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a b s t r a c t

A series of benzimidazole derivatives with varied benzimidazole groups, i.e., mono- (B-1), di- (B-2 and
B-3), and trifunctional (B-4), are focused as model compounds for a systematic study to understand the
relationship between the hydrogen bond network including its consequent packing structure and the
proton conductivity in an anhydrous system. The different number of benzimidazole units in a molecule
initiates a different packing structure under the hydrogen bond network of which B-1 provides a perpen-
dicular hydrogen bond network, B-2 and B-3 provide a parallel hydrogen bond network under a lamellar
structure, and B-4 forms a helical hydrogen bond network under a columnar structure. The study reveals
ydrogen bond network
olymer electrolyte membrane
roton transfer
acking structure
uel cell

that the proton conductivity of heterocycles in anhydrous system and doped with polyphosphoric acid
is significant when (i) more benzimidazole groups is exist in a single molecule to form hydrogen bond
networks, (ii) each benzimidazole is closely packed to allow an effective proton transfer from an NH
in one benzimidazole unit to another, and (iii) the packing structure forms a specific channel to favour
efficient proton transfer such as columnar packing structure. The present work is a guideline to develop
high efficient benzimidazole-based membrane for a high temperature polymer electrolyte membrane

fuel cell (PEMFC).

. Introduction

Sulfonated-perfluorinated polymer electrolyte membrane, in
articular Nafion®, is one of the most practical materials for
EMFC because of its significant proton transfer efficiency [1–4].
ince the membrane needs hydration, its conductivity dramatically
ecreases when the operating temperature is close to the boil-

ng point of water [5–7]. The fact that intermediate temperature

ange (100–150 ◦C) helps in improving reaction kinetics, decreasing
O tolerance and enhancing proton conductivity [8,9], the anhy-
rous membrane for PEMFC system becomes an important point
or development.
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Heterocycles, such as imidazole, benzimidazole and pyrazole,
are known for their proton hopping through the protonation of
nitrogen atom and the structural re-orientation under a hydro-
gen bond network [10]. Therefore, heterocycles are a possible
alternative material for membranes functioning in the interme-
diate operating temperature range [10–13]. Bozkurt et al. [14]
developed anhydrous membranes of polyacrylic acid/imidazole
polymer electrolyte and the conductivity increased with the
number of imidazoles per polymer repeat unit. Yamada and
Honma [15] showed that a high-ordered structured composite
based on two-dimensional proton-conducting pathways of acidic
surfactant of monododecyl phosphate and a basic surfactant of 2-
undecylimidzole gave a proton conductivity as high as 10−3 S cm−1

at 150 ◦C. The proton conductivities at elevated temperature of
other heterocyclic molecules were variously reported, for exam-
ple, a blend of 1-methylimidazole and poly(vinylphosphoric acid)

®
[16], azole derivatives in Nafion composite membranes [12].
Although there are many reports of heterocycles containing

polymers as polymer electrolyte membranes (PEMs), most are
related to investigations of the material properties and their
conductivity while the key point to achieve proton transfer with
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cheme 1. Chemical structure of model compounds: benzimidazole (B-1), ethylen
enzimidazolyl)benzene (B-4).

igh-efficiency is still not clear. Based on this viewpoint, it can
e mentioned that an understanding of the relationship between
he hydrogen bond networks of the heterocycles together with
heir consequent packing structures and the proton conductiv-
ty should lead to a fundamental development of heterocycles

ith an effective proton transfer property. In order to obtain
his information, it is important to consider a systematic study
f the heterocyclic molecules. Here, benzimidazole (B-1) as
onofunctional, ethylene-1,2-di-2-benzimidazole (B-2) and

,4-bis(2-benzimidazolyl)benzene (B-3) as difunctional, and 1,3,5-
ri(2-benzimidazolyl)benzene (B-4) as trifunctional derivatives
Scheme 1) are considered as model compounds. The work focuses
n the hydrogen bond network and the molecular packing struc-
ures and also extends to an investigation of proton conductivity
o establish the relationship between the molecular structure and
he proton transfer efficiency.

. Experimental

.1. Materials

All chemicals were reagent grade and were used with-
ut further purification. Benzimidazole (B-1), 1,3,5-benzenetri-
arbonyltrichloride, 1,2-phenylenediamine, polyphosphoric acid
PPA), and deuterated dimethyl sulfoxide (DMSO-d6) were pur-
hased from Aldrich, Germany. Succinyl chloride was purchased
rom Fluka, Switzerland. Terephthaoyl chloride was the product
f Wako, Japan. Sodium hydroxide, p-xylene, and methanol were
btained from Carlo Erba, Italy. DMSO, ethylene glycol, and N-
ethylpyrrolidone (NMP) were obtained from Labscan, Ireland.
lass filters, GC-50, were bought from Advantec, Japan.

.2. Synthesis of the benzimidazole model compounds B-2, B-3,
nd B-4

Benzimidazole derivatives B-2, B-3, and B-4 were synthesized
s model compounds as in the previous reports [17–19]. In brief,
erephthaloyl chloride (6.6 × 10−2 mmol mL−1) was dissolved in
-xylene and added dropwise into a vigorously stirred solution con-
aining an excess of 1,2-phenylenediamine (7.9 × 10−1 mmol mL−1)
nder a nitrogen atmosphere at 80 ◦C for 24 h. The precipitates were
ollected and neutralized with 1.0 M NaOH solution in methanol.
he crude products were further refluxed in NMP at 150 ◦C under
acuum for 24 h to allow the cyclization to obtain B-3. Sim-
larly, B-2 and B-4 were prepared but using succinyl chloride
5.6 × 10−2 mmol mL−1) and 1,3,5-benzenetricarbonyltrichloride
8.7 × 10−3 mmol mL−1), respectively.
.2.1. Ethylene-1,2-di-2-benzimidazole, B-2
Yield 64%. FTIR (KBr, � cm−1) 1622 (w), 1590 (w), 1542 (w),

453 (s), 1276 (s), 748 (s). 1H NMR (ı ppm, 500 MHz, DMSO-d6,
98 K): 12.31 (2H, s, NH), 7.53 (2H, d, 2JHH = 7.30 Hz, ArH), 7.43 (2H,
, 2JHH = 7.50 Hz, ArH), 7.15–7.10 (4H, m, ArH), 3.38 (4H, s, CH2).
di-2-benzimidazole (B-2), 1,4-bis(2-benzimidazolyl)benzene (B-3) and 1,3,5-tri(2-

MS calcd for C16H14N4 m/z 262.12, found 263.13. Anal. Calcd. for
C16H14N4: C, 73.28; H, 5.34; N, 21.37. Found: C, 71.99; H, 5.70; N,
20.49.

2.2.2. 1,4-Bis(2-benzimidazolyl)benzene, B-3
Yield 59%. FTIR (KBr, � cm−1) 1622 (w), 1586 (w), 1570 (w), 1453

(s), 1279 (w), 738 (s). 1H NMR (ı ppm, 500 MHz, DMSO-d6, 298 K):
13.03 (2H, s, NH), 8.36 (4H, s, ArH), 7.71 (2H, d, 2JHH = 7.70 Hz, ArH),
7.57 (2H, d, 2JHH = 7.50 Hz, ArH), 7.28–7.23 (4H, m, ArH). MS calcd
for C20H14N4 m/z 310.12, found 310.64. Anal. Calcd. for C20H14N4:
C, 77.40; H, 4.55; N, 18.05. Found: C, 77.74; H, 4.26; N, 17.90.

2.2.3. 1,3,5-Tri(2-benzimidazolyl)benzene, B-4
Yield 69%. FTIR (KBr, � cm−1) 1623 (w), 1593 (w), 1536 (w), 1462

(w), 1278 (s), 740 (s). 1H NMR (ı ppm, 500 MHz, DMSO-d6, 298 K):
13.37 (3H, s, NH), 9.12 (3H, s, ArH), 7.77 (3H, d, 2JHH = 7.65 Hz, ArH),
7.62 (3H, d, 2JHH = 7.45 Hz, ArH), 7.33–7.26 (6H, m, ArH). MS calcd
for C27H18N6 m/z 426.16, found 427.16. Anal. Calcd. for C27H18N6:
C, 76.04; H, 4.25; N, 19.71. Found: C, 73.37; H, 4.91; N, 18.55.

2.3. Characterization

The samples were prepared in KBr pellet form for FTIR spec-
troscopy measurement. The spectra were recorded using a Thermo
Nicolet Nexus 670 with 32 scans at a resolution of 2 cm−1. A fre-
quency range of 4000–400 cm−1 was observed using a deuterated
triglycinesulfate (DTGS) detector. The temperature dependence
FTIR spectra were collected using an in-house temperature-
controller attachment.

1H NMR spectra were verified on a Bruker Avance spectrom-
eter (Germany) operating at Larmor frequencies of 500.13 MHz.
For spin-lattice relaxation time measurements, an amount of each
derivative containing 39.6 mM benzimidazole units was dissolved
in DMSO-d6. T1 value was evaluated from inversion recovery
(�−�−�/2) measurements at room temperature.

Single crystal structure analysis was carried out by a Rigaku R-
axis Rapid-R X-ray diffractometer with graphite monochromated
Mo K� radiation at 296 K. The structure was determined by the
direct method (SIR92) and refined by full-matrix least-squares on F2

with a RAPID AUTO program. All non-hydrogen atoms were refined
with anisotropic displacement parameters as well as the fractional
coordinates. The single crystals were obtained from sublimation in
an evacuated tube.

Thermal degradation profiles were investigated by a Perkin
Elmer Pyris Diamond thermogravimetric/differential thermal ana-

lyzer from 30 to 800 ◦C at a heating rate of 10 ◦C per min under a
N2 atmosphere.

Wide-angle X-ray diffraction (WAXD) analysis was conducted
by a simultaneous measurement system of a Rigaku X-ray powder
diffractometer/RINTTTR III Thermo plus DSC with Cu K� radiation.
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Table 1
Crystal data and structure refinement parameters for B-1 to B-3.

Compound B-1 B-2 B-3

Empirical formula C7H6N2 C16H14N4 C20H14N4

Formula weight 118.14 262.31 310.36
Temperature (K) 296(1) 296(1) 296(1)
Wavelength (Å) 0.71075 0.71075 0.71075
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pna21 Pbca Pbca
Unit cell dimensions
a (Å) 13.5107(7) 8.4460(13) 10.266(3)
b (Å) 6.8158(3) 9.9346(14) 9.748(3)
c (Å) 6.9447(4) 15.307(2) 14.960(4)
V (Å3) 639.51(6) 1284.4(3) 1497.2(8)
Z 4 4 4
Dcalc (g cm−3) 1.227 1.356 1.377
� (mm−1) 7.72 8.44 8.47
Maximum and minimum transmission 0.896 and 0.992 0.117 and 0.996 0.714 and 0.983
Crystal size (mm3) 0.30 × 0.10 × 0.10 0.15 × 0.05 × 0.05 0.70 × 0.20 × 0.20
Reflections collected 5941 11,609 1582
Independent reflections 1462 [R(int) = 0.022] 1469 [R(int) = 0.240] 374 [R(int) = 0.097]
Observed reflections [I > 1�(I)] 1209 419 5315
Goodness-of-fit on F2 0.8 1.076 1.657

.0265
0.052
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Final R indices [I > 2�(I)] R1 = 0
ωR2 =

Largest diffraction peak and hole deposition number (e Å−3) 0.17 a

The resistance was determined via complex impedance method
sing a �AUTOLAB Type III potentiostat/galvanostat in a frequency
ange of 500 kHz to 1 MHz and an a.c. signal amplitude of 50 mV. The
ample was prepared by dropping the DMSO solution of each ben-
imidazole derivative (0.85 M benzimidazole unit, 20 �L) on glass
lters and drying at 100 ◦C for 6 h. This procedure was repeated
ve times before drying under vacuum at 100 ◦C for 2 days. Two
ieces of glass filter were gathered and doped with PPA (30 �L)
efore assembling in a sealed-off Teflon cell using copper as elec-
rodes. The mole ratio of benzimidazole unit: PPA was 1:3.5. The
onductivity (�) was calculated from impedance data according to:

=
(

1
R

)(
L

A

)
(1)

here: L is the sample thickness; A is the cross-sectional area
etween membrane and electrode (0.4418 cm2); R is the resistance
erived from the intersection of Nyquist plot on the real axis at the

maginary part equal to zero.

. Results and discussion

.1. Structural characterization

The synthesis routes of the model compounds are based on
he nucleophilic substitution of an excess amount of diamine to
cid chloride derivatives. The spectroscopic data of B-2 and B-
have been described in the previous work [17]. In this study,

-3 was prepared via amidation of terephthaloyl chloride and 1,2-
henylenediamine. The FTIR spectrum confirmed the structure of
-3 from the characteristic peaks at 3400–2500 cm−1 (hydrogen
onded N–H stretching of benzimidazole unit), 1622 cm−1 (C N
tretching), 1453 cm−1 (C C stretching), and 738 cm−1 (C–H bend-
ng of aromatic ring). The 1H NMR spectrum indicated the chemical
hifts of B-3, i.e., at 8.36 ppm (protons of the benzene ring), 7.71,
.57 and 7.26 ppm (protons of aromatic ring in benzimidazole),
nd 13.03 ppm (N–H proton). In addition, the MALDI-TOF spec-

rum confirmed the successful preparation of B-3 from the parent
eak at m/z = 310.64 which is equal to the molecular weight of B-
(formula weight of B-3 is 310.12). The CHN analysis result also

upports the structure of B-3 (see detailed synthesis and structural
haracterization in S1–S4).
R1 = 0.0370 R1 = 0.0714
ωR2 = 0.0528 ωR2 = 0.1372

.32 0.14 and −0.19 1.16 and −2.19

3.2. Investigation of hydrogen bond network and molecular
structure assembly

3.2.1. Single crystal structure
X-ray single crystal structure analysis was applied to deter-

mine an exact molecular structure including its bonding distance,
molecular orientation, and the possible hydrogen bond network.
The crystallographic data and parameters are summarized in
Table 1. The crystal structure of B-1 has been reported in the
past [17,20]. In this work, the single crystal of B-1 was prepared
by sublimation and it was found that the crystal structure of the
compound was a orthorhombic crystal system with Pna21 space
group (Fig. 1(a)). The result is similar to that reported by Vijayan et
al. [20] although their objective was different. Here, single crys-
tals of B-2 and B-3 were successfully prepared by sublimation
technique. The crystal structure of B-3 is similar to that of the
report by Bei et al. [19]. Both B-2 and B-3 are in orthorhom-
bic system with Pbca space group (Fig. 1(b) and Fig. 1(c)). As
the hydrogen bond network is directly related to proton trans-
fer [10], the H-bond networks of the model compounds were
intensively studied in terms of the packing structure. The pack-
ing structures revealed the hydrogen bond (NH· · ·N) formation
among the adjacent benzimidazole molecules with varied hydro-
gen bond distances of 2.85 Å for B-1 and B-2, and 3.02 Å for B-3.
Considering the hydrogen bond network channel, the significant
differences of hydrogen bond patterns detailed by single crystal
structure analyses were determined, as illustrated in Fig. 2. It is
clear that both mono- and difunctional benzimidazoles form hydro-
gen bond chains in a lamellar structure. The structure is relevant to
that reported by Yamada and Honma [15]. However, the patterns
of the hydrogen bond formation are significantly different. Mono-
functional benzimidazole forms two directions of hydrogen bond
chains with mutually perpendicular orientation in the bc-plane
(Fig. 2(a)) whereas difunctional benzimidazole, B-2 and B-3, shows
the parallel H-bond chains along b-axis in all the layers (Fig. 2(b)
and (c)). For B-4, trifunctional benzimidazole, preliminary struc-

tural analysis [21] confirmed that the hydrogen bonds are among
neighbouring benzimidazole rings along the c axis generating the
helical hydrogen bond chains in the columnar structure as demon-
strated in Fig. 2(d). The detailed structure analysis will be reported
elsewhere.
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ig. 1. X-ray crystal packing structure diagrams of (a) B-1; (b) B-2; and (c) B-3
ith hydrogen bond interaction. Figures built with Materials Studio (Accelrys, Inc.)

oftware.

.2.2. Information of molecular assembly based on proton
pin-lattice relaxation time

The movement of protons is largely dependent on the molecular
ssembly. This can be traced using the proton spin-lattice relax-
tion time (T1). Because the N–H proton plays an important role in
roton transfer, T1 values of the protons in B-1, B-2, B-3, and B-4
t the chemical shifts of 12.41, 12.31, 13.03 and 13.37 ppm, respec-
ively, are comparatively analyzed (Fig. 3). As T1 strongly depends
n several factors, especially the concentrations, the type of solvent
nd the temperature [22–24], the samples at a certain concentra-
ion of benzimidazole moieties in DMSO-d6 were prepared and the
1 measurements were carried out at 25 ◦C.

In general, a proton with the longer T1 indicates less restricted
obility [25], in other words, that particular proton is under an

tmosphere with more space for free movement. In the case of B-1,
1 of N–H is extremely long compared with the others. It is clear that
n increase in the number of benzimidazole units greatly reduces

he T1 value. Although T1 represents the proton mobility among
enzimidazole derivatives in solution, the result implies how the
ydrogen bond network induces the tighter packing structure of
-4 compared with that of B-3, B-2, or B-1.
Fig. 2. Schematic draws of perpendicular hydrogen bond chains of (a) B-1, the par-
allel hydrogen bond chains of (b) B-2 and (c) B-3 formed in lamellar structures
and helical hydrogen bonds chains formed in columnar structure of (d) B-4. Some
hydrogen atoms are excluded to clarify viewing.

3.2.3. Thermal degradation behaviours of benzimidazole-based
compounds

The thermal stability of the model compounds was studied by
thermogravimetric (TGA) analysis. All compounds demonstrated
good thermal stability up to 200 ◦C, therefore they were appropriate
for the use in an intermediate temperature PEMFC. Monofunctional
benzimidazole, B-1, shows the lowest degradation temperature

(Td), whereas di- and trifunctional benzimidazoles have higher
degradation temperatures (∼400 to 500 ◦C) (Fig. 4). It should be
noted that in the case of difunctional molecules with differently
connected structures, the benzene-linked structure (B-3) shows a
higher Td than an ethylene-linked structure (B-2). Combining Td
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Fig. 3. T1 relaxation times of B-1, B-2, B-3, and B-4.
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ith the T1 relaxation time, it is clear that the tight packing of the
olecules leads to higher thermal stability in the order: B-4 > B-
> B-2 > B-1.

.3. Investigation of proton transfer efficiency

.3.1. Proton conductivity
Initially, the pellets of the model compounds were prepared

y compressing the samples at 1.9 × 103 MPa. It was found that
he conductivities of all derivatives were unstable and very low.
herefore, the compounds were doped thoroughly with PPA to
mmobilize the proton source, and the proton conductivity was

easured as a function of temperature. The data in Fig. 5 shows
hat the conductivity of the PPA system increases gradually with

n increase of temperature. A significant decrease of proton con-
uctivity under PPA matrices is observed in the cases of B-1, B-2,
nd B-3 doped with PPA. In the case of B-4/PPA, its conductivity is
imilar to PPA. The lowering of proton conductivity indicates the
ole of PPA as a strong protonic source for proton hopping through
Fig. 5. Arrhenius plot comparing experimental data of PPA (�); B-1/PPA (�); B-
2/PPA (�); B-3/PPA (�); B-4/PPA (©) with value obtained from VTF equation fitting
(broken lines).

heterocycles [13,26]. Considering the hydrogen bond network of
B-4, it is possible that the columnar packing allows efficient proton
transfer (more discussion in Section 3.3.2) and thereby results in
the higher conductivity of B-4 compared with that of B-1, B-2 or
B-3.

Fig. 5 also shows that the conductivities of benzimidazole
derivatives doped with PPA increase with temperature. The PPA
doping level was controlled to be equal for all derivatives so that
their conductivities could be directly compared. The conductivity
order of B-4 > B-2 and B-3 > B-1 shows how each packing structure
offers an efficient proton transfer route. Unexpectedly, the conduc-
tivity of B-3 is lower than that of other compounds after 110 ◦C.
The fact that the structure of B-3 represents a rigid molecule, i.e.,
benzene-linked benzimidazoles, it can be suspected that the proton
transfer may be limited due to difficulty in the molecular movement
of B-3 (see more discussion in Sections 3.4 and 3.5).

3.3.2. Activation energy for proton transfer
Two main possible proton transfer mechanisms contribute

to the proton conductivity in phosphoric acid-doped systems,
namely, the structural diffusion (Grotthuss mechanism) and the
vehicle mechanisms have been proposed [27–29]. The good agree-
ment of the conductivity–temperature relationship with Arrhenius
behaviour (Eq. (2)) suggests that the proton transfer proceeds via
a Grotthuss mechanism in which protons transport through phos-
phate ions of H4PO4

+ and H2PO4
− as can be analyzed as follows:

log � = log �o −
(

Ea

RT

)
(2)

where: � is proton conductivity (S cm−1); �o is pre-exponential
factor (J mol−1); Ea is activation energy for proton conduction
(J mol−1); R is gas constant (8.314 J K−1 mol−1); and T is the absolute
temperature (K).

By contrast, the deviation from Arrhenius behaviour which can
be explained by the Vogel–Tamman–Fulcher (VTF) equation (Eq.
(3)), indicates proton transfer through the material based on neu-

tral or charged vehicles.

log � = log �o −
(

Ea

R(T − T0)

)
(3)

where T0 is the Vogel temperature.
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Table 2
VFT parameters obtained from fitting the proton conductivity data to Eq. (3).

Sample Doping ratio per mole benzimidazole Ea (kJ mol−1) T0 (K) �0 R2

PPA 0.58 258 0.17 0.9984
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B-1/PPA 3.5 3.27
B-2/PPA 3.5 2.30
B-3/PPA 3.5 1.05 (in th
B-4/PPA 3.5 0.55

In the intermediate temperature range (100–150 ◦C), the linear
elationship of the Arrhenius plots of PPA, B-1/PPA, B-2/PPA, and
-4/PPA indicates that the Grotthuss mechanism is dominant. A
ivergence from the linear line, however, is observed in the low
emperature range (30–90 ◦C). To determine the activation energy
f proton transfer which covers entire temperature range, the data
ere found to be better fitted with the VTF equation (broken lines

n Fig. 5) as seen from the VTF parameters summarized in Table 2.
n the case of B-3/PPA, although the conductivity data could not be
tted with the VTF equation in the intermediate temperature range
he segment in the range of 30–90 ◦C was well fitted.

As the boiling point of PPA is as high as 300 ◦C, PPA maintains its
tability on glass filters to support the proton transfer in the hetero-
yclic compounds even the proton conductivity measurement was
arried out at the temperature above 100 ◦C. PPA shows an activa-
ion energy (Ea) as low as 0.58 kJ mol−1, while the derivatives show
a values in the range of 0.55–3.27 kJ mol−1. This reflects how PPA
elps in the proton transfer. B-4 doped with PPA shows the low-
st activation energy (0.55 kJ mol−1) which is as low as that of PPA.
his suggests that the structure of B-4 provides an effective pro-
on transfer pathway and at the same time the doping agent of PPA
nitiates the proton transfer. Here, it is found that the greater the
umber of benzimidazoles in a single molecule, the lower the Ea,
nd, as a result, the higher the proton conductivity.

.4. Investigation of hydrogen bond network and molecular
acking structure under variable temperatures

.4.1. Hydrogen bond network under temperature dependence
TIR studies

Temperature dependence FTIR is a good tool to follow how the
olecular interaction changed under the variation of temperatures.
s benzimidazole shows a broad absorption N–H stretching in the
egion of 3400–2500 cm−1, the changes of this absorption band
ith the temperature were focused.

When the samples were heated from room temperature to
00 ◦C, the FTIR spectra were gradually shifted toward a higher
avenumber (Fig. 6(a)). The shifts of FTIR spectra are also simi-

ar to those reported previously [17]. This implies a weakening of
he hydrogen bonds on raising the temperature.

It is important to note that the shift of the broad hydrogen bond
–H group to the higher wavenumber with an increase in temper-
ture results in a particular isobestic position. For example, in the
ase of B-4, the isobestic position at 2802 cm−1 is the position that
hows a decrease of the strong hydrogen bond N–H in the benzim-
dazole functional group at below this point and an increase in the

eak hydrogen bond N–H above this point during heating (Fig. 6a
iv)). Isobestic points are found at 2933 cm−1 for B-2 (Fig. 6a (ii)),
t 3025 cm−1 for B-1 (Fig. 6a (i)), and at 3144 cm−1 for B-3 (Fig. 6a
iii)), respectively.

The fact that the position of the broad peaks with the isobestic

oint of the hydrogen bond reflects the level of energy required to
llow the resonance structure of the imidazole ring and a change
rom covalent bond to hydrogen bond (Fig. 6(b)). Comparison of
he peak position, especially the isobestic point, gives the order of
ydrogen bond strength. In other words, the lower wavenumber,
210 2.19 0.9997
210 1.14 0.9978

perature range 30–90 ◦C) 250 0.65 0.9998
264 0.18 0.9985

the less is the energy required for changing a covalent bond N–H to
a hydrogen bond N· · ·H, and as a result the more favourable allow
proton transfer. Based on the comparison of isobestic positions
(Fig. 6(c)), the energy level to change the N–H of benzimidazole
to an intermolecular hydrogen bond is in the order: B-1 > B-2 > B-4.
In other words, the ease of proton transfer is in the order: B-4 > B-
2 > B-1.

Combining the results with that of T1, the role of hydrogen
bond can be summarized as follows. B-4 shows the lowest T1
value suggesting the most crowded atmosphere to obstruct the free
movement of proton through space as compared with the others
(Fig. 3). In other words, B-4 might be an assembly in a hydro-
gen bond network and this pre-forms the packing structure which
favours a change from strong hydrogen bond to weak hydrogen
bond resulting in requiring less energy than B-1 and B-2.

In the case of B-3, the result is different from the others. It should
be noted that B-3 hardly maintains its hydrogen bond compared
with other compounds during thermal treatment; but it shows a
relatively tight packing as studied by T1 relaxation time (Fig. 3) and
Td (Fig. 4). This might be due to the fact that the packing structure is
not only based on the hydrogen bond but also the �–� interaction
[30].

3.4.2. Molecular packing structure under temperature
dependence WAXD

The temperature dependence WAXD was verified to see how
the hydrogen bond is related to the packing structure under a
temperature variation ranging from 25 to 200 ◦C. The WAXD pro-
files of the model compounds as a function with temperature are
shown in Fig. 7. The WAXD patterns of B-1 (Fig. 7(a)) illustrate
the significant peak shifts (13.03◦, 14.59◦, 18.31◦, 19.41◦, 22.56◦,
23.61◦, 26.33◦, 26.96◦ and 28.83◦) to lower angles during heat
treatment. The crystalline phase disappears after the tempera-
ture reaches the melting point (171 ◦C). In addition, a crystalline
peak does not exist during cooling the temperature down. This
implies that the packing structure of B-1 is unstable when sub-
jected to a temperature variation. In the case of B-3 (Fig. 7(c)), the
peaks at 11.78◦, 14.60◦, 17.21◦, 19.13◦, 21.71◦, 23.70◦ and 25.25◦

2� shift to lower angles and back to the original position dur-
ing heating–cooling process. This suggests a reversible thermal
expansion–contraction packing structure of B-3. This phenomenon
is also observed with B-2 (Fig. 7(b)). For B-4, the peak shifts are
only slight (Fig. 7(d)) and this indicates a stable packing structure
without any changes over the temperature range 25–200 ◦C [17].
Additionally, the sharp diffraction patterns of all molecules dur-
ing increasing temperature show that a high-ordered structure is
maintained in each derivative even the temperature is as high as
170 ◦C.

3.5. Preferable molecular structure and hydrogen bond network
for enhancing proton conductivity
It is now necessary to investigate how the number of benzim-
idazole units, mono-, di- and trifunctional is related to the proton
conductivity. Based on the systematic variation of the number of
benzimidazoles, the factors involved in proton transfer efficiency
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( and (c
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t
p

ig. 6. (a) Temperature dependence FTIR spectra of (i) B-1; (ii) B-2; (iii) B-3; and
– ··– ··); (b) hydrogen bond possibly changing from strong to weak during heating;
re, therefore, not only the hydrogen bond but also the molecular
acking structure and/or molecular assembly. On the assumption
hat the proton conductivity will be higher with a more densely
acked structure and a stronger hydrogen bond network, the dis-
-4 at room temperature (——), 60 ◦C (- - -), 100 ◦C (· · ·), 140 ◦C (·– ·– ·–) and 200 ◦C
) isobestic positions of B-1, B-2, B-3, and B-4.
cussions are as follows. The study of T1 and Td combined with
temperature dependence WAXD suggests that the molecular pack-
ing structure is in the order of: B-1 < B-2 < B-3 < B-4. This results in
the proton conductivity in the order: B-4 > B-2 > B-1. In the case of
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ig. 7. WAXD patterns of (a) B-1; (b) B-2; (c) B-3; (d) B-4 during heating and cooling
t 3 ◦C per min under N2 atmosphere.

-3, although the hydrogen bond network pattern is similar to that
f B-2, the fact that it contains a benzene ring means that the stack-
ng conformation might also restrict the molecular movement and
avour the proton transfer.

It is important to note that the hydrogen bond formation of
-4 leads to a helical packing as confirmed by single crystal
nalysis. Based on this structure, it is possible that the pro-
ons can move along the long columnar axis through the NH· · ·N
ydrogen bonds created between the neighbouring benzimida-
ole rings. Although this speculative mechanism of proton transfer
eeds further clarification, this plausible image explains why the
rifunctional benzimidazole shows the most significant proton con-
uctivity compared with the other compounds.

The proton transfer for benzimidazoles can be discussed as
ollows. It is found that when the temperature is higher, the con-
uctivities of the derivatives become closer to each other. Initially,
he protonation of benzimidazole accelerates the proton transfer

hrough the hydrogen bond, as mentioned above. A larger number
f benzimidazoles and a more tightly packed structure are more
referable conditions for proton transfer. When the temperature is

ncreased further, the hydrogen bond becomes weaker and at the

[
[
[
[

urces 196 (2011) 6144–6152 6151

same time the molecular motion becomes significant. At a tem-
perature as high as 170 ◦C, it is possible that the proton transfer
may also arise from the movement of PPA molecules along the
benzimidazole network.

4. Conclusions

The present work shows: (i) how benzimidazoles develop
hydrogen bond patterns and their consequent packing structure;
(ii) how hydrogen bond, as well as the packing structure, play a role
in proton transfer in terms of proton conductivity. A series of model
compounds containing one to three benzimidazole units reveals
that the benzimidazoles form hydrogen bond networks of which
one and two benzimidazoles are assemble in lamellar structure,
whereas the three benzimidazoles are in columnar arrangement.
Proton conductivity increases significantly with temperature when
the benzimidazoles are aligned in the manner that the hydrogen
bond between benzimidazoles effectively form. At that time, the
transfer of protons from one benzimidazole unit to another is pos-
sible. If the benzimidazoles form a columnar packing, the proton
transfer is much more efficient, as seen in the case by B-4. In con-
trast, even the proton transfer through the hydrogen bond network
of benzimidazoles is possible, but if the benzimidazoles are under
other molecular interaction, such as �–� interaction to obstruct
the molecular mobility, the proton transfer becomes less as seen
for B-3.
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