CHAPTER IV
POLYETHYLENIMINE CONTAINING BENZIMIDAZOLE BRANCHING:
A MODEL SYSTEM PROVIDING A BALANCE OF HYDROGEN BOND
NETWORK OR CHAIN MOBILITY ENHANCES PROTON
CONDUCTIVITY

41 Abstract

A series of multi-benzimidazole functionalized branched polyethylenimine
(MPEI) with varied benzimidazole substitution are designed and synthesized to study
how hydrogen bonds of benzimidazole can be enhanced through the branching
structure of polymer chains. The reduction of H-bonding and the increment of inter-
atomic distance distribution initiate an increase in proton conductivity with
temperature as detailed analyses by temperature dependence Fourier transform
infrared (FTIR) spectroscopy and radial distribution function calculated from
temperature dependence X-ray diffraction technique. MPEIS with the higher
benzimidazole substitution perform the more number of hydrogen bonds together
with the lowering of chain mobility. Combining with the proton conductivity
evaluation, 6PEI with 19.7 % benzimidazole substitution is a preferable condition
since at this condition hoth hydrogen bond and chain mobility are in good balance
favor the proton transfer resulting in a significant proton conductivity ~10"5 c¢m’lin
the case of pure sample in pellet form and ~10"4 cm"Lin the case of the blend with
PVA in membrane form measuring at 190 °c under anhydrous condition.

Keywords: Polymer electrolyte membrane; Hydrogen bonding; Benzimidazole;
Branched polyethylenimine, Proton transfer

4.2 Introduction
Polymer electrolyte membrane fuel cell (PEMFC) has been developed to

become one of the most promising clean power generation technologies for vehicles
and portable devices.I3 Polymer electrolyte membrane (PEM) is a key component



43

performing proton conduction in PEMFC. At present, perfluorosulfonic acid polymer
e.., Nafion®, is considered as the most practical electrolyte membrane due to its
excellent proton conductivity as well as its high thermal and chemical stabilities.45
However, some drawbacks of Nafion®, for example, the high cost and the low
working temperature range (lower than 100 °C),68 lead to an expectation of
alternative materials for the use in high temperature PEMFC (100-200 °C).

Nitrogen containing heterocyclic based structures e.g., imidazole, pyrazole,
and benzimidazole are proposed as high thermally stable proton conductive
molecules.91 The proton transfer mechanism of the heterocycles occurs basically
through protonation of the resonance structure followed by proton transfer and
reorientation under hydrogen bond network.2 Various types of heterocycle based
PEMSs such as homo- and copolymer of heterocycles, 1135 linear polymers grafted
with heterocycles, 5 9and polymer blends with heterocycles2i2 have been reported.
Their proton conductivities were found to be related to several factors. For instance,
Kreuer et al. found that imidazole and pyrazole form hydrogen bond network for
acidic proton in polymer transport.9 The increment of imidazole and pyrazole
intercalated into sulfonated polyetherketone enhances proton conductivity. Higher
tendency to form hydrogen bond of imidazole results in higher proton conductivity
compared with the case of pyrazole. Moreover, poly(acrylic acid) entrapped with
imidazole3  and  poly(4(5)-vinylimidazole-co-ethyleneglycol ~ methacrylate
phosphate2 were also reported to find the increase of proton conductivity with an
increase of imidazole units. Persson et al. developed benzimidazole tethered on linear
polysiloxaneand polyethylene oxide)Band showed the conductivity for 106 cm'
"It is important to note that those reports showed us that the proton conductivities
were not only depending on the benzimidazole concentrations but also segmental
mobility of the polymer chains.

Polyethylenimine (PEI) is a commercially available polymer in linear and
branch forms. Linear PEI (/PEI) consists of secondary amine species along the
polymer chain and primary amine species at the terminal chain ends whereas
branched PEI (Z?PEI) consists of primary, secondary and tertiary amine species in
random manner. Due to reactive amines in the structure, modifications of PEIS with
numerous functional groups, for example, with palmitic acid, ethyl acrylate.
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polyamide, and polyethylene glycol), etc, were reported.25'27 Recently, Yang et al.
proposed nanocomposite membrane of trifluoromethanesulfonimide doped /PEI/Si02
for the use in PEMFC at high temperature with the proton conductivity as high as
5.6xICfs cm*1at 130 °C under anhydrous conditions.2s

To our idea, an enhancement of proton conductivity through a resonance
structure of heterocycles i.e., benzimidazole can be achieved if the heterocycles
perform favorable hydrogen bond networks and the packing structures of the
polymer chains allow efficient and effective proton transfer. Based on this viewpoint,
in this work, polyethylenimine containing benzimidazoles branching is originally
designed since its structure offers a flexible chain with multifunctional and
multidirectional proton conductive species of benzimidazoles which their hydrogen
bonds can be consequently developed. It should be noted that the hydrogen bond
along the structure, although enhances the conductivity, obstructs the polymer chain
mobility. Therefore, an optimal level to balance the hydrogen bond network as a
framework of proton transferring channel and the chain mobility as a flexible
structure for proton transfer has to be identified. The present work shows the way to
investigate the proton conductive performance under benzimidazole contents and
temperatures profiles and clarifies how the two factors, i.e., hydrogen bonding and
chain mobility, play the role in proton transfer in anhydrous system.

4.3 Experimental

43.1 Materials

6PEI (MW 25000 g mol'), hydrolyzed-poly(vinyl alcohol) (PVA, MW
89000-98000 g mol"), 2-(chloromethyl)benzimidazole (MBz), and deuterated
dimethyl sulfoxide (DMSO-d6) were obtained from Aldrich Co. ePEI was dried
under vacuum at 80 °C for 2 days before use. Other chemicals, potassium hydroxide
(KOH, Acros Co.), dimethyl sulfoxide (DM SO, Acros Co.), and hydrochloric acid
(HCI, Labscan Co.) were used as received.
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4.3.2 Synthesis of MPEIs (Scheme 4.1)

DMSO solution (10 ml) containing 2 g of éPEI (46.5 mmol) was added with
an equimolar ratio of KOH to MBz. The solution was stirred and heat at 90 ¢ for 30
min before dropwising the DM SO solution (20 ml) containing MBz (6.4 mmol, 02
equivalent of primary and secondary amine contents in 6PE1). After stirring at 90 C
under N2 atmosphere for 24 hours, the reaction mixture was cooled down to room
temperature and neutralized with 1 M HCL. The product was dialyzed in de-ionized
water several times followed by freeze-drying to obtain ePEIl containing multi-
methylbenzimidazole groups, MPEL 1:0.2. In similar, MPEI 1:0.4, MPEI 1:0.6,
MPEI 1:0.8, and MPEI 1:1.0 were prepared but using MBz for 0.4, 0.6, 0.8, and 1.0
mole equivalent to amine groups (primary and secondary amines) in €PEI,
respectively.

Multi-benzimidazole functionalized branched polyethylenimine, MPEI.
FTIR (KBr, v cm') 3600-2400 (br), 2953 (vs), 2833 (vs), 1621 (m), 1591 ( ), 1534
(m), 1435 (), 1272 (), 746 (). 'n NMR (8 ppm, 500 MHz, DMSCM¢§, 298 K): 7.5
(,Aril), 7.1 (, ArH), 3.9 (br,N-C//2), 2.3-2.9 (br, N-C//2). 3C NMR (5 ppm, 500
MHz, DMSO-Jfi, 298 K): 152.70, 138.48, 121.45, 114.71,51.57, 46.35,36.93.

Scheme 4.1 synthesis of MPEI
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433 Preparation of MPEI/PVA membranes

The MPEI 1:0.2 in DM SO solution (10 % / , 1.2 ml) was mixed with
DMSO containing PVA (10 % [/ , 1.8 ml) and stirred at room temperature for a
day to obtain a homogeneous solution prior to cast on the glass plate with a
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dimension of 3x3 cm2. The membranes obtainedowere annealed at 80 c for three
days and further dried in vacuum oven at 100 Cfor 1 day. Similarly, the PVA
membranes containing MPEI 1:0.4, MPEI 1:0.6, MPEI 1:0.8, and MPEI 1:1.0 were
prepared.

434 Characterizations

FTIR spectra of MPEIs were recorded on a Digilab FTS 7000 rapid-scan-
type FTIR spectrometer with a resolution of 2 cm'1for 32 scans in a frequency range
0f4000-400 cm'L The temperature dependence FTIR spectra were performed using a
temperature-controller attachment operating under nitrogen atmosphere. The
MPEI/PVA membranes were analyzed by a Nicolet 6700 continuum in a frequency
range 0f4000-750 cm"1with 64 scans at a resolution of 2 cm™1

IFT and R nuclear magnetic resonance (NMR) spectra were obtained from
a Bruker Avance 500 MHz NMR spectrometer. The samples wére measured at 25 ¢
using DMSO-r4 as a solvent.

Elementary analysis (EA) was done by a Yanako CFTN CORDER to
determine number of nitrogen and carbon contents for verifying degree of
methylbenzimidazole substitution.

Temperature dependence wide angle X-ray diffraction (WAXD) was
conducted by a Rigaku X-ray powder diffractometer/RINTTTR 1l Thermo plus
DSC (differential scanning calorimeter) with Cu-Ka radiation (2 = 0.1542 A). The
WAXD profdes were recorded at temperature range 0-200 ¢ with a heating/cooling
rate 30Cmin'1under nitrogen atmosphere.

Thermal behaviors were observed by using a NETZSCH DSC 200 F3
Maia® at heating rate 10 ¢ min't under N2 atmosphere. Thermal gravimetric
analysis was carried out by using a Q5000IRS with a heating rate of 10 oCmin'lover
temperature range 0f50-650 ¢ under N2 atmosphere.

The proton transfer efficiency of MPEIs with varied benzimidazole
branching was comparatively studied both in pellet form of the pure MPEIs and in
membrane form of the MPEI blended with PVA (MPEI/PVA membranes). In the
case of MPEI pellet, the samples were dried in a vacuum oven at 80 OC for 2days

prior to press into pellet with hydraulic compression at 1.9X103MPa. For MPEI/PVA
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membranes, the prepared membranes were dried in a vacuum oven at 100 ¢ for a
day before three pieces of membranes were gathered to perform proton conductivity
measurement. The samples were assembled in between copper electrodes of sealed-
offcylindrical Teflon cell. The resistance of the samples was determined by complex
impedance method with a pAUTOLAB Type Il potentiostat/galvanostat in a
frequency range from 500,000 to 0.01 Hz and ac signal amplitude of SOénV. The
measurements were carried out in the temperature range of 50-190 Cunder
temperature and humidity controls. The conductivity (cr) is calculated from
impedance data by using eq ¢;

<= (VR)(L/A) (1)

where L is the sample thickness, A is the cross-sectional area between membrane and
electrode and R is the resistance derived from the intersection of Nyquist plot on real
axis at imaginary part equal to zero.

44 Results and Discussion

4.4.1 Synthesis and structural characterization of MPEIs
A series of benzimidazole branching with different benzimidazole contents were
prepared by varying the molar ratios of MBz to 6PEI through nucleophilic
substitution of alkyl chloride with basic amines of éPEI in the presence of KOH in
DMSO solution under N2 atmosphere. The yields of the products are as high as 76-90
% (Table 4.1).
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Table 4.1 Effect of éPETMBz feeding ratios to % yield of the products, percent
contents of hydrogen, carbon and nitrogen and calculated degree of substitution

Feedin : Elemental Compositions (%
Samples r::fcl) o% Yield e _p i S
. (%) H C N (%)
6PEI:MBz
MPEI 1:0.2 1.2 90 8.36 48.79 23.32 19.7
MPEI 1:0.4 1:0.4 81 7.10 51.03 21.73 41.4
MPEI 1:0.6 1:0.6 88 6.56 52.96 21.69 51.5
MPEI 1:0.8 120.8 85 6.62 56.52 22.19 66.7
MPEI 1:1.0 111.0 76 6.61 62.47 23.34 90.5

FTIR spectra of the MPEIs show the characteristic absorption bands of
benzimidazole structure at 1621 cm't (C=N deformation mode), 1534 cm't (N-H
deformation mode), 1435 cm't (in-plane vibration), and 746 cm't (C-El bending
mode). The broad absorption bands at 3600-2400 cm'1are assigned to the hydrogen
bonded N-H. The peaks at 2953 and 2833 cm'tclearly indicate C-H stretching mode
of éPEI chain.

Figure 4.1a shows an example of 'n NMR spectrum of MPEI 1:0.6. The
chemical shift of CH2-Cl at 4.93 ppm belonging to chloromethylbenzimidazole does
not appear and this indicates a successful functionalization of éPEI with
methylbenzimidazole groups. The signals at 2.3-2.9 ppm corresponding to H), H2,
and H3 along D?E\ chain and the signals at 7.1 and 7.5 ppm corresponding to Ho and
H7in the benzimidazole ring are observed. A broad chemical shift with the center at
3.9 ppm s assigned to the protons (H4 and H5) between nitrogen atom and
benzimidazole ring.

The broad chemical shift of 'n NMR spectrum in the range of 2.0-4.0 ppm
as a result of the overlapping between the sample and solvent peaks limits a
definitive assignment of the polymer obtained, therefore, 3C NMR spectrum was
further investigated (Figure 4.1b). The spectrum shows the downfield signals at
51.57, 46.35 and 36.93 ppm corresponding to the methylene carbons adjacent to
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tertiary (Cl and C4), secondary (C2and C5), and primary (C3) amines, respectively.
The upfield signals at 121.45 and 114.71 ppm are corresponding to methine carbons

(Co and C7), and the ones at 138.48 and 152.70 ppm are quaternary carbons (Cs and
C9) ofhenzimidazole ring.
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Figure 41 (a) 'n NMR and (b) 1X NMR spectra of MPEL 1:0.6 (labeled numbers
on MPEL structure identifying the positions of hydrogen and carbon in the NMR
spectra).

To identify proton and carbon connectivity, 2D correlation NMR spectra
(edited-HSQC (Heteronuclear Single Quantum Correlation)) of 'nh and ¥ pEPT-
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135 (Distortionless Enhancement by Polarization Transfer) were applied. For
example, HSQC spectrum of MPEI 1:.06 (Figure 4.2) proves that
methylbenzimidazoles are attached to amine groups to form tertiary and secondary
amines as evidenced from the cross peaks at F and G, respectively. The correlations
between protons and methylene carbons of 6PEI connected to tertiary, secondary and
primary amines are found at C, D and E, respectively. In addition, the cross peaks
belonging to the correlation of methine carbons of benzene ring and aromatic protons
are found at A and B.
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Figure 42 1H-3C DEPT-135 edited-HSQC spectrum (solid line = negative phase
peak and dash line = positive phase peak).

6PEI (Mn = 10000 g.mofl) was obtained from Aldrich Co. 6PEI consists of
terminal end group primary amine (T), linear secondary amine (L) and dendritic
tertiary amine (D). Amine compositions were calculated from a quantitative analysis
of I3C NMR using an inverse gated 'h decoupling with a delay time of 10 . I3C
NMR spectrum of 6PEI (Figure 4.3) was recorded using D20 as a solvent. The
percent contents of T, L, and D units were estimated according to Appelhans et al.30

as follows.
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T = (la+lb)/l.0tal-100 (2)
L = 1/2- (Ic+ Id + le) /ltotal’ 100 (3)
D= /3 (If+Ig+lh) /Ttotal"100 (4)

where T, D, and L are the contents of tertiary, secondary and primary amines in
percent, respectively. 1] is 1T NMR signal intensity at position i, If=1(48-50 ppm) -
Ib, and ltotal = (a + Ib) + 1/2- (lc+ 1d + le) + 1/3- (If+ Ig + Ih).

Figure 4.3 shows the peaks belonging to la, and Ib with a relative intensity
for 1.99 as compared to Ih. By substituting la and Ib in eq 2, T value was found to be
31.0 % (T=1.99/6.42-100). Similarly, Ic, Id, and le show a relative intensity for 5.19
whereas If, Ig, and Ih show a relative intensity for 5.49 as compared to Ih to represent
L, and D, respectively. By substituting Ic, Id, and le in eq3 and If, Ig, and lhineq 4, L
and D values were found to be 405 % (L=(1/2-5.19)/6.42*100) and 28.5 %
(D=(1/3-5.49)76.42*100), respectively.
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Figure 4.3 Inverse gated 13C NMR spectrum of éPEI.

Therefore, T=31.0 %, L =40.5 %, and D = 28.5 %.
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Degree of polymerization (DP): DP = MWM(CH2CH2NH) = 10000/43 = 232
The approximate numbers of T, L, and D per polymer chain were found to be 72, 94
and 66, respectively.

The degree of methylbenzimidazole substitution (DS) on the 6PEI chain
was calculated by means ofeq 5 and eq 6.29

N/C = ((14-232) + (JC-2-14))/((2-12-232) + (jc 8 12)) (5)
DS (%) = X/(T+L) +100 % (6)

where N and Care the number of nitrogen and carbon contents obtained from
elemental analysis, X is the number of methylbenzimidazoles functionalized on 6PEI
chain, T is the number of terminal primary amines (-NEE), and L is the number of
linear secondary amines (-NH-) based on quantitative 13C NMR analysis.

The elemental compositions and percent DS under variation of 6PEI:MBz
ratios are in Table 4.1. When the feed ratios were varied from 1:0.2 to 1:1.0, the
degrees of substitution are changed from 19.7 % to 90.5 %. It should be noted that
the substitution is almost equal to that of the feed ratio, in other words, the degree of
benzimidazole substitution on 6PEI can be controlled by simply varying the ratio of
6PEI:MBz.

4.4.2 Thermal properties of MPEIS

Thermal gravimetric analysis (TGA) was used to investigate thermal
stability of the MPEIs. Table 4.2 summarizes the degradation temperature (Td) and
percent residue of MPEIs as cgmpared with 6PEL All types OJ MPEIs show the first
weight loss starting from ~67 C(onset temperature) to ~ 100 Cattributed to the loss
of the absorbed moisture. The onset 1d around 280-290 Cat the weight loss for less
than 8 % suggests the degradation of methylbenzimidazole pending group and
polyethylenimine backbone. Although the MPEIs shows the lower thermal stability
than that of the 6PEI (Td = 327 °C), their degradation temperatures are still much
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higher than the operating temperature of PEMFC, i.e., at around 150 °c. The residue
(3.0-5.8 wt %) might come from some chloride-based salts remained. An additional
confirmation by analyzing TGA of MBz confirmed the ash content as high as 30 wt
%. No ash content is observed in the case of the pure benzimidazole compound.

Table 4.2 Td, percent residue, and Tgof the MPEIs compared with éPEI

Samples td ('c)  Residue (%) 719 (o)
b?E\ 3212 0 -49.3
MPEI 1:0.2 280.2 3.0 42.8
MPEI 1:0.4 290.4 2.6 80.7
MPEI 1:0.6 291.4 5.8 100.8
MPEI 1:0.8 285.7 3.7 107.0
MPEI 1:1.0 286.6 4.8 107.7

In the temperature range from -90 °C to 200 °C, the DSC thermograms of
MPEIs during the 2nd heating at 10 ¢ min'lshow only a glass transition temperature
(Tg) without melting temperature. Here, the TgS were used to clarify an ease of chain
movement. It is important to emphasize that MPEIs show a dramatically increase of
Tg as compared with ¢PEI (from -49.3 C to more than 42.8 C, Table 4.2) implying
a decrease of polymer chain flexibility or free volume of the modified polymers. The
TgS of MPEIs are ranging from 42.8 °C to 107.7 °C depending on percent DS. MPEI
1.0.2 with the lowest contents of benzimidazoles (19.7 % DS) shows the lowest Tg at
42.8 °C. In other words, the lower percent DS is, the more chain mobility will be.
However, after the percent DS was above 51.5 %, the increase of Tg is not
significant. The similar results were also observed in the case of henzimidazole-

tethereded polysiloxanes as reported by Perssson et al.16

443 Hydrogen bond interaction of MPEIs traced by temperature
dependence FTIR

In order to verify how benzimidazole substitution degree induces the
changes of hydrogen bond performance under various temperatures, FTIR
measurements in the temperature range of 30-200 ¢ with 3 steps of heating-cooling-
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heating conditions under N2 atmosphere were done. Because the hydrogen bond
directly relates to proton transfer,12 the broad absorption bands from 3600 to 2400
cm'l assigned to N-H stretching mode under inter- and intramolecular H-bonding
were focused to determine the effect of temperature to hydrogen bond interaction.
Figure 4.4 shows FTIR spectra of MPEI 1:0.2 at variable temperatures during the 1st
heating (Figure 4.4a), followed by cooling (Figure 4.4b), and ending with 2nd heating
(Figure 4.4c)) processes. The broad absorption intensity at 3600-2400 cm'l
significantly decreases during the 1st heating step which corresponds to the reduction
of hydrogen-bound water as identified by TGA. The broad hydrogen-bonded N-H
intensity gradually increases during cooling indicating the recovering of hydrogen
bond interaction. The intensity decreases again during the 2nd heating process
implying reversible hydrogen bond formation during heating and cooling.
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Figure 44 Temperature dependence FTIR spectra of MPEI 1:0.2 during (a) 1gt
heating, (b) cooling, and (c) 2nd heating.
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To determine the changes of hydrogen bond related to temperature in the
polymer structures without interruption of water, the FTIR spectra during the second
heating process were carefully investigated. The broad peaks from 3600 cm'Lto 2400
cm'lcontinuously decrease during an increase of temperature (Figure 4.5).
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Figure 45 Temperature dependence FTIR spectra of (a) MPEI 1:0.2, (b) MPEI
1:0.4, (c) MPEI 1:0.6, (d) MPEI 1:0.8, and (e) MPEI 1:1.0 during the second heating
process.
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In order to trace the hydrogen bond changes, a quantitative analysis of
hydrogen bond by FTIR was clarified. It should be noted that the broad absorption
region (3600-2400 cm'l) covers the strong absorption intensities of CH2 stretching
modes at 2953 c¢cm'land 2833 c¢cm"L therefore; in order to quantitatively compare the
number of hydrogen bond of MPEIs, the broad peak area from 3600 cm'lto 2400
cm"1lwas subtracted with the peak areas of CH2 stretching. The peak areas were
quantified by curve fitting technique using OPUS 5.5 program (Figure 4.6).

3700 3400 3100 2800 2500 2200

Wavenumber / cm’l

Figure 4.6 FTIR curve fitting of MPEI 1:0.2,

The values of the subtracted peak areas divided by the peak areas of CH2
stretching i.e., [A3600-2400-(A 2953+ A 2833)]/(A 2953+ A 2833) give us the information about
the relative amount of H-bond. As shown in Figure 4.7, MPEI 1:0.2 with the lowest
benzimidazole substitution exhibits the lowest hydrogen bond concentration and the
lowering of Fl-bond during an increase of temperature. A similar behavior was also

observed for other MPEIs under temperature variation.
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Figure 4.7 Semi-quantitative analysis of hydrogen bond network based on FTIR
spectra of MPEI 1:0.2 (+), MPEL 1:0.4 (A), MPEI 1:06 ( ), MPEI 1:0.8 (o), and
MPEI 1:1.0 (A) (Calculated from those of Figure 4.5).

The MPEIs with higher percent DS show the more significant Fl-bond, and
when the substitution, of benzimidazole groups reached a certain amount as seen in
the cases of MPEI 1:0.6, MPEI 1:0.8, and MPEI 1:1.0, the quantitative evaluation of
hydrogen bond shows the similar values in the range of 1.4-2.0. Combining with the
glass transition temperature analyzed by DSC (Table 4.2), it is clear that the more
heterocycles conjugated onto ePEI not only initiate the more hydrogen bond network

but also perform the less chain mobility.

4.4.4 Study on morphology under temperature variation based on
temperature dependence WAXD

Temperature dependence WAXD was performed to study the morphology
changes related to temperature. During the second heating at 3 “C.min"1 MPEIs
show the broad WAXD patterns shifted to the lower angle (Figure 4.8). Radial
distribution function (RDF) which can be calculated from the WAXD patterns is a
good evaluation to see how the polymer chains perform the packing under various
temperatures. The temperature dependence RDF reflects the probability to find the
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atomic distribution in spherical shell of radius r around one centered atom with
respect to temperature.
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Figure 48 WAXD profiles under temperature variation of (a) MPEI 1:0.2, (b)
MPEI 1:0.4, (c) MPEI 1:0.6, (d) MPEI 1:0.8, and (e) MPEI 1:1.0.

The powder diffraction intensities, 1(q), were corrected with background
including incoherent scattering, polarization (P), and Lorentz (L) factors according to
the follows.31'%

p=(l +co0s22<Mc0s220)/2 (7)
L- 1/sin20sin# (8)
1(g) = k- loon(g) -*ifiZg) 9)

Q) = 1(o)1>if.2q) (10)



I(0) = k{lon()/Sx.f2(q)] - (11)

where 9m is the Bragg’s angle of the reflection from the monochromator, 6 is the
angle between the X-ray beam and the planes, leoh is the coherent scattering intensity,
Xi is the mole fraction obtained from elementary analysis and f,(q) is the atomic
scattering factor of species i calculated from f(sin(9/2) = £ a.exp[-bj(sin#//1)2] + C,
and k = 0.4142/(FWHM /2)2. Fourier transformation of i(q) leads to a formation of
radial distribution function, g(r), as follow:

g(r) - 47ir2[p(r) - P01 = (2 71) Jg i(q) M(q) sin(qr)dq (12)

Flere, po is the average density of atoms in the sample, p(r) is the number of
atoms per unit volume at a distance r from the reference atom, q is scattering vector,
q = 47isin91X, and M (q) is the window function, M (q) = sin(7iq/qmax)/(7tq/qmax).

Figure 4.9 shows the RDFs as a function of temperature for MPEIs, As the
W AXD profiles were recorded in the region of 8° to 35° 29, the distance at r between
2.6 A and 11.0 A in the temperature range of 0 ¢ - 200 °C was focused. It is
important to note that the significant changes of the atomic distribution related to
temperature can be observed at the r distance from 4.4 A to 6.1 A. An increase of
temperature results in a decrease of the peak atr= 4.4 A and an increase of the peak
at r=6.1 A. This tendency was found in most of MPEIs. The peak at 4.4 A might
refer to the N-H'-'N hydrogen bonded atomic pairs judging from the temperature
dependence of N-FF-N stretching peak in FTIR spectra (Figure 4.5). For an
increase of the peak at 6.1 A, as the distance is much larger than the hydrogen
bonding, the peak might come from many possibilities, for example the local packing
structure, especially the benzimidazole packing.
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4.45 Proton conductivity of MPEIs
To directly investigate the proton transfer efficiency of the MPEIs obtained,
the samples were compressed as pellets and the proton conductivities were verified

by using impedance spectroscopy technique. It is important to note that among all
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MPEIs only two types, ie, MPEI 1:.02 and MPEI 1:0.4, show the proton
conductivity (Figure 4.10). This might imply an effective amount of benzimidazole
subsitution (19.7-41.4 %) in the system which the hydrogen bond and chain
flexibility are in good balance to favor the proton transfer. For both samples, an
increase of temperature results in an increase of proton conductivity. The maximal
values are 1.3x105 cm-"and 1.7x10'5 c¢m’Llat 190 Cfor MPEI 1:0.2 and MPEI
1:0.4, respectively. Combining with the temperature dependence WAXD and FTIR,
it is reasonable to mention that, during an increase of temperature, the rearrangement
of the atoms with a higher inter-atomic distance distribution causes the reduction of
hydrogen bond and consequently results in an increase of proton conductivity. The
conductivities of the MPEI 1:0.2 and MPEI 1:0.4 were compared with that of
Nafion®. Although the Nafion® shows the higher proton conductivity than the
MPEIs, its conductivity gradually decreases above 110 th|ch might be related to
the loss of water molecules existed in the membrane. It should also be noted that
both MPEIs maintain their proton conductivities at high temperature. This confirms

the role of benzimidazoles in MPEIs for proton transferring.
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Figure 410 Proton conductivity of Nafion® (0), MPEI 1:0.2 (+), and MPEI 1:0.4

(A) as a function of temperature.
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4.4.6 MPEI/PVA membranes: Study on transition temperature and
hydrogen bond network

Since the pristine MPEIs were difficult to form membranes, an attempt to
blend MPEIs with other polymers was carried oiit. It was found that PVA was
appropriate because it shows a miscible blend with MPEIs. DSC thermogram of each
blend membrane shows a single Tg indicating the miscibility between MPEIs and
PVA (Figure 4.11). The glass transition temperatures continously increase from 42.3
°Cto 83.4 C for MPEI 1:0.2 to MPEI 1:1.0. In other words, the Tg increases with an
increase of benzimidazole branches. The increment of Tg implies the more
significant interaction of MPEI with PVA when MPEI has more branching units.

Endo —s

-80 40 O 40 80 120 160 200
Temperature / °c

Figure 411 DSC thermograms of (a) MPEI E0.2/PVA, (b) MPEI E0.4/PVA, (c)
MPEI E0.6/PVA, (d) MPEI E0.8/PVA, and (¢) MPEI 1:1.0/PVA during the second

heat treatment at heating rate 10 °C min"Tunder N2atmosphere.

The FTIR spectra of the blend membranes clarify the hydrogen bond
interaction between MPEI and PVA. The PVA characteristic peaks at 1091 cm'l
(out-of-phase C-C-0 stretching mode) and 2941 cm™land 2911 c¢cm"1(C-H stretching
mode) are maintained at the same position even after blending with MPEIs (Figure
4.12). The OH stretching bands (3000-3600 cm™1) of PVA in the blends clearly shift
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to the higher wavenumber indicating the weakening of O-H " O bonds. This implies
the change of hydrogen bonded patterns of PVA from O-FFe 0 to be the partial O-
H'N and N-FE--N of MPEL Figure 4.13 illustrates the case that the H-hond
fonnation of PVA and of MPEL develops the hydrogen bond network.
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Figure 4.12 FTIR spectra of (a) PVA, (b) MPEI 1.0.2/PVA, (c) MPEI 1.0.4/PVA,
(d) MPEI E0.6/PVA, () MPEI E.0.8/PVA, and (f) MPEI I’.O/PVA membranes
measured at room temperature.

Figure 4.13 Possible hydrogen bond formation of (a) PVA, (b) MPEI, and (c)

MPEI/PVA membranes.
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4.4.7 Proton transfer efficiency of MPEI/PVA membranes

As the present work focuses on anhydrous PEM system, the proton
conductivities were measured at the second heating process to ensure the complete
moisture exclusion. Figure 4.14 shows the proton conductivities of I\/IPEI/PVA
membranes as compared to that of PVA in the temperature range 90-190 °C. The
proton conductivity of PVA becomes greater after adding MPEIs. As mentioned
above, the conductivity of each MPEL was evaluated directly by pressing the samples
as pellets and at that time the conductivities of MPEL 1:0.6, MPEI 1.0.8, and MPEI
1:1.0 were not identified. However, after mixing with PVA, MPEI 1.0.6, MPEI
1:08, and MPEI 1:1.0 showed conductivity significantly. This indicates that the
polymer matrices play the role to support MPEIs for the proton conduction. In
addition, all samples perform an increase of proton conductivity with temperature.
The MPEI HO.2/PVA and MPEI EQ.4/PVA membranes with the low percent DS
exhibit the proton conductivity at the level of 104 cm-1at 190 ¢ whereas others
show the maximum conductivity at the level of 10’5 cm"L
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Figure 4.14 Arrhenius plot of proton conductivity comparing the experimental data
of PVA (0), and PVA blended with MPEI 1:.0.2 (), MPEI 1.0.4 (A), MPEI 1:0.6
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(1), MPEI 1:08 (0), and MPEL 1:1.0 (A) membranes with the value obtained from
VTF equation fitting (dash lines) during the second heating process.

The temperature dependence proton conductivities of MPEL/PVA
membranes show a curve deviation from linear relationship between proton
conductivity and reciprocal temperature. Consequently, the conductivities at various
temperatures were fitted to VogeHTamman-Fulcher (VTF) equation to estimate
activation energy for proton transfer as follow.

log a=1log m- (E4R(T-TU) (10)

where 0 is the proton conductivity at a particular temperature ( cm'J, a0 is the pre-
exponential factor that represents the conductivity at infinite temperature (J mol"),
Ea is activation energy for proton transfer (J mol’), R is gas constant (8.314 J K1
mol"), T is the absolute temperature (K), and Tois the Vogel temperature which is
the point that there is no change of configurational entropy in the polymer.s Here,
the VTF parameters obtained from the curve fitting ie., Ea . and To are
summarized in Table 4.3.

Table 4.3 Parameters obtained from curve fitting of temperature dependence proton
conductivity with VTF equation

VTF parameters

samples (kj/Eri o) (Slem)  To{°K) R2
PVA 312 0.001 282 0.9950
MPEI 1:0.2/PVA 2.78 0.015 289 0.9924
MPEI 1:0.4/PVA 483 0.200 266 0.9960
MPEI E0.6/PVA 9.66 6.816 231 0.9996

MPEI 1:0.8/PVA 1047 1.909 189 0.9994
MPEI 1:1.0/PVA 15.38 65.62 157 0.9759
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The Arrhenius plots were well fitted with VTF behavior (dash line in Figure
4.14) with the correlation coefficient, R2 value, for 0.9759-0.9996. This indicated that
the proton transfer behavior is mainly controlled by segmental motion of the
polymer s The Eavalues of MPEI/PVA membranes are around 2.78-15.38 kJ mol-
which are in the same range with other benzimidazole based structures. For example,
Persson et al. reported that benzimidazole oligomers containing two and ten ethylene
oxide units showed Eavalues 8.2 kI mol-1and 4.2 k) mol"], respectivelywo and He et
al. reported that polybenzimidazole doped with HaPO4showed the activation energy
for 8-11 kJ mol-1.37 In our case, MPEL 1:0.2/PVA shows the lowest activation energy
for proton transfer, and the activation energy increases in the order of MPEI 1:0.2 <
MPEI 1.04 < MPEI 1:.06 < MPElI 1.08 < MPEI 1:1.0. This suggests how
benzimidazole branching improves proton transfer performance in the polymer blend
membrane.

448 Proton transfer performance under a balance of hydrogen bond
and chain mobility

Figure 4.15 illustrates the overlaid re-plots of proton conductivty in addition
to glass transition temperature and relative amount of hygrogen bond as a function of
percent DS to determine how proton transfer related to the hydrogen bond and the
mobility of the polymers. It is clear that MPEIs with the more percent DS tend to
show a decrease of proton conductivity as a result of the more hydrogen hond
network. The hydrogen bond network might retard the free chain movement and
reduce proton transfer efficiency. Up to a particular point, the lowest proton
conductivity was observed in the case of MPEI 1:0.6 with DS 51.5 %. However, it is
also clear that MPEI 1.0.8 and MPEI 1:1.0 with the DS > 66.7 % perform a small
increment of proton conductivity as compared to MPEI 1:0.6. This confirms that the
hydrogen bond network more or less plays an important role in proton conductivity.
But the fact that the dense hydrogen bond initiates the fixation of polymer matrices
to be in a network with less chain mobility, the proton conductivity under proton
movement on the chain is, therefore, in unfavorable condition. Therefore, a good
balance of hydrogen bond and chain mobility is a key factor to induce an effective
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proton transfer. In our case, a good balance is identified for MPEL 1.0.2 and MPEI
1:0.4 with DS 19.7-41.4%.
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Figure 4.15 Overlaid re-plots of proton conductivity, glass transition temperature,
and relative amount of H-bond as a function of DS.

45 Conclusions

|deally, the favorable hydrogen bond network combining with flexible
polymer chain initiates an effective proton transfer. However, the fact that the more
number of hydrogen hond networks are formed, the less chain mobility will be. This
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brings us to a question how we can observe a balance of both factors and declare the
relationship between these factors and proton transfer performance. Here, branching
benzimidazole was a good model compound to enable us to study the effect of
hydrogen bond as well as the chain mobility related to the proton conductivity under
the varied temperatures. The present work showed a simple synthesis of branching
benzimidazoles by functionalizing the benzimidazoles onto amine groups of the
6PEL. The substitution of methylbenzimidazole is almost relevant to the feed ratio
resulting in degree of substitution in the range of 19.7-90.5 %. By following the
hydrogen bond interaction under the varied temperatures with temperature
dependence systems of FTIR and WAXD, including thermal analyses, the
performance of proton transfer can be clarified. Based on the effect of benzimidazole
content to hydrogen bond network and glass transition temperature, the higher the
degree of substituted benzimidazole on branched polyethylenimine is, the higher the
number of hydrogen bond and the less chain mobility will be. The proton
conductivities of MPEIs showed that the proton transfer efficiency can be enhanced
when i) the chain mobility is sufficiently high to allow proton hopping as in the cases
of MPEIs with DS 19.7-41.4 %, and ii) the number of hydrogen bond is significant
as observed from a small increment of the proton conductivity of MPEIs with DS
more than 66.7 % as compared with MPEI 1:0.6 with DS 51.5 %. A good halance of
hydrogen bond network and chain mobility to favor the proton transfer was found in
MPEI 1.0.2 and at that time the proton conductivity of the blend membrane was as
highas 104 cm-1at 190 ¢ under anhydrous system. Although the conductivity for
104 CM-1is not that high, the model compounds lead us to an understanding of
good molecular design with a balance of benzimidazole units and their hydrogen
bond networks. A systematic study on polymer chains conjugated with
benzimidazole units in a series of branching network is under progress.
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