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Hydrophobic Comb-Shaped Polymers Based on PPO with Long 
Alkyl Side Chains as Novel Anion Exchange Membranes

Abstract: Hydrophobic comb quaternary ammonium-functionalized poly(2,6-dimethyl-1,4-phenylene oxide) (AQA-PPOs) having long alkyl side chains were prepared asnovel anion exchange membranes. The effects of the relative number of alkyl sidechains in the polymer on the conductivity, alkaline stability and other physicochem-ical properties of the corresponding AQA-PPO membranes were also investigated.The membranes made with more alkyl groups displayed greater conductivity andalkaline stability, and this result was attributed to the increased water uptake ofthese membranes. The A11QA37-PPO membrane, which had the highest alkylgroup content, showed a conductivity as high as 46.0 mS cm-1 at 20 oC and 101.9 mS cm-1 at 80 oC with an IEC of only 1.92 meq g-1.
Keywords: anion exchange membranes, hydrophobic comb-shaped polymers, ionic conductivity, alkaline stability, water uptake.
1. IntroductionAnion exchange membrane-based alkaline fuel cells (AEMFCs)have been a topic of increasing interest on account of their var-ious advantages over the better-known and more-developedproton exchange membrane-based fuel cells (PEMFCs). In par-ticular, AEMFCs do not require precious metal-based electrodecatalysts, can be constructed using inexpensive metal hardwaredue to their alkaline operating conditions, exhibit reduced cor-rosion, and are characterized by fast oxygen reduction kineticsat the cathode.1-5 The greatest problems arising from the use ofanion exchange membranes (AEMs), which are the key compo-nent of the AEMFCs, are their relatively low ionic (hydroxide)conductivity and their poor chemical stability under alkalineconditions, especially at elevated temperatures, limiting theirpractical applications.6,7 Hence much effort has been devoted toimproving the ionic conductivity and chemical (alkaline) stabil-ity of the AEMs.8-11Ion conduction in AEMs is largely considered to follow themechanism proposed by Grotthuss12 and/or a vehicle mecha-nism,13 and water plays an important role as a medium totransport hydroxide ion for both mechanisms. Furthermore,increasing the water content of these membranes facilitatesthe dissociation of the hydroxide ion from the conducting group,hence facilitating ion conduction.14 Moreover, recent studieshave shown that the chemical stability of the AEMs can also beimproved by increasing the amount of water that the mem-branes take up.15,16 This improvement was attributed to thewater molecules being able to strongly bind the hydroxide, and

hence reducing the nucleophilicity of the hydroxide ion by“shielding” it from attacking the conducting group of the AEM.16Therefore, increasing the water uptake of the AEM is becomingconsidered an essential goal for enhancing both its conductiv-ity and alkaline stability. Increasing the ion-exchange capacity (IEC) of the AEM, withthe IEC defined as the number of milliequivalents (meq) of con-ducting groups per gram of the polymer component of themembrane, has generally been considered to be the easiestway to increase its water uptake and hence conductivity. How-ever, a high IEC is inevitably accompanied by excessive wateruptake; this leads to significant swelling and degradation of thephysical properties of the membranes.6,17,18 Therefore, a betterapproach to enhancing the hydroxide ion conductivity andalkaline stability of the AEM may be to increase the membranewater uptake while maintaining a moderate IEC.In the current work, we developed a new method to increasethe water uptake of AEMs without increasing their IEC values.The method involved introducing a long hydrophobic alkyl (C-12)group and quaternary ammonium groups onto the side chainof the polymer backbone to produce relatively hydrophobiccomb-shaped alkyl-substituted and quaternary ammonium-functionalized polymers 5. We also systematically investigatedthe effects of the number of alkyl chains per polymer on theconductivity, alkaline stability, and other chemophysical prop-erties of the membranes. The introduction of the alkyl groupswas found to increase the water uptake of the polymers, and toincrease the hydroxide ion conductivity and alkaline stability ofthe AEMs. These results were attributed to the introduced alkylgroups acting as a plasticizer to interfere with the interactionsbetween the polymer main chains and to generate additionalfree volumes, since as described above such free volumeswould be expected to promote increased water uptake, andsince increased water uptake would be expected to increase
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hydroxide ion conductivity and alkaline stability. Note that manysimilar comb-shaped polymers with long alkyl side chains havebeen previously developed as AEMs, but most of these researchefforts focused on improving the morphology of the membranesby introducing the long alkyl groups on the hydrophilic region,specifically by incorporating both the long alkyl chain and theion-conducting group (such as ammonium and imidazolium)on the same molecule; and the resulting hydrophilic comb-shapedmembranes, while having shown increased conductivity andchemical stability, have also often been found to be brittle, withthis brittleness attributed to excessive ionic interactions betweenthe conducting groups.19-22 To the best of our knowledge, thecurrent work is the first example of introducing a long alkylside chain on a polymer as a hydrophobic unit with the result ofthis introduction being an increase in the water uptake levels ofthe corresponding membranes and the production of rela-tively hydrophobic comb-shaped AEMs with high levels of con-ductivity and alkaline stability. 
2. Experimental

2.1. MaterialsPoly(2,6-dimethyl-1,4-phenylene oxide) (PPO) was obtained fromAsahi kasei (Mn: 20.5 kg mol-1, Mw: 49.7 kg mol-1, PDI: 2.42). Zincchloride (ZnCl2, 98%), lauryl chloride (>98%), trifluoroaceticacid (>99%), and triethylsilane (>98%) were purchased from TCIand chloromethyl methyl ether (CMME, technical grade), alumi-num chloride (99.99%), chlorobenzene (99.5%), 1,2-dichlo-roethane (DCE, anhydrous), and trimethyl amine (TMA, 45 wt%aqueous solution) were purchased from Sigma-Aldrich, N-methyl-2-pyrrolidone (NMP, 99%, Daejung chemical), were used as received.All other chemicals, unless otherwise mentioned, were obtainedfrom commercial sources and used as received. Distilled waterwas used throughout this study.
2.2. Synthesis of the alkyl-substituted and quaternary
ammonium-functionalized PPOs (AQA-PPOs) with different
alkyl content

2.2.1. Acylation of the PPO 1 to produce the acylated PPO
(Ac-PPO, 2) with different acylation degreeA typical procedure to prepare the acylated PPO (Ac-PPO) withdifferent acylation degree (or mol% of acylation) is as follows. 

Ac-PPO with degree of acylation of 11 (Ac11-PPO): In a500 cm3 two-necked flask equipped with a magnetic stirrer, anitrogen inlet and a condenser, the poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) (6.0 g, 50 mmol) was completely dis-solved in 1,2-dichloroethane (100 cm3) at 40 oC and cooled to r. t.Aluminum chloride (AlCl3) (0.80 g, 6 mmol) and lauryl chloride(1.31 g, 6 mmol) were then poured into the solution. Theresulting mixture was further stirred for 4 h at room tempera-ture. After this time, the resulting solution was treated withmethanol (1,000 cm3), and the resulting precipitated polymerwas filtered and washed three times with methanol. The poly-mer was finally collected and dried at 80 oC under vacuum togive Ac11-PPO as a white fiber (90%); H (400 MHz, CDCl3)

6.50-6.32 (179H, br signal, ArH2), 6.04-5.96 (11H, br signalArH2a), 2.95-2.82 (22H, br signal, H6), 2.24-1.89 (584H, br sig-nal, H1), 1.75-1.60 (25H, br signal, H5), 1.40-1.09 (154H, br sig-nal, H4), 0.90-0.72 (35H, br signal, H3); (KBr)/cm-1 2922, 2858,1704, 1596, 1468, 1300, 1180, 1021, 957 and 854.
Ac-PPO with degree of acylation of 7 (Ac7-PPO): Yield of93%; H (400 MHz, CDCl3) 6.50-6.32 (184H, br signal, ArH2),6.04-5.96 (7H, br signal ArH2a), 2.95-2.82 (14H, br signal, H6),2.24-1.89 (580H, br signal, H1), 1.75-1.60 (19H, br signal, H5),1.40-1.09 (94H, br signal, H4), 0.90-0.72 (25H, br signal, H3).
Ac-PPO with degree of acylation of 3 (Ac3-PPO): Yield of91%; H (400 MHz, CDCl3) 6.50-6.32 (193H, br signal, ArH2), 6.04-5.96 (3H, br signal ArH2a), 2.95-2.82 (8H, br signal, H6), 2.24-1.89 (589H, br signal, H1), 1.75-1.60 (10H, br signal, H5), 1.40-1.09 (54H, br signal, H4), 0.90-0.72 (9H, br signal, H3).

2.2.2. Reduction of the acylated PPO (Ac-PPO, 2) to produce
the alkylated PPO (A-PPO, 3) with different alkyl contentA typical procedure to prepare the alkylated PPO (A-PPO) withdifferent alkyl content is as follows. 

A-PPO with alkyl composition of 11 (A11-PPO): Ac11-PPO (5 g, 3.57 mmol) was dissolved in 200 cm3 of 1,2-dichlo-roethane (DCE). Subsequently trifluoroacetic acid (TFA) (150cm3) and triethylsilane (18 cm3) were added, and the reactionwas heated under stirring to 100 oC for 24 h. After this time, thereaction mixture was poured into 1 M KOH solution until neutralpH was achieved, and this was further poured into 1,000 cm3methanol. The polymer was filtered and washed with metha-nol three times. The polymer was collected as a white powderand dried at 80 oC under vacuum for at least 24 h to give the A-PPO with a yield of 82%; H (400 MHz, CDCl3) 6.55-6.37 (181H,br signal, ArH2), 6.03-5.96 (10H, br signal, ArH2b), 2.86-2.73 (20H,br signal, H7), 2.27-1.87 (601H, br signal, H1), 1.68-1.50 (36H, brsignal, H6a), 1.48-1.17 (163H, br signal, H4 and H5a), 0.91-0.78(38H, br signal, H3); (KBr)/cm-1 2922, 2849, 1601, 1467, 1296,1185, 1017, 957 and 854.
A-PPO with alkyl composition of 7 (A7-PPO): Yield of 82%;

H (400 MHz, CDCl3) 6.55-6.37 (184H, br signal, ArH2), 6.03-5.96(7H, br signal, ArH2b), 2.86-2.73 (16H, br signal, H7), 2.27-1.87(578H, br signal, H1), 1.68-1.50 (24H, br signal, H6a), 1.48-1.17(100H, br signal, H4 and H5a), 0.91-0.78 (21H, br signal, H3).
A-PPO with alkyl composition of 3 (A3-PPO): Yield of 82%;

H (400 MHz, CDCl3) 6.55-6.37 (195H, br signal, ArH2), 6.03-5.96(3H, br signal, ArH2b), 2.86-2.73 (7H, br signal, H7), 2.27-1.87(595H, br signal, H1), 1.68-1.50 (23H, br signal, H6a), 1.48-1.17(44H, br signal, H4 and H5a), 0.91-0.78 (19H, br signal, H3).
2.2.3. Chloromethylation of the alkylated PPO (A-PPO, 3)
to produce the alkyl-substituted and chloromethylayed
PPO (ACl-PPO, 4) with different alkyl contentA typical procedure to prepare the alkylated and chloromethyl-ated PPO (ACl-PPO) with different alkyl content is as follows. 

ACl-PPO with alkyl composition of 11 and chloromethyl-
ation degree of 37 (A11Cl37-PPO): A11-PPO (3 g, 2.16 mmol)was dissolved in 45 cm3 of chlorobenzene. Subsequently zincchloride (150 mg, 5 wt%) and chloromethyl methyl ether (CMME,2.26 g) were added. The mixture was stirred for 3 h at 50 oC.
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Macromolecular Research After this time, the reaction mixture was poured into methanol(500 cm3). The polymer was filtered and washed with metha-nol three times. The polymer was collected as a white fiber anddried at 80 oC under vacuum for at least 24 h to give the A11-Cl37-PPO with a yield of 96% and chloromethylation degree of37%; H (400 MHz, CDCl3) 6.67-6.37 (105H, br signal, ArH2),6.14-5.92 (48H, br signal, ArH2c), 5.06-4.79 (64H, br signal, H8),2.99-2.68 (28H, br signal, H7), 2.47-1.85 (522H, br signal, H1),1.67-1.48 (31H, br signal, H6a), 1.48-1.15 (139H, br signal, H4and H5a), 0.92-0.77 (26H, br signal, H3); (KBr)/cm-1 2926, 2853,1605, 1468, 1309, 1262, 1185, 1017, 957, 854, 716 and 644; GPC(CHCl3, RI)/ Da Mn 3.2×104, Mw 12.3×104 and Mw/Mn 3.84.
A7Cl37-PPO: Yield of 96% and chloromethylation degree of37%; H (400 MHz, CDCl3) 6.67-6.37 (113H, br signal, ArH2),6.14-5.92 (44H, br signal, ArH2c), 5.06-4.79 (64H, br signal, H8),2.99-2.68 (21H, br signal, H7), 2.47-1.85 (519H, br signal, H1),1.67-1.48 (28H, br signal, H6a), 1.48-1.15 (89H, br signal, H4 and H5a),0.92-0.77 (21H, br signal, H3); GPC (CHCl3, RI)/Da Mn 3.5×104,

Mw 13.6×104 and Mw/Mn 3.90.
A3Cl37-PPO: Yield of 96% and chloromethylation degree of37%; H (400 MHz, CDCl3) 6.67-6.37 (119H, br signal, ArH2),6.14-5.92 (41H, br signal, ArH2c), 5.06-4.79 (65H, br signal, H8),2.99-2.68 (9H, br signal, H7), 2.47-1.85 (523H, br signal, H1),1.67-1.48 (17H, br signal, H6a), 1.48-1.15 (30H, br signal, H4 and H5a),0.92-0.77 (12H, br signal, H3); GPC (CHCl3, RI)/Da Mn 3.8×104,

Mw 15.0×104 and Mw/Mn 3.92.
A0Cl37-PPO: Yield of 96% and chloromethylation degree of37%; H (400 MHz, CDCl3) 6.67-6.37 (123H, br signal, ArH2),6.14-5.92 (38H, br signal, ArHc), 5.06-4.79 (64H, br signal, H8),2.47-1.85 (513H, br signal, H1); GPC (CHCl3, RI)/Da Mn 3.9×104,

Mw 16.3×104 and Mw/Mn 4.20.
2.2.4. Functionalization of the chloromethylated PPO (ACl-
PPO, 4) to produce the alkyl-substituted and quaternary
ammonium-functionalized PPO (AQA-PPO, 5) with differ-
ent alkyl contentA typical procedure to prepare the alkylated and quaternaryammonium-functionalized PPO (AQA-PPO) with different alkylcontent is as follows. 

AQA-PPO with alkyl composition of 11 and quaternary
ammonium composition of 37 (A11QA37-PPO): A11Cl37-PPO (3 g, 1.91 mmol) was dissolved in 15 cm3 of N-methyl-2-pyrrolidone (NMP). Trimethyl amine (TMA, 45 wt%) (1.97 g,15 mmol) was added to form a homogeneous mixture. Themixture was stirred for 48 h at 40 oC, and after this time, thereaction mixture was poured into ethyl acetate (250 cm3). Thepolymer was filtered and washed with ethyl acetate three times.The polymer was collected as a white powder and dried at 80 oCunder vacuum for at least 24 h to give the A11QA37-PPO with ayield of 91%; H (400 MHz, d6-DMSO) 6.66-6.38 (12H, br signal,ArH2), 6.34-6.11 (4H, br signal, ArH2b,2d), 5.04-4.60 (7H, br sig-nal, H8a), 3.31-3.04 (21H, br signal, H9), 2.38-1.75 (50H, br signal,
H1,7), 1.66-1.45 (3H, br signal, H6a), 1.40-1.08 (15H, br signal, H4and H5a), 0.85-0.69 (3H, br signal, H3).

A7QA37-PPO: Yield of 91%; H (400 MHz, d6-DMSO), 6.66-6.38 (114H, br signal, ArH2), 6.34-6.11 (43H, br signal, ArH2b,2d),5.04-4.60 (74H, br signal, H8a), 3.31-3.04 (229H, br signal, H9),

2.38-1.75 (501H, br signal, H1,7), 1.66-1.45 (27H, br signal, H6a),1.40-1.08 (93H, br signal, H4 and H5a), 0.85-0.69 (21H, br signal, H3).
C3Y37PPO-QA: Yield of 91%; H (400 MHz, d6-DMSO), 6.66-6.38 (131H, br signal, ArH2), 6.34-6.11 (35H, br signal, ArH2b,2d),5.04-4.60 (71H, br signal, H8a), 3.31-3.04 (201H, br signal, H9),2.38-1.75 (553H, br signal, H1,7), 1.66-1.45 (15H, br signal, H6a),1.40-1.08 (29H, br signal, H4 and H5a), 0.85-0.69 (10H, br signal, H3).
C0Y37PPO-QA: Yield of 91%; H (400 MHz, d6-DMSO), 6.66-6.38 (123H, br signal, ArH2), 6.34-6.11 (39H, br signal, ArH2d),5.04-4.60 (78H, br signal, H8a), 3.31-3.04 (20H, br signal, H9),2.38-1.75 (511H, br signal, H1).

2.3. Fabrication of membranesAll alkyl-substituted and quaternary ammonium-functional-ized PPO (AQA-PPO) polymers (0.45 g) in their bromine formswere dissolved in NMP to make their concentrations of 5 wt%.Each solution was then filtered through a cotton plug and pouredonto a glass petri dish with an 11 cm diameter. This processresulted in the formation of membranes, which while still onthe petri dishes were then dried by heating them at 60 oC for 24 hand 80 oC 4 h in a vacuum. The membranes were then peeledoff the dishes containing the membranes by immersion indeionized water. The peeled off membranes were then immersedin 1 M KOH solution at r.t. for 24 h in a closed container to obtainthe OH- forms of the membranes, which were then stored indeionized water for at least 24 h at r.t. prior to further analysis. 
2.4. Characterization

1H NMR spectra were obtained on an Agilent 400-MR (400 MHz)instrument using d6-DMSO or CDCl3 as a reference or internal deu-terium lock. FT-IR spectra were recorded on a PerkinElmer FT-IR Spectrum Two spectrometer. Molar masses were determined by Gel Permeation Chroma-tography (GPC) using two PL Gel 30 cm × 5 µm mixed C columnsat 30 oC running in CHCl3 and calibrated against polystyrene(Mn=600-106 g/mol) standards using a Knauer refractive indexdetector. The X-ray diffraction patterns of the dry membranes wererecorded using a Rigaku HR-XRD smartlab diffractometer byemploying a scanning rate of 0.1o/min in a 2θ range from 0o to2o with a Cu-Kα X-ray (=1.54 Å). The dried membranes wereplaced under vacuum at 80 oC for 12 h prior to the measure-ment. The X-ray diffraction patterns of the dry membranes wererecorded using a Rigaku HR-XRD smartlab diffractometer byemploying a scanning rate of 0.1o min-1 in a 2θ range from 0 o to4o with a Cu-K X-ray (=1.54 Å). The samples were equili-brated with 50% RH at least 24 h prior to the measurement. Glass transition temperature (Tg) was measured by differen-tial scanning calorimetry (DSC) on a perkinElmer DSC 4000.Samples were prepared in aluminium pans and measured from25-250 oC for 3 cycles. The heating and cooling rate was 10 oCper minute. The third heating was used to determine the glasstransition temperature (Tg). Tensile properties were measured on a Shimadzu EZ-TESTE2-L instrument benchtop tensile tester using a crosshead speed
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of 1 mm min-1 at 25 oC under 50% relative humidity. The mem-branes have a thickness between 45 and 50 mm. Engineeringstress was calculated from the initial cross sectional area of thesample and Young’s modulus (E) was determined from the ini-tial slope of the stress–strain curve. The membrane sampleswere cut into a rectangular shape with 40 mm × 10 mm (total)and 20 mm × 10 mm (test area).
2.4.1. Ion exchange capacityThe ion exchange capacity of membranes in the hydroxideform was measured by the back titration method. The 20 mg ofeach membrane sample in its hydroxide form was immersed ina 0.01 M HCl standard solution for 48 h in order to fully neutral-ize OH- ions in the membrane. The unreacted HCl was titratedby 0.01 M NaOH standard solution with phenolphthalein as anindicator. The measured IEC value was calculated using the fol-lowing equation: 
where V0NaOH and VxNaOH are the volume of the NaOH consumedin the titration without and with membranes respectively, CNaOHis the mole concentration of the NaOH which are titrated by thestandard oxalic acid solution, and Wdry is the weight of the driedmembranes. 
2.4.2. ConductivityHydroxide ion conductivity () in plane direction of each mem-brane (size: 1 cm ×  4 cm in liquid water) was obtained using
 = l/RA (l: distance between electrodes, A: cross-sectional areaof a membrane coupon). Here, ohmic resistance (R) was mea-sured by two-point probe alternating current (ac) impedancespectroscopy using an electrode systems connected with animpedance/gain-phase analyzer (SI-1260) and an electro-chemical interface (SI-1287) over the frequency range from 10to 200 kHz. The conductivity measurements in liquid waterwere performed at different temperature range from 20 oC to80 oC. To minimize unwanted carbonate formation, the cell wascompletely immersed in degassed and deionized water and theimpedance spectrum was collected quickly. The conductivityvalue was obtained by the average of at least 3 trials with sametime intervals.
2.4.3. Water uptake and swelling ratioThe water uptake and swelling ratio of the membranes weremeasured at both 20 oC and 80 oC. After exchanging membraneswith their hydroxide forms, the membranes were soaked intodistilled water for more than 24 h. After this time, they werewiped with tissue paper, and the weight and thickness of wetmembranes were measured immediately. Afterwards, the mem-branes were then dried under a vacuum oven at 80 oC until aconstant weight and thickness was obtained. The water uptake(WU) and swelling ratio (SR) of the membranes were calcu-lated by following equation:

where, Wwet and Wdry are the weight of wet and dry membranesand twet and tdry are the thickness of the wet and dry membranes,respectively. The IEC, water uptake and swelling ratios were all obtainedby the average of 3 different measurements. 
2.4.4. Density measurementThe densities of the membranes (g cm-3) were determinedexperimentally using a top-loading electronic Mettler Toledobalance (XP205, Mettler-Toledo, Switzerland) coupled with adensity kit based on Archimedes’ principle. The samples wereweighed in air and in a liquid with a known density, i.e., high-purity heptane (=0.679 g cm-3). The measurement was takenat r.t. by using the buoyancy method and the density was calcu-lated using the equation 
where W0 and W1 are the weights of the membrane in air andheptane, respectively. The heptane sorption of the membraneswas not considered due to their extremely low absorption level.
3. Results and discussion

3.1. Synthesis and characterization of hydrophobic comb-
shaped alkyl-substituted and quaternary ammonium-
functionalized PPOs (AQA-PPOs)The syntheses of PPOs having attached to their backbones dif-ferent relative amounts of the alkyl group as hydrophobic sidechains (specifically 3, 7, or 11 mol% of the alkyl group relativeto PPO), but all having the same relative amount (37%) of thequaternary ammonium group as conducting group side chains,are described in Scheme 1. The use of PPO as the main polymerbackbone was due to its commercial availability and high chemi-cal, mechanical and thermal stability levels.23-25First, an acyl group having a C-12 carbon length was intro-duced onto the side chain of PPO (1) by carrying out Friedel-Craftsacylation using PPO and three different numbers of moles of lau-ryl chloride and aluminum chloride to give the acylated PPOs(acyl-PPOs, 2) with the three different relative amounts of theacylated substituent (or acylation degree), i.e., 3, 7, and 11 mol%,and denoted as Ac3-PPO, Ac7-PPO, and Ac11-PPO, respectively.The ketone groups of the three acylated PPOs 2 were thenquantitatively reduced, using an excess amount of triethyl silaneand trifluoroacetic acid, to the corresponding alkylated (dodec-ylated) PPOs (A-PPO, 3), denoted as A3-PPO, A7-PPO, and A11-PPO, respectively.26 Further chloromethylation of the alkylatedPPOs using zinc chloride and chloromethyl methyl ether (CMME)gave the alkyl-substituted and chloromethylated PPOs (ACl-PPO, 4), which were then functionalized to ammonium usingtrimethyl amine to produce the desired PPOs having the differ-ent relative amounts, 3, 7, and 11 mol%, of the alkyl group andthe same relative amount, 37 mol%, of quaternary ammonium

IECexp meq/g 
V0NaOHCNaOH VxNaOHCNaOH–

Wdry
------------------------------------------------------------=

WUw wt% 
Wwet Wdry–

Wdry
-------------------------- 100%=

SR t 
twet tdry–

tdry
------------------- 100=

polymer
W0 W1–

W0------------------- liquid=
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group (AQA-PPO, 5), and denoted as A3QA37-PPO, A7QA37-PPO and A11QA37-PPO, respectively. The PPO with no alkylsubstituents but having the same relative amount (37 mol%) ofthe ammonium group (A0QA37-PPO) was also prepared, bychloromethylating PPO followed by carrying out the ammoniumfunctionalization, to serve as a reference to investigate theeffect of the alkyl side chain on the PPO. The chloromethylationwas controlled to be 37% and functionalization of the chloro-methyl to the ammonium group was found to be almost 100%for all four polymers. The structural analysis of the PPOs with the four differentrelative amounts of the alkyl group (0, 3, 7, and 11%) as thehydrophobic unit and the same amount (37%) of the quater-nary ammonium as the conducting group was carried out asfollows. The acylation was first confirmed by carrying out acomparative 1H NMR spectroscopic analysis: while the spectraof PPO and all three acylation products showed the aromaticpeak (H2) at about 6.46 ppm, the spectra of the products of theacylation reactions showed several peaks not observed in thespectrum of PPO, including an aromatic peak (H2a) at 6.07 ppmwith different integrals for the different Ac-PPOs, a characteris-tic peak of hydrogen (H6) next to a ketone at 2.94 ppm, and alkyl

peaks (H3, H4, and H5) between 0.9 and 1.7 ppm (Figure S1 inSupporting information). The acylation degree for each prod-uct was determined by calculating the integral ratio between
H2 (6.46 ppm) and H2a (6.07 ppm), and was found to be 3, 7, and11%, respectively (Figure S1). The reduction of the carbonyl groups of the acylated PPOs, 2,was also confirmed by carrying out 1H NMR spectroscopic analy-ses. The spectra of the products of the reduction reaction (Fig-ure S2) showed a couple of new peaks not observed in thespectra of the compounds before reduction including an aro-matic peak (H2b) at 5.99 ppm and a benzyl peak (H7) near 2.80 ppm,and did not show the peak at 2.94 ppm, attributed to hydrogen(H6) next to a ketone, that was observed in the spectra of thecompounds before reduction, while all the alkyl protons remainedalmost the same at the same chemical shifts and with the samerelative integrals before and after reduction (Figure S2). Thereduction was further confirmed by comparing the IR spectraof the acylated PPOs with those of the reduced forms: the peakcorresponding to the C=O vibrational mode of the ketone at1700cm-1 disappeared after reduction (Figure S3). These observa-tions taken together strongly suggested that the reduction wascomplete.

Scheme 1. Synthetic route to the alkyl-substituted and quaternary ammonium-functionalized PPO (AQA-PPO: A3QA37-PPO, A7QA37-PPO, andA11QA37-PPO), and their non-alkylated counterpart (A0QA37-PPO).
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Chloromethylation of the alkylated PPO 3 to the alkyl-substi-tuted and chloromethylated PPO (ACl-PPO, 4) was also con-firmed using 1H NMR spectroscopic analysis. The spectra of theproducts of the chloromethylation reaction (Figure S4), in addi-tion to showing the original aromatic peak H2 (6.46 ppm), alsoshowed a couple of peaks not observed in the spectra of thecompounds just prior to chloromethylation, including an aro-matic peak H2c at 6.07 ppm and a broad chloromethyl peak (H8)at 4.92 ppm. The percent conversion for the chloromethylationreaction was determined by calculating by the integral ratios ofthe benzyl peak (H1 at 2.08 ppm in Figure S4) with the newchloromethyl peak (H8 at 4.92 ppm), and was controlled to be37% for all four PPOs with the different relative amounts ofalkyl groups (A0Cl37-PPO, A3Cl37-PPO, A7Cl37-PPO and A11-Cl37-PPO). Finally, conversion of ACl-PPO, 4, to the alkyl-substitutedand quaternary ammonium-functionalized PPO (AQA-PPO, 5)was confirmed by the corresponding disappearance of thechloromethyl peak (H8 at 4.92 ppm in Figure S4) and appear-ance of a benzyl peak next to the quaternary ammonium (H8a at4.78 ppm in Figure S5), together with the appearance of newmethyl peaks (H9 at 3.18 ppm). These results specifically indi-cated a complete conversion of the chloromethyl group to thequaternary ammonium group.It should be also mentioned that the molecular weights of thefour alkylated and chloromethylated PPOs (ACl-PPOs) wereanalyzed by GPC, and were found to be almost similar irrespec-tive of the alkyl content (Figure S6 and Table S1). Therefore, themolecular weight effect of our hydrophobic comb-shaped poly-mers can be ruled out.
3.2. Preparation of the hydrophobic comb-shaped alkyl-
substituted and quaternary ammonium-functionalized
PPO (AQA-PPO) membranes 5The alkyl-substituted and quaternary ammonium-functional-ized PPO (AQA-PPOs) membranes with the different relativeamounts of the alkyl group (0, 3, 7, and 11%) and same relativeamount of the quaternary ammonium group (37%) (A0QA37-PPO, A3QA37-PPO, A7QA37-PPO, and A11QA37-PPO) were pre-

pared by casting the NMP solution of the corresponding AQA-PPOs onto a glass plate, followed by vacuum drying. Subsequentimmersion of these membranes into a potassium hydroxidesolution produced hydrophobic comb-type pendant alkyl-sub-stituted and quaternary ammonium-functionalized PPO (AQA-PPO) membranes with hydroxide counter anions. The obtainedAQA-PPOs offered transparent and flexible membranes (Fig-ure 1), and were readily soluble in organic solvents includingDMF and DMAc. 
3.3. IEC, water uptake and conductivity of the hydropho-
bic comb-shaped AQA-PPO membranesThe IEC and water uptake are very important factors in deter-mining the ion conductivity and physical properties of AEMs.Theoretical IEC values were calculated using the degree offunctionalization determined from the above-described 1H NMRanalyses (Table 1). These theoretical IEC values decreased asthe alkyl group content was increased. That is, the theoreticalIEC value of A0QA37-PPO was greater than that of A3QA37-PPO, which was greater than that of A7QA37-PPO, which in turnwas greater than that of A11QA37-PPO. This trend of decreas-ing IEC, i.e., decreasing number of milliequivalents (meq) ofconducting groups per gram of polymer, resulted from the massof the polymer increasing as the alkyl content was increasedwhile the number of conducting groups was fixed at 37% of thenumber of polymers. The experimentally determined IEC val-ues, measured by back titration using an NaOH solution, wereslightly different from the theoretical IEC values but showedthe same tendency, i.e., the IEC decreased as the alkyl contentwas increased (Table 1).The water uptake levels of the four membranes, i.e., thosehaving different relative numbers of alkyl groups but the samerelative number of ammonium groups, were measured both at20 oC and 80 oC, and showed greater values at the higher tem-perature for all four membranes (Table 1). In addition, increasedwater uptake values were obtained with an increase of thealkyl group content: the water uptake values of A0QA37-PPO,having no alkyl groups, were 33.7% at 20 oC and 62.2% at 80 oC,and these values increased to 42.2% and 74.8% at 20 oC and

Figure 1. Photographs of the hydrophobic comb-shaped alkyl-substituted and quaternary ammonium-functionalized AQA membranes.
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80 oC, respectively, for A11QA37-PPO, which was made with themost alkyl groups. This rather surprising result was ascribed toincreased free volumes resulting from the alkyl group sidechains interfering with the formation of close-packed interac-tions between the polymer main chains.The hydroxide conductivities of all four membranes weremeasured at temperatures ranging from 20 °C to 80 °C in liquidwater. As shown in Figure 2 and Table 1, the conductivity increasedwith increasing alkyl content: A0QA37-PPO showed conductiv-ity values of 37.6 mS cm-1 and 84.9 mS cm-1 at 20 oC and 80 oC,respectively, and these values increased to 46.0 mS cm-1 and 101.9mS cm-1 for A11QA37-PPO. The conductivity and IEC data forour relatively hydrophobic comb-shaped alkyl-substituted andquaternary ammonium-functionalized PPOs (AQA-PPOs) dif-fered from the typical trend where higher conductivity levelsare usually obtained for membranes with higher IEC values.The higher conductivities for our hydrophobic comb-shapedmembranes containing more alkyl side chains, despite theirlower IEC values, may be related with their increased wateruptake, caused by their increased free volume (Table 1).Ion conductivity is necessarily influenced by the diffusion ofions, and hence increased conductivity is typically obtained atelevated temperatures because ion diffusion is accelerated withan increase of temperature. Likewise, as the water contentincreases, dissociation of ions from conducting groups is alsofacilitated. Therefore, as the water content of our AQA-PPOmembranes increased, the number of dissociated (hydroxide)ions also increased, and hence increased hydroxide conductivity

was obtained for the membranes having greater water uptake. 
3.4. Density and DSC analysis of the hydrophobic comb-
shaped AQA-PPO membranesThe densities of the four AQA-PPO membranes were measuredin their hydroxide forms, both in dry and fully hydrated states,to investigate the effect of the alkyl group content on the freevolume of the membrane (Table 2). A0QA37-PPO, having no alkylgroups, showed the highest density both in the dry state (with adensity value of 1.17 g cm-3) and hydrated state (1.12 g cm-3), andthese values decreased continuously as the alkyl content wasincreased (A0QA37-PPO>A3QA37-PPO>A7QA37-PPO>A11QA37-PPO), indicating increased free volumes for the AQA-PPOmembranes having more alkyl groups. A11QA37-PPO, havingthe most alkyl groups, hence showed the lowest density value,both in its dry state (density value of 1.08 g cm-3) and hydratedstate (1.03 g cm-3). The densities of all the membranes in theirhydrated states were lower than those in their dry statesbecause of low density of water (1.00 g cm-3).We also set out to determine the glass transition tempera-ture (Tg) values of the four membranes with different alkyl con-tents using the differential scanning calorimetry (DSC) technique(Figure 3 and Table 2). The highest Tg (214 oC) was obtained forA0QA37-PPO, and the Tg values were found to continuouslydecrease as the alkyl content was increased. The alkyl groupsintroduced as side chains of PPO appeared to have acted as aplasticizer, weakening the interactions between the PPO polymerbackbones, and hence generating more free volume betweenthe polymer chains, resulting in decreases in both density and
Tg values for the AQA-PPO membranes with more alkyl side chains.Both the density and Tg data were consistent with the wateruptake and conductivity data, and they all were attributed tothe free volume generated by the introduction of what servedas alkyl spacers separating polymer backbones from oneanother. 

Table 1. IEC, water uptake and conductivity values of the alkyl-substituted, quaternary ammonium-functionalized AQA-PPO membranes withdifferent alkyl group contentsMembrane Code IEC (meq/g) Water uptake (%) OH- conductivity (mS cm-1)Theoretical Experimental 20 °C 80 °C 20 °C 40 °C 60 °C 80 °CA0QA37-PPO 2.51 2.13 33.7 62.2 37.6 54.9 72.3 84.9A3QA37-PPO 2.43 2.02 35.2 63.9 39.1 56.2 77.5 87.5A7QA37-PPO 2.32 1.95 40.0 69.6 44.8 65.1 84.1 94.0A11QA37-PPO 2.23 1.92 42.2 74.8 46.0 70.1 88.9 101.9

Figure 2. Hydroxide conductivity of the alkyl-substituted and quater-nary ammonium-functionalized AQA membranes with different alkylcontent as a function of temperature.

Table 2. Density and Tg values of the alkyl-substituted, quaternary ammonium-functionalized AQA-PPO membranes with different alkyl contentMembrane Code Density (g cm-3) Glass transition temperature (oC)aDry WetA0QA37-PPO 1.17 1.12 214A3QA37-PPO 1.15 1.11 207A7QA37-PPO 1.10 1.07 191A11QA37-PPO 1.08 1.03 174
aTg: Determined from the second heating cycle.
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3.5. Morphological analyses of the hydrophobic comb-
shaped AQA-PPO membranesSAXS is an important tool for identifying the morphologies ofionomeric membranes. Ionomeric SAXS peaks were found forall four membranes at a q value of about 0.02 Å, but wereslightly shifted toward lower q values as the alkyl content wasincreased, as shown in Figure 4. This result indicated an increasein the separation lengths (or d-spacings, calculated using theequation d=2/q) and was attributed to increasing distancesbetween the ionic domains of the membranes with increasingalkyl content (Table S2). Higher free volumes and hence higherwater uptake were, therefore, expected for the membranes hav-

ing higher alkyl contents, and could also explain the increasedconductivity of the AQA-PPO membranes prepared with higheralkyl contents. In fact, the AQA-PPO membrane having the mostalkyl groups, i.e., A11QA37-PPO, showed the largest free vol-ume (lowest density) as well as greatest water uptake and con-ductivity.
3.6. Mechanical and dimensional properties of the hydropho-
bic comb-shaped AQA-PPO membranesThe mechanical properties of the four hydrophobic comb-shaped AQA-PPO membranes having different alkyl contentswere assessed at 50% RH. As shown in Figure S7 and Table 3,A0QA37-PPO, having no alkyl groups, showed the highest ten-sile strength and elongation, and these values generally decreasedas the alky group content was increased (except for A7QA37-PPO and A11QA37-PPO, which showed similar tensile strengthvalues), providing further evidence for the plasticization effectof the alkyl side chains. That is, more free volume was gener-ated between the polymer backbones as the alkyl side chainswere introduced, resulting in weaker molecular interactionsand hence poorer physical properties. In addition, the swelling ratio of the AQA-PPO membranewas found to increase as its alkyl content was increased, andthis result was attributed to enhanced water uptake caused byincreased free volume with more alkyl groups (Table 3). Nev-ertheless, the overall levels of swelling observed for all fourAQA-PPO membranes were low, even at a high temperature of80 oC (Table 3), indicating a relatively high dimensional stabil-ity for the alkyl group as a hydrophobic unit and the quaternaryammonium as a conducting group.

Figure 3. DSC trace for the alkyl-substituted and quaternary ammonium-functionalized AQA membranes with different alkyl content: First cool-ing cycle (a) and second heating cycle (b) at a rate of 10 °C per minute.

Table 3. Mechanical properties and dimensional stability of the AQA-PPO membranesMembrane Code Tensile strength (MPa) Elongation (%) Young’s modulus (GPa) Swelling ratio (%)20 °C 80 °CA0QA37-PPO 51.7 99.1 1.19 21.0 28.9A3QA37-PPO 48.1 82.4 1.15 21.2 29.5A7QA37-PPO 39.5 55.8 1.08 25.2 35.5A11QA37-PPO 40.6 46.0 1.05 26.6 36.2

Figure 4. SAXS patterns of the alkyl-substituted and quaternary ammo-nium-functionalized AQA membranes with different alkyl content.
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3.7. Alkaline stability of the hydrophobic comb-shaped
AQA-PPO membranesThe conducting ion, that is hydroxide, of the AEMs used in thealkaline fuel cell can also function as a nucleophile to decom-pose not only the polymer backbone but also the ion-conduct-ing group especially at elevated temperature above 80 oC.27-29We, therefore, investigated the long-term tolerance levels ofour hydrophobic comb-shaped AQA-PPO membranes havingalkyl side chains to alkaline conditions by measuring and thencomparing their conductivity levels before, during and afterimmersing them in 1 M KOH at 80 oC for 500 h (Figure 5). Theconductivity levels of the four membranes decreased rapidlyduring the first 100 h and then gradually decreased for the next400 h. The A0QA37-PPO membrane, in which no alkyl groupwas introduced, underwent a rapid reduction in conductivityafter it was immersed in the 1 M KOH solution at 80 oC: about60.4% of the initial conductivity of this membrane was lostafter it was immersed at 80 oC for only 50 h (Figure 5), and themembrane appeared to be broken into pieces after 250 h atthis temperature. In contrast, much less of the initial conductiv-ities of the AQA-PPO membranes containing alkyl side chainswere lost in these conditions: for example, only 60.7% of theinitial conductivity of the A11QA37-PPO membrane, which wasmade with the most alkyl groups, was lost after it was immersedin the 1 M KOH solution for 500 h (Figure 5). These results indicated that the introduction of the alkyl sidechains also enhanced the chemical stability of the correspond-ing membrane. In fact, the three AQA-PPO membranes havingthe alkyl side chains (A3QA37-PPO, A7QA37-PPO, and A11QA37-PPO) all maintained their original appearance and flexibilityeven after 500 h in the 1 M KOH solution at 80 oC. As mentionedpreviously, the water molecules, which strongly bind hydrox-ide, can reduce the nucleophilicity of the hydroxide by “shield-ing” it from attacking the conducting group of the AEMs. Theincreased water uptake levels for the AQA-PPO compoundsmade with more alkyl side chains were, therefore, thought to

have contributed to the enhanced alkaline stability levels of thecorresponding membranes.
4. ConclusionsA series of hydrophobic comb-shaped alkyl-substituted andquaternary ammonium-functionalized PPOs (AQA-PPOs) havingdifferent numbers of alkyl chains per polymer were preparedas novel anion exchange membranes (AEMs). Unlike otherhydrophilic comb-shaped polymers where both the long alkylchains and conducting groups are incorporated together on thesame molecule, our approach was to introduce the long alkylchain as a hydrophobic unit, separated from the hydrophilicquaternary ammonium-functionalized unit. Our results sug-gested that the introduced hydrophobic alkyl side chain actedas a plasticizer to interfere with the interaction between thepolymer main chains and hence generate more free volumes,thereby increasing the water uptake levels and hence eventu-ally increasing the ion conductivity and alkaline stability levelsof the corresponding membranes. We expect that this simpleapproach we developed will help to tackle the problems aris-ing in AEMs, specifically their relatively low ionic (hydroxide)conductivity and their poor chemical stability under alkalineconditions especially at elevated temperatures, and hence expandthe practical applications of AEMFCs.
Supporting information: Information is available regardingthe 1H NMR spectra, IR spectra, GPC profiles and stress-strain curvesfor the samples. The materials are available via the Internet athttp://www.springer.com/13233.
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