR spectra of (a) monome?, (b) polymer3, and (c)
its saturated analogue, polymér

Scheme 2. Ring-Opening Metathesis Polymerization of
N-Phenylexo,endmorbornene -5,6-dicarboximide (PhNDI, 2)
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Scheme 3. Hydrogenation of
Poly(N-phenyl-exo,endenorbornene-5,6-dicarboximide)
(Poly-PhNDI, 3) by Wilkinson’s Catalyst
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3
Polymer Hydrogenation. The hydrogenation of poli{-phenyl-
exo,endenorbornene-5,6-dicarboximide) (Poly-PhNB),(Scheme
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Scheme 4. Sulfonation of Hydrogenated
Poly(N-phenyl-exo,endenorbornene-5,6-dicarboximide)
(Poly-HPhNDI, 4)

acety|l sulfate

—_—
dichloromethane
O N
SO3H
4 5

reaction bottle with the catalyst and connected to a hydrogen
reservoir. Air is removed by evacuating the bottle. Pressure is then
applied from the reservoir, and the bottle is shaken vigorously to
initiate the reaction. The progress of the reaction was followed by
observing the pressure drop in the system ang-bMMR (Figure

1). The reaction at high pressure was carried out in a stainless steel
160 mL autoclave (Parr).

IH NMR spectra of hydrogenated polymer (Poly-HPhNB),
were obtained on a Varian Gemini spectrometer at an observation
frequency of 200 MHz with TMS as internal standard.

In a typical procedure, 0.5 g of Poly-PhND8)(was added to
60 mL of solvent in a Schlenk tube. The catalyst (5 wt %) was
previously introduced into the reactor. The solution was degassed
and charged into the reactor undes. Mydrogen was added.

Experiments were carried out using several solvents, and the
mixture dichloromethanep-dioxane (1:1) provided the best result.

The hydrogenation level was determined by integrating the area,
in the 'TH NMR spectrum, of the olefinic proton region & 5—6
ppm) relative to aromatic proton region & 7—8 ppm) (Figure
1). A 99% of hydrogenation for Poly-PhNDB)Y was achieved by
Wilkinson catalyst CIRh(PRJ)s at room temperature and 115 bar.
IH NMR (300 MHz, CDC}) (Figure 1): 6 (ppm)= 7.42-7.21
(5H, m), 3.34 (2H, s), 2.92 (2H, s), 2.21 (2H, s), 1.98 (1H, s), 1.61
(1H, s), 1.25 (2H, s). FT-IR: 3028 €EC—H ar str), 2931 (GH
asym str), 2870 (€H sym str), 1780 (€&0), 1459 (C-N), 1382,
1324, 1291, 1164, 982, 793 ctn The values of the number-average
molecular weightM,, polydispersityMw/M, glass transitionT),
and decompositionT() temperature of hydrogenated pdlyphenyl-
exo,endenorbornene-5,6-dicarboximide) were respectiviely =
2.3 x 10, My/M, = 1.6, T = 197 °C, andTy = 460 °C.

Polymer Sulfonation. Prior to the polymer sulfonation, acetyl
sulfate was prepared, according to literattfrby cooling 5 mL of
dichloromethane in an ice bath for 10 min. Under stirring conditions,
0.7 mL of acetic anhydride and 0.3 mL of sulfuric acid were added
to the chilled dichloromethane. The latter was added 10 min after
the addition of the former.

In a typical sulfonation procedure, 1.0 g of hydrogenated polymer
(Poly-HPhNDI,4) was dissolved in 20 mL of dichloromethane and
purged with nitrogen. The 5% (w/v) polymer solution was stirred
at room temperature. Then, 6.0 mL of acetyl sulfate solution,
prepared as described above, was slowly added to begin the
sulfonation reaction. The reaction was terminated after 18 h by
precipitating in 50 mL of methanol. The precipitate was washed
several times with deionized water. The obtained polymer (Scheme
4) was then dried in a vacuum oven at®Dfor 24 h. The product
was characterized by FT-IR and elemental analysis. The sulfonated
Poly-HPhNDI was soluble in most common organic solvents such
as dimethyl sulfoxide, dimethylformamide, atNjN-dimethylac-
etamide, among others. Sulfonation degree was BS0.40

3) was made using several catalysts. The reaction was investigatedcalculated by titration) and O = 0.36 (calculated by elemental
at room temperature and pressures ranging from 1 to 115 bar. Theanalysis). GsH130sNS (319): Calcd C 56.42, H 4.07, O 25.07, N

catalysts employed in the reaction were Pd/C, ;P#)/Ni, and
Wilkinson catalyst CIRh(PRJ.

4.38, S 10.03; Found C 65.89, H 6.02, O 19.33, N 5.06, S 3.68.
Tq1 = 313 °C (sulfonic group loss)Tq, = 440 °C (main chain

A Parr shaker hydrogenator was used. This apparatus providesdecomposition). Thdy of sulfonated polymeb is much higher
compact and easily operated systems for the treatment of chemicalghan that of its parent poly-HPhNDT§ = 197 °C), and noTy was
with hydrogen in the presence of a catalyst at pressure up to 5 bar.detectable fo5 before its thermal decomposition. FT-IR: 3042
The polymer to be treated in a Parr hydrogenator is sealed in a(C=C—H ar str), 2950 (G-H asym str), 2887 (EH sym str), 1800
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(C=0), 1450 (C-N), 1370, 1160, 1093<SC;H, asym str), 1025 _ 273 VI . dp

(—SGsH, sym str), 730 cm?. P= 76 TAM}, ot (3)
Gas PermeationGas transport was measured in an experimental 0

device made of two compartments separated by the membrane,

Vacuum was made in the two compartments, and gas stored in aWhere Po is the pressure in the upstream chambéns the

reservoir in the vicinity of the pressure of interest was allowed to Volume of the downstream chambgris the absolute temper-

flow into one of the compartments called hereafter upstream ature, and andA are respectively the thickness and permeation
chamber. The flow of gas from the upstream chamber to the low area of the membrane. Usualyis given in barrers [1 barrer
pressure or downstream chamber was monitored with a MKS-722 = 1071%cnm?® (STP) cm/(cri's cmHg)]. The diffusion coefficient
(0—10 Torr) pressure sensor via a PC. The pressure in the upstreanmwas obtained from time-lag that corresponds to the intersect

chamber was measured with a Gometrics-10 bar) pressure  of the straight linep vs t with the abscissa axis, using the
sensor. The gas permeation apparatus was immersed in a watepquation suggested by Barter

thermostat.
Water Uptake and lon-Exchange Capacity. Weighed dry 12
membranes were immersed and kept in deionized distilled water D= 50 4

overnight. The membranes were removed from water, gently blotted

with filter paper to remove surface water, and weighed. This o . ) .
operation was repeated three times. Water uptake was obtained byJsually D is given in cn#/s. Finally, the apparent solubility
means of the expression coefficient,S, can be determined from

water uptake= S=PI/ID (5)
weight wet membrane weight dry membranex‘ 100 (1)
weight dry membrane

The solubility coefficient is often given in c(STP)/cn?
membrane cmHg.

To evaluate the'i_on-exchar)ge capacity, the _membranes inthe acid The values at 30°C of the permeability coefficient of
form were equilibrated with a NaCl solution (1 M), and the hydrogen, nitrogen, oxygen, carbon dioxide, carbon monoxide,
hydrochloric acid liberated in the interchange reaction and methane across Poly-HPhNDI membranes, collected in
Table 1, follow the trend®(H,) > P(CO,) > P(O,) > P(CO)

> P(CHg) > P(Ny). In the same table, and for comparative
was titrated with a 0.01 M sodium hydroxide solution. The values pUrposes, the values of the permeability coefficient of the
of the ion-exchange capacity and the water uptake are respectively'®SPective gases through Poly-PhNDI membranes are also

R—H+ Na"—R-Na+H"

0.82 mequiv/g dry membrane and 12.4%. shown. In both cases, the permeability coefficients follow similar
Electromotive Force of Concentration CellsThe electromotive  trends, though their values are significantly higher across the

force of the concentration cell with configuration AgCl|electrolyte Poly-PhNDI membrane.

concentrationrfy)|cation-exchange membraeéectrolyte concen- Values of the permeability coefficient of the gases across the

tration (my)|AgCl|Ag, wherem represents the molal concentration,  sulfonated Poly-HPhNDI membrane in the acidic form are
was measured with a Hioki potentiometer, atZ5 for various — ghown in Table 2. The results indicate that the ionic groups
concentrations of both hydrochloric acid and sodium chloride yecrease the permeability coefficient in more than 60%. For
Z?T:Létl\?igsé %?:Ct?gogieofg;ctise Vf‘}’qeorlea |n332'c§2ﬁ?a3§r§nfqumgn of example, the value d? for oxygen decreases from 0.66 barrer

: ! in Poly-HPhNDI to 0.27 barrer in sulfonated Poly-HPhNDI.

kept in the vicinity of 2 in all the cases. L .
lonic Conductivity of the Cation-Exchange Membranes The Similar behavior also occurs for the other gases.

resistance of the membranes equilibrated with distilled w&gr, Results for the diffusion coefficients of the gases in the
was measured by impedance spectroscopy over the frequencymembranes are shown in Tables 1 and 2. The diffusion
window 10—10° Hz, with a Novocontrol (Huntsangen, Germany) coefficient follows the trendD(H,) > D(O;) > D(Ny) >
system using a HP4291 (Hewlett-Packard, Hyogo, Japan) coaxialD(CQ,) > D(CO) > D(CH,). Whatever the gas considered is,
line refractometry. The complex impedance was determined by the diffusion coefficient follows the trend3(Poly-PhNDI) >
measuring the reflection coefficient at a particular reference ptane. D(Poly-HPhNDI) > D(sulfonated Poly-HPhNDI). Hydrogen
The protonic resistanc&, was obtained from the Bode diagréim gy pipits by far the lowest solubility coefficient, the values of
?s the moduIL_Js of the_corlplex |m9e(3’IaEce in the plateau of high- this quantity in 16 cm? (STP)/(cn¥ cmHg) being 0.83, 0.62,
requency region at whicl = tan(Z'/Z') = 0. The measurements : .
were carried out at 25C. The conductivity of the membranes was and 0.20 respectively in the Poly-PhNDI, Poly-HPhNDI,_ ar_1d
obtained from sulfonated Poly-HPhNDI membranes. As usual, carbon dioxide
presents the highest solubility coefficient; the values of this
_ quantity for the membranes in the order and units indicated
= RA @) above are 63.20, 63.00, and 71.62, respectively.

(B) Electromotive Forces and Conductivity. The electro-
where A andl are respectively the area and thickness of the motive forces (emf) arising from concentration potentials were
membranes sandwiched between the electrodes. measured with Ag/AgClI electrodes. To avoid polarization effects

on the side of the membranes in contact with the electrolyte
Results solutions, strong stirring was kept during the measurements.
(A) Gas Permeation.As usual, the curves describing gas lllustrative plots showing the evolution with time of the emf of
permeation across membranes were monitored measuring thehe membrane for &h concentration ratios of hydrochloric acid,
evolution of the pressure in the downstream chamber with time. my/my = 0.2/0.1 and 1/0.5, are shown in Figure 2. Since the
The isotherms present a transitory transport process followedmembrane was equilibrated with water, the emf increases with
by a linear dependence of pressure on time that reflects gastime, first rather fast and then slowly in such a way that reaching
flow under steady-state conditions. The permeability coefficient, steady-state conditions can take more than 2 h. If prior to the
P, was obtained from the slope of the straight line of phes experiment the membrane is equilibrated with the less concen-
t plot by means of the expression trated hydrochloric acid solution, the time necessary for the emf
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Table 1. Values of Permeability (barrer), Diffusion (cn¥/s), and T T T T T
Solubility (cm? (STP)/cn® of Polymer cmHg) Coefficients for
Different Gases at 30°C and 1 atm of Pressure for Poly-PhNDI and S 40+ 1/0.5 (HCl)
Poly-HPhNDI Membranes =
Q
Poly-PhNDI Poly-HPhNDI g sl
gas P Dx1® Sx10° P Dx10® Sx10 ° 0.2/0.1 (HC)
Hz 11.0 1320.0 0.83 7.22 1164.2 0.62 E 20
N2 0.31 22.3 1.39 0.12 9.4 1.28 <) i T
O, 1.44 63.0 2.29 0.66 31.1 2.12 ‘g
CO, 11.44 18.1 63.20 451 7.2 62.64 °
co 0.52 14.5 359 021 7.6 2.76 10 1
CHy 0.54 7.2 7.50 0.15 1.8 8.33
Table 2. Values of Permeability,P, Diffusion, D, and Solubility, S, 0 1000 2000 3000 4000 5000
Coefficients for Different Gases at 30°C and 1 atm of Pressure for time(s)

the Sulfonated Poly-HPhNDI Memb . . . .
© >uflonaled Toly embrane Figure 2. Evolution of the electromotive force of the concentration

Sx 103, cm? (STP)/ cell with time. Prior to the experiment, the membrane was equilibrated
gas P, barrer D x 10°, cné/s cm? cmHg with water.
Ho 4.25 2123.3 0.20 4
N2 4.38x 1072 3.2 1.37 T '
O, 0.27 11.8 2.29 2ad’ | '_
CO, 1.98 2.8 70.71
Co 8.39x 102 3.2 2.62 " ls
CHy 4.88x 1072 0.6 8.13 340 - u
—
Table 3. Values of the Hydrochloric Acid Concentration (Molality), u o ~
m, Activity Coefficient, y, and Electromotive Force, emf, for the '. .0. N
Sulfonated Poly-HPhNDI Membrane |Z*| 20" - .-.' 1%
m my Y1 V2 emf (mV) .-. ':g
5.246x 1073 1.0434x 1072 0.9337  0.9085 34.20 x10* o =
1.0434x 102  2.0784x 102  0.9085  0.8830 33.69 o 1"
5.1956x 1072 0.1037 0.8400 0.8005 31.30 0
0.1037 0.1977 0.8005 0.7733 29.97 oF ‘°
0.1977 0.4113 0.7733 0.7640 28.80
0.4113 0.7757 0.7640  0.7900 25.80 )

0.5180 0.9996 0.7624 0.8190 40.10
log @

Figure 3. Bode diagram which depicts the evolution of both the

modulus of the complex impedand&;|, and the phase angle, tdn

(2'1Z), with frequency.

Table 4. Values of the Sodium Chloride Concentration (Molality),
Activity Coefficient, and Electromotive Forces for the Sulfonated
Poly-HPhNDI Membrane

my m Y1 Y2 emf (mV)
0.00472 0.00945 0.9348 0.9081 3527 ¢ approaches to a maximum close to zero as frequency
0.00945 0.01889 0.785 0.7405 33.43 increases. The value ¢Z*| at the maximum of the curve vs
0.187 0.377 0.7405 0.6860 31.20 log f was taken aRy, its value being 14R2. Since the diameter
0.472 1.001 0.670 0.6362 33.6 and thickness of the sample are 5 and 0.119 mm, respectively,
0.9897 1.972 0.6292 0.6508 34.10

the value of the protonic conductivity, is 4.14x 1072 S/m,
of the cell to reach steady-state conditions is considerably nearly 2 orders of magnitude below that reported for Nafion
shortened. On the other hand, only the sign of the emf changesmembranes.
when the concentrations in the compartments flanking the )
membrane are reversed. This behavior indicates that the cationISCUSSIoN
exchange membrane is symmetric. Values of the emf of the Comparison of the permeation results across the Poly-PhNDI,
concentration cells for differemty/my concentration ratios are  Poly-HPhNDI, and the sulfonated Poly-HPhNDI membranes
shown in Tables 3 and 4 respectively for HClI and NaCl shows that hydrogenation of Poly-PhNDI decreases the perme-
electrolytes. As usual, the values of the emf decrease as theation of the resulting membrane. The results of Tables 1 and 2
concentration of the electrolyte increases. However, an unex-suggest that the reduction of the permeation coefficient is not
pected result appears in the case of the hydrochloric acid caused by the solubility but by the diffusive step. This behavior
concentration cell: a sharp increase in the emf of the cell is suggests that hydrogenation of the double blonds of Poly-PhNDI
observed when the concentrations flanking the membrane arefacilitates chains packaging in Poly-HPhNDI membranes. The
0.5/1. This high emf is maintained for valuesrof/m; > 0.5/1. free volume diminution caused by the increase of chains
The water uptake of the membranes is rather low in spite of packaging efficiency leads to the decrease of the diffusion
the moderately high concentration of fixed ions attached to the coefficient. Anchoring fixed sulfonic groups to the chains of
chains of the membrane. The protonic resistaie,of the Poly-HPhNDI membranes reduces even more gas diffusion
membranes equilibrated with distilled water was measured atacross them. This behavior suggests that gas permeation might
25 °C by impedance spectroscopy. A Bode plot showing the be lower in the hydrophilic domains than in the hydrophobic
frequency dependence of the modulus of the impedd@ég, domains of the sulfonated Poly-HPhNDI membrane.
for the sulfonated Poly-HPhNDI membrane is shown in Figure  The apparent solubility coefficient of the gases in the three
3. As usual, the modulus decreases with increasing frequency,membranes is rather similar. It is worth noting that the apparent
reaching a pseudo-plateau at high frequencies. In Figure 3 thesolubility coefficient of CQ in the sulfonated Poly-HPhNDI
evolution of¢p = tam(Z'/Z') is also shown. It can be seen that membrane is slightly higher than in either the Poly-PhNDI or
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Table 5. Values of the Enthalpic Interaction Parameter,y, at 30 °C 21.2, 30.1, and 40.0 at 3@ while the values oD(CO,/CHy)
for Different Gases in the Polynorbornene Membranes are 2.5, 4.0, and 4.6, respectively. This means that the increase
gas Poly-PhNDI Poly-HPhNDI  sulfonated Poly-HPhNDI in permselectivity by effect of the efficiency of molecular
0, +1.05 +1.13 +1.05 packaging is not so large &%CO,/CH,) predicts due to the
N> +0.67 +0.77 +0.71 decrease of the GBolubility as packaging efficiency increases.
Co, —-0.18 —0.02 —0.30 The correspondence between electromotive forces of the
co +0.23 +0.52 +0.56

concentration cells and ionic permselectivity can be obtained
from irreversible thermodynamic arguments. Let us consider a

the Poly-HPhNDI membranes presumably as a consequence 0f:oncent_ration cell with configuration AggCl/electrolyte A+B,

the quadropole nature of the carbon dioxide molecule slightly (Mication-exchange membraeéectrolyte A+B, (my)|AgCl/
favoring its interactions with the ionic fixed groups. The pressure A9- If the cell is reversible to one of the ionic components of
dependence of the solubility coefficient of gases in glassy the e_Iectrodes, for examplgto the anion, the elecmcal potential,
membranes is described by the dual-mode m&d&The model ~ A¥ is related to the chemical potential of the aniofis,-, by
assumes the membranes made up of a continuous phase in which¥ = —Au-/z-F, wherez_ andF are respectively the valence
the sorption process follows Henry’s law. Microcavities ac- Of the anions and Faraday's constant. Fluxes of anipns,
counting for the excess volume are dispersed in the continuousC@tionsj+, and waterjw, occur across the membrane under the
phase where adsorption processes take place. According to th@ction of the respective forces: grad, gradu-, and graduw.
model, lim,—.S = ko, wherekp, is the Henry’s constant, while The produ'ctlon of entropy under unidirectional driving forces
limp-oS = ko + bCh, where C'y is the gas concentration ~Can be written &8

CHa +0.39 +0.31 +0.34

adsorbed in the microcavities or Langmuir sites dné a du du
parameter that accounts for the affinity gas membrane. In most T.= j+_+ + j_z_d_’/’ +i, w (8)
cases a sharp drop in the solubility coefficient at low pressures dx dx dx

occurs, this parameter reaching a nearly constant value at
pressures in the vicinity of 1 bar. Therefolg, was taken as

the value ofSat 1 bar. Thermodynamics arguments lead to the
following expression for Henry’s constapit3!

By taking into account the neutrality principleyz. + v_z- =
0), the chemical potential of the electrolyie € viu+ +v_u-)
and the GibbsDuhem relation iy v+ du+ + mv_ du- +
my duyw = 0), wheremy represents the molality of tHeparticle,

90414 . T, eq 8 becomes
= Zev exp[—“*% _R_Tb(l B ?)] ©

- 1 .1 d:MZ . dl/}
_ TS_V+J+ o dx ©)
whereV is the partial molar volume of the gas in the liquid
state, Ty, is the boiling temperature of the gas under 1 atm of wherej! = j. — (v+my/cy)jw is the counterion flux taking the
pressurey is the gas in the liquid statepolymer enthalpic  moving liquid in the membrane as reference frame. The
interaction parametef, is the latent heat of vaporizatioR,is parameteri = F(zij+ + zj_) is the electrical current flux.
the gas constant, andl is the absolute temperature of the Hence, the fluxes arié /v, andi whereas the forces argidx

experiment. Values of at 30°C are given in Table 5. It can a4 dy/dx. Taking into account that the fluxes are linear function
be seen that the interaction parameter-gaaymer is similar of the forces, then

for Poly-PhNDI, Poly-HPhNDI, and sulfonated Poly-HPhNDI

membranes. In all the cases, oxygen exhibits the highest value J'i du, dip
of y and CQ the lowest. The fact thatis slightly negative for — = Alld— + /Ilzd— (20)
CGQ; indicates very favorable polymer segmentarbon dioxide V+ X X
interactions. d
Usually, membranes permselectivity is defined in terms of i = AZliZ + ,122d_1/’ (11)
the permselectivity coefficient defined as dx dx
P D.S wherely (k, | = 1, 2) are the Onsager coefficients. It is easy to
a(A/B) = P—A = D—A—A (7) show from eqs 10 and 11 respectively thiat = —Dj (p =
B B b const) andly, = i/(dy/dx) = —o (u2 = const), wherey is the

. . ) conductivity. Let us consider in more detail the coefficiépt
_In general, the permsele_ct|V|ty coefficient of pair of gases _ Jo1. Taking as reference frame the moving liquid, the
increases as the permeation of the membranes decreases. FQu | iarion transport number i = z, j1/Fi. Then foru, =

example, the values at 3C of a(O2/N,) for the Poly-PhNDI, const, eq 11 leads thy = Aoy = —(tia/v+z+F), whereF is

Poly-HPhNDI, and sulfonated PolyHPhNDI membranes are Faraday’s constant. Accordingly, the electric potential gradient
respectively 4.6, 5.5, and 6.1. The fact that the ratios of the y's c : gy, & P 9
can be obtained from eq 11 yielding

diffusion coefficients of the respective gases are respectively

2.8, 3.7, and 3.7 suggests that the diffusion rather than the ) £ d
solubility step is mainly responsible for the permselectivity of dy _ i 4 B (12)
the membranes. Therefore, the enhancement of the permselec- dx o wvyz,F dx

tivity of pairs of low-condensability gases is mainly due to the ) . . .
decrease of diffusion coefficient caused by the augment of the  Puring the electromotive force measuremeints 0, and in
efficiency of molecular packaging. In the case of the permse- this situation eq 12 leads to the followlng expression for the
lectivity coefficient of pair of gases in which one of them electromotive forceE of the concentration cell

exhibits high condensability, permselectivity may be not mainly RTv
governed by the diffusion coefficient. Thug(CO,/CH,) for E=Ayp=— 2 agtfrd Ina, (13)
Poly-PhNDI, Poly-HPhNDI, and sulfonated Poly-HPhNDI is z,v, F/a
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' i i ' ' i in the solutions of the concentration cell. In this region, the

11r . transport number of Nais slightly lower than that of H.
However, at very high concentrations the transport number of
10k io . i Nat is still rather high, but the anomalous concentration
. o - dependence observed for protons is not detected here.
<’+> " %o o There is a vivid debate concerning both the nature of the
o9r ®m ] water in wet ion-exchange membranes and the proton transport

mechanisnt* The information at hand, corroborated by struc-
sl i tural simulations of the membranes phase, suggests that water
n and protons are confined to domains of only nanometers, and
proton conduction would be carried out in the domains through
a percolation path. Recent simulations carried out on the proton
” conductivity in sulfonic polyphenyl sulfone membranes suggests
(m, m,) that hydrated protons, 40+, rather than naked protons,H
Figure 4. Variation of the apparent proton (squares) and sodium cation intervene in the proce$8The sulfonated Poly-HPhNDI mem-
(circles) transport numbers with the geometric average of the HCl and branes used in this study exhibit a moderate conductivity if their
NaCl solutions flanking the membrane. low water uptake (12.4%) is considered. It seems that the
segregation between hydrophilic domains containing ionic fixed

and high concentration electrolyte solutions flanking the mem- \.Nat.er gnd cpuntenons from the hydrophobic domains that hinder
ionic diffusion across them. It can be shown that the proton

branes and, = v+ + v_. Although the counterion transport L : e 5 36
number depends on concentration, an average value of thiscondUCt'V'ty’o’ is related to the free diffusio., by*

parameter can be obtained from the expression

07 L 1 1 1 1 1
0.0 0.4 0.8 12 16 20

whereajandaj represent respectively the activities of the low

c.FD,
(14) CTTRT (1)

[ = E/E,

max

where Emay is the electromotive force for an ideally permse- \yherec, is the concentration of protons in the membrane phase,

lective membrane obtained from eq 13 doijg= 1. F is the Faraday’s constant, aRT has the usual meaning. In
Let us consider first the transport number of protons across membranes equilibrated with water, the concentration of protons

the membrane flanked by electrolyte solutions of different i, the membrane is equal to the concentration of fixed groups,

concentration. Values of the transport number-average for yhich in this case is 0.82 mequiv/g of dry membrane. Since

protons in the rangey/m; = 0.01/0.005 tavy/my = 2/1, where the density of the wet membrane is 1.1 gicand taking into

mis the molality of the hydrochloric acid solutions, are plotted account thatr = 4.14 x 10-2 S/m, the diffusion coefficient of

as a function ofn = (mymy)*2 in Figure 4. It can be seen that  protons is about 1.5 10~7 cn?/s. The rather low value b,

for very low values ofnthe membrane is ideally permselective  syggests that the percolation path across the hydrophilic domains

to protons, that isif; (= 1. This behavior is a consequence of may be interrupted by hydrophobic domains which control the

the fact that co-ions are totally excluded from the membrane at diffusion step. It is possible that protons diffuse in hydrophilic

very low concentrations so that current is exclusively transported microdomains until fluctuations in the hydrophobic micro-

across the membrane by protons. At moderate and highdomains may form channels through which protons slide to a

concentrations, however, free hydrochloric acid diffuses into nearby hydrophilic domain.

the membrane a®iincreases, and as a result co-ions intervene

in the current transport across the membrane. In this situation, Conclusions

0> 0, and taking into account that’ [+ 0= 1, then Hydrogenation of membranes based on polynorbornenes
[Bi0< 1. The values of the transport number for protons functionalized with imide side groups reduces gas permeability
decrease as the concentration increases. However, at rather highcross them as a consequence of the increase of packaging
concentrations a sharp increase in the valub]]takes place, efficiency of the molecular chains. The permeability is even
and the membrane behaves as nearly ideally permselective agairiower in the membranes with fixed negative groups anchored
At first glance, one would expect some sort of protonation of to their structure. The reduction in gas permeation is ac-
the imide groups by the high concentrated hydrochloric acid companied by an increase in gas permselectivity.
that would give rise to the introduction of positive fixed groups  Sulfonated membranes exhibit a high cationic permselectivity
in the membrane, converting it into an amphoteric one. This at low electrolyte concentrations. Permselectivity of the mem-
process would enhance the transport of current across thepranes to protons decreases with increasing concentration until
membrane by co-ions, but this does not seem to be the casea concentration is reached at which a sharp increase in
becauseﬂmg 1. Therefore, the only way of interpreting the permselectivy is observed. This behavior suggests some sort of
experimental results is to postulate that co-ions presumably formpair ions formation between protonated imide groups and Cl
some sort of pair ions with protonated imide groups that restrict that reduces co-ions mobility. Further research involving NMR
their mobility across the membranes. Further research involving spectroscopy is necessary to clarify this issue.
NMR spectroscopy is necessary to clarify this apparently  The rather low value ob. suggests that fluctuations of the
anomalous result. molecular chains of the hydrophobic domains may form
As can be seen in Figure 5, the permselectivity of the channels through which protons slide to a nearby hydrophilic
membranes to sodium ions follows similar trends as that found domain. These channels will control the protonic conductivity
for protons. At very low concentrations the transport number of the sulfonated Poly-HPhNDI membranes.
of sodium cations lies in the vicinity of 1, the membrane
behaving as ideally selectivity. As usual, the transport number  Acknowledgment. We thank Dr. T. Ezquerra (Instituto de
decreases with increasing concentration of the sodium chloride Estructura de la Materia, CSIC) for the membranes conductivity



570 Vargas et al.

Macromolecules, Vol. 40, No. 3, 2007

measurements. This work was supported by the Comunidad de(14) Diaz, K.; Vargas, J.; del Castillo, L. F.; Tlenkopatchev, M. A.; Aguilar-

Madrid (CAM) through the Program Interfases (S-0505/
MAT-0227), Fondo Europeo de Desarrollo Regional (F.E.D-

Vega, M.Macromol. Chem. Phy2005 206, 2316.
(15) Hickner, M. A.; Gashomi, H.; Kim, Y. S.; Einsla, B. R.; McGrath, E.
Chem. Re. 2004 104, 4587.

.E.R.), and Fondo Social Europeo (F.S.E.). Support by the (16) Kruczek, B.; Matsuura, TJ. Membr. Sci1998 146, 263.

Direccion General de InvestigacicCientfica y Tecnica (DGI-
CYT), Grant MAT-2005-05648-C02-01, is gratefully acknowl-
edged.

References and Notes

(1) Kesting, R. E.; Fritzsche, A. KRolymer Gas Separation Membranes
Wiley-Interscience: New York, 1993.

(2) Polymer Membranes for Gas and Vapor Separation: Chemistry and
Materials Science Freeman, B. D., Pinnau, |., Eds.; American
Chemical Society: Washington, DC, 1999.

(3) Ivin, K. J,; Mol, J. C. InOlefin Methathesis and Methathesis
Polymerization Academic Press: San Diego, CA, 1997; Chapter 13.
Tlenkopatchev, M. A.; Fomine, S.; Fomina, L.; GawjrR.; Ogawa,

T. Polym. J.1997, 29, 622.

(4) Maya, V. G.; Contreras, A. P.; Canseco, M.-A.; Tlenkopatchev, M.
A. React. Funct. Polyn2001, 49, 145.

(5) Paul, D. R.; Yampolskii, Yu. FPolymeric Gas Separation Membranes
CRC Press: Boca Raton, FL, 1994.

(6) Bondar, V. I.; Kukharskiii, Yu.; Yampolskii, Yu. P. M.; Finkelshtein,
E. Sh.; Makovetskii, K. LJ. Polym. Sci., Part B: Polym. Phys993
31, 1273.

(7) Yampolskii, Yu. P.; Bespalova, N. B.; Finkelshtein, E. Sh.; Mak-
ovetskii, K. L.; Bondar, V. |.; Popov, A. VMacromoleculesl994
27, 2872.

(8) Yampolskii, Yu. P.; Finkelshtein, E. Sh.; Makovetskii, K. L.; Bondar,
V. |.; Shantarovich, V. PJ. Appl. Polym. Sci1996 62, 349.

(9) Dorkenoo, K. D.; Pfromm, P. H.; Rezak, M. E. Polym. Sci., Part
B: Polym. Phys1998 36, 797.

(10) Zhao, Ch-T.; Do Rosario Ribeiro, M.; de Pinho, M. N.; Subrahmanyan,
V. S.; Gil, C. L.; de Lima, A. PPolymer2001, 42, 2455.

(11) Contreras, A. P.; Tlenkopatchev, M. A.; Ogawa, T.; Nakagawa, T.
Polym. J.2002 34, 49.

(12) Pineda-Contreras, A.; Tlenkopatchev, M. A’;pea-Gonzkz, M.;
Riande, EMacromolecule2002 35, 4677.

(13) Tlenkopatchev, M. A.; Vargas, J.; pez-Gonzkez, M. M.; Riande,
E. Macromolecule003 36, 8483.

(17) Hu, W.; Adachi, K.; Matsumoto, H.; Tanioka, Al. Chem. Soc.,
Faraday Trans1998 94, 665.

(18) Sungpet, A.; Way, J. D.; Thoen, P. M.; Dorgan, JJRMembr. Sci.
1997, 136, 111.

(19) Yamaguchi, T.; Koval, C. A.; Noble, R. D.; Bowman, C. G&hem.
Eng. Sci.1996 51, 4781.

(20) Boyd, T. H.; Schrock, R. Rvlacromolecules999 32, 6608.

(21) Fernandez-Carretero, F. J.; Compah; Riande, E.; Linares, A
Acosta, J. LJ. Electrochem. Socin press.

(22) Asrar, JMacromolecules992 25, 5150.

(23) Elabad, Y. A.; Napadensky, Polymer 2004 45, 3037.

(24) Ezquerra, T. A.; Kremer, J.; Wegner, G. Progress in Electromagnetic
Research. IDielectric Properties of Heterogeneous Materid@siou,
A., Ed.; Elsevier: Amsterdam, 1992; Vol. 6.

(25) Bode, W. WNetwork Analysis and Feedback Amplifier Desigan
Nostrand: Princeton, NJ, 1956.

(26) Barrer, R. M.Trans. Faraday Soc1939 35, 628.

(27) Vieth, W. R.; Sladek, K. 3. Colloid Sci.1965 20 1014.

(28) Ohya, H.; Kudryavtsev, V. V.; Semenova, SPdlyimide Membranes
Gordon and Breach Publishers: Tokyo, 1996; p 60.

(29) Petropoulos, J. HPure Appl. Chem1993 65, 219.

(30) CompanV.; Lopez-Gonzkez, M. M.; Riande, EMacromolecules
2003 36, 8576.

(31) Tlenkopatchev, M. A.; Vargas, J.; GitoM. A.; Lopez Gonzkz, M.;
Riande, E.Macromolecule®005 38, 2696.

(32) Haase, R.Thermodynamics of Irreersible Processes2nd ed.;
Dover: New York, 1990.

(33) Lopez, M. L.; CompanV.; Garrido, J.; Riande, E.; Acosta, J. L.
Electrochem. So001, 148 E372.

(34) Paddison, S. Annu. Re. Mater. Res2003 33, 289.

(35) Pozuelo, J.; Riande, E.; Saiz, E.; Comp@nMacromolecule006
39, 8862.

(36) Sata, T.lon-Exchange MembrangRRoyal Society of Chemistry:
Cambridge, 2004; Chapter 1.

MA062522Q



