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ABSTRACT: We synthesized a coordination polymer consisting of Zn*', 1,2,4-triazole,
and orthophosphates, and demonstrated for the first time intrinsic proton conduction by a
coordination network. The compound has a two-dimensional layered structure with
extended hydrogen bonds between the layers. It shows intrinsic proton conductivity along
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the direction parallel to the layers, as elucidated by impedance studies of powder and single

crystals. From the low activation energy for proton hopping, the conduction mechanism €
was found to be of the Grotthuss fashion. The hopping is promoted by rotation of
phosphate ligands, which are aligned on the layers at appropriate intervals.
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B INTRODUCTION

Proton-conducting  solids are one of the most important
materials used in fuel cells.' Generally speaking, they are
classified into two categories: intrinsic proton conductors and
hybridized composite conductors. The latter is becoming the
main strategy for fabricating anhydrous proton conductors at
moderate temperatures (100—300 °C), which are highly
needed to enhance the efficiency and reduce CO poisoning
of fuel cells.” Examples of anhydrous composite conductors are
polybenzimidazole (PBI) —H;PO,,* poly(ether ether ketone)
(PEEK)—imidazole,* Nafion—carbon nanotubes,® a-zirconium
phosphate (a-ZrP)—pyrazole,® CsHSO,—SiO, and CsH,PO,—
Si0,,” metal—organic framework (MOF)—azoles,® and so on.”
This approach could enhance the conductivity and the thermal
and chemical stabilities by modulating the heterointerfaces
through hybridization of 1proton -conductive compounds with
supporting solid matrices.

On the other hand, the development of the other class,
materials with inherent proton conductivity (i.e., proton
conduction by a pure-phase material itself), has great impact
for primal improvement of conductivity. This class of materials
is quite limited compared with the composites. CsHSO, and its
family,"" PBL,"* and poly(vinyl phosphoric acid) (PVPA)" are
a few examples. Although CsHSO, is a good proton conductor
at intermediate temperature, its high water solubility, due to the
fact that it is a discrete ionic crystal, is an unavoidable barrier."*
Organic conductive polymers are promising candidates, but
because of their amorphous nature, it is difficult to optimize the
ion-hopping path and to characterize the conduction behavior.
Besides these compounds, inherent proton conduction in an
extended crystalline network remains challenging. This would

-4 ACS Publications  © 2012 American Chemical Society

significantly contribute to the exploration of new proton
conductors with higher performance and the elucidation of the
conduction mechanism in solids as well.

The keys to attaining inherent proton conductivity include
the concentration of carriers, the acidity, and the structure.
Though each of them should be satisfied comprehensively,
optimization of the structure is of the most importance for
intrinsic conduction because it regulates the distances and
dynamics of hopping sites, which dominate the mobility of
protons and cooperativity of hopping. In this context,
crystalline coordination networks are attractive materials
because fine-tuning of the structures on the order of angstroms
with a variety of functional groups is available."® Here we report
the first coordination polymer with inherent anhydrous proton
conductivity. We illustrate the precise design of a structure
attaining the optimal network for efficient proton transport
above 100 °C without any assistance of guest molecules.

B RESULTS AND DISCUSSION

We selected the phosphate group as a proton hopping site. In
the coordination network, monocoordinated phosphate groups
are desirable and should be located within 0.5 nm of each other
to induce inherent proton hopping between thems.'® The
coordination polymer was synthesized from zinc oxide, 1,2,4-
triazole (TzH), and phosphoric acid (H;PO,) to give a white
powder (hereafter 1). The structure and chemical formula of 1
were determined by single-crystal X-ray structural analysis. As
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Figure 1. (a) Crystal structure of a 2D coordination sheet of 1. (b) Packing structure of two 2D sheets along the c axis. Zn, P, O, N, C, H are purple,
yellow, red, blue, gray, and white, respectively. H atoms bonded to carbons have been omitted. (c, d) Hydrogen-bonding network of 1 viewed from
the (c) a and (d) b directions. Zn and H atoms are purple and red, respectively, and the other atoms are white. POH---OP (intra- and interlayer) and
NH---OP (interlayer) hydrogen bonds are represented by red, orange, and blue dashed lines, respectively.

shown in Figure 1a, 1 has the formula [Zn(H,PO,),(TzH),],.
The coordination network is composed of octahedral Zn** with
monocoordinated orthophosphate and bridging TzH, forming
extended two-dimensional (2D) sheets parallel to the ab plane
(Figure la). The sheets stack in the c¢ direction, and the
phosphates coordinate to zinc axially, forming hydrogen bonds
with each other in the layers (Figure 1b—d).

In powder X-ray diffraction (PXRD), 1 showed no extra
peaks derived from TzH or ZnO, and all of the peaks could be
assigned to 1 (Figure S1 in the Supporting Information).
Variable-temperature PXRD was also measured from ambient
temperature to 180 °C (Figure S2 in the Supporting
Information). The pattern remained intact from 2S5 to 150
°C, indicating that the original crystal structure was unchanged
up to 150 °C. 1 showed an amorphous pattern at 180 °C,
indicating decomposition or melting of 1. The thermogravi-
metric analysis (TGA) profile of 1 shows no clear weight loss
below 200 °C and a gradual decrease in mass above 200 °C
(Figure 2a). The decrease is probably due to the elimination of
TzH concurrent with the condensation of phosphates.
Differential scanning calorimetry (DSC) showed no peak
from 25 to 180 °C, and then an endothermic peak appeared at
ca. 200 °C (Figure 2b). Combined with the PXRD data, the
endothermic DSC peak is ascribed to the decomposition of 1
because the DSC profile did not show an exothermic peak
during the cooling process.

To characterize the structure and phase purity of 1, *'P cross-
polarization magic-angle-spinning (CPMAS) solid-state NMR
measurements were performed. Because the 3'P chemical shift
is sensitive to its coordination number and degree of
condensation, the *'P NMR spectrum is useful to check for
impurities.'” The degree of condensation is represented as Q"

(n = 0—4), where orthophosphate is Q° and fully condensed
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Figure 2. (a) TGA profile of 1 from 25 to 500 °C and (b) DSC profile
of 1 from 25 to 230 °C under a N, flow.

phosphate is Q*. The 3P CPMAS NMR spectrum of 1 relative
to 85% H;PO, is shown in Figure 3a. This spectrum denies the
presence of residual H;PO, in 1 because there is no sharp peak
at 0 ppm. In addition, diphosphoric acid and polyphosphoric
acid are not formed because they show *'P peaks at chemical

shifts beyond —10 ppm. The observed peaks are regarded as
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Figure 3. (a) *'P and (b) "N CPMAS solid-state NMR spectra of 1.

Q’, indicating the presence of monocoordinated orthophos-
phate.'®

For intrinsic proton hopping, the positions of the protons
and the fashion of the hydrogen-bonding network are
important and can be determined from the crystal structure.
The locations of the protons in the orthophosphate were
confirmed by the bond distances between the P and O atoms,
which are 1.56 A for P-OH and 1.51 A for P=0. Considering
the charge balance, the p,-triazole has to be neutral, so this
framework has acidic protons not only on phosphate but also
on the N(1) nitrogen atom of TzH. The position of the
nitrogen atom was determined to give the best refinement in
the crystal structure and to form optimal hydrogen bonds. The
presence of the N—H bond in TzH was confirmed by the IR
spectrum and the "N CPMAS solid-state NMR spectrum. The
IR spectrum shows the N—H stretch band at 2500—3500 cm ™,
which is blue-shifted from bulk TzH, indicating that the proton
is more acidic than in bulk TzH (Figure 4)."” In the NMR
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Figure 4. IR spectra of (a) 1 and (b) bulk TzH.

spectrum (Figure 3b), N(1) showed a much higher intensity
than N(2) and N(4). This means that CP from H to N(1)
occurs efficiently, supporting the protonation of N(1). The H
on nitrogen also forms a hydrogen bond with oxygen in
phosphate to make an extended hydrogen-bonding network in
the ab plane. The hydrogen-bonding distances are 1.76 and
1.78 A for POH--OP (2.56 and 2.57 A for O—0) and 2.26 and
2.63 A for NH--OP, respectively. Phosphates form intra- and
interlayer hydrogen bonds, and TzH forms interlayer hydrogen
bonds (Figure 1c,d). Though the structure of 1 contains acidic
protons in the layer with high density, the mobile protons have
to be arranged at appropriate positions for fast proton hopping

to occur in a framework. A theoretical study showed that the
O—-O0 distances of phosphates that give the minimum energy
are 2.63 A for the neutral pair (—PO,H, and —PO;H,) and
2.52 A for the protonated pair (—PO,H;* and —PO,H,)." The
O-0 distances in 1 were tuned to be within the ideal range
described in the literature, so the formation of a protonated pair
and the rearrangement of a neutral pair before and after proton
hopping seem feasible. Appropriate bridging by TzH in the 2D
sheet structures affords the ideal interval of 4.6—4.8 A for
phosphates, which makes all of the acidic protons hydrogen-
bonded, including the proton of TzH, forming a promising
structure to induce proton conduction.

The ion conductivity of 1 was measured by alternating
current (AC) impedance spectroscopy from 45 to 150 °C
under dry N,. At 45 °C, although complex impedance plot
looks to give single semicircle, it has two relaxation processes in
the high-frequency region (Figure Sa). The complex modulus
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Figure S. (3, ¢) Complex impedance and (b, d) modulus plots for 1 at
(a, b) 45 and (c, d) 105 °C. Black @ are experimental data, and lines
are simulated values from equivalent circuits. (e) Arrhenius plots of
bulk (@), grain boundary (gb.) (O), and bulk + gb. (M) anhydrous
conductivities of 1 from 45 to 150 °C.

plot (Figure Sb) makes this clear, giving two distinct
semicircles; therefore, the data were fit by two series of parallel
RC circuits.”® Because the sample was a powder crystal, one is
attributed to the bulk phase and the other to the grain
boundary (gb.).*" The linear parts of the impedance plots
exhibit an ion-blocking effect at the gold electrodes, which
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excludes the possibility of electronic conduction. The
conductivities are 1.4 X 107° S cm™ for the bulk phase and
1.8 X 1077 S cm™ for the grain boundary at 45 °C. Above 100
°C, the two components could no longer be resolved, as shown
in Figure Sc,d. This is due to a change in the resistance of 1,
causing a change in the time constants.”* In this case, a single
parallel RC circuit was used to fit the data, and the value is
regarded as the overall conductivity (bulk + gb.). The
temperature dependences of the bulk, gb., and overall (bulk
+ gb.) conductivities (o) are plotted separately in Figure Se,
which illustrates linear increases in log o. The overall
conductivity reached 1.2 X 107 S cm™ at 150 °C, and the
bulk one should be higher than this value. The Arrhenius plot
for the bulk phase is linearly approximated well, and the
activation energy was estimated as 0.6 eV. This value is low
enough to assume that the conduction mechanism is of the
Grotthuss fashion.*® The result is reasonable because 1 does
not contain any species that are mobile over long ranges by
which protons can be transported (vehicle mechanism).
Instead, they have to migrate along the architecture with
hopping. These results indicate that the appropriate interval of
orthophosphates in the 2D layers with the support by TzH
ligands enables the intrinsic proton conduction. For instance, in
a-zirconium phosphate (@-ZrP), another phosphate-based
layered proton conductor with tricoordinated phosphate, the
distance between ad;acent P—OH groups is 5.3 A, which is
larger than that in 1.** There are no hydrogen bonds between
layers (only van der Waals interactions) and the interval
between phosphates is too large for protons to diftuse, so a-ZrP
requires humidity to have enough proton conductivity.”’

To obtain the direct evidence of long-range proton
conduction, the direct current (DC) conductivity was
confirmed by manufacturing a membrane-electrode assembly
(MEA). The electromotive force of the dry H,/air cell was
measured at two different temperatures. The observed open-
circuit voltage (OCV) was ca. 0.65 V at 25 °C and 0.50 €V at
130 °C (Figure 6). This result indicates that the conducting
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Figure 6. OCV profiles of 1 at 25 (@) and 130 °C (O).

species are protons, because oxide anions (O?”) are unlikely to
be generated or move in 1 in this temperature range, and no
other ions can generate an OCV in this MEA. The OCV values
are lower than the theoretical maximum, which is attributed to
fuel crossover, as the tendency was amplified at higher
temperature.®” The fact that the OCV values were almost
constant over several hours demonstrates the stability of the
material under the operating conditions. The thermal stability
of 1 was also checked by monitoring the conductivity while the
sample was held at 150 °C, and the conductivity did not

decrease significantly even after 7 h (Figure S3 in the
Supporting Information).

To investigate in more detail the proton-conduction
mechanism in the 2D sheet structure, a deuterated sample of
1 was prepared and characterized by solid-state “H NMR
spectroscopy. As D;PO,/D,0 was used to prepare the sample
for the *H NMR measurements, the acidic protons, including
that on N(1) of TzH, were deuterated while the hydrogens
bonded to carbons remained. As shown in Figure 7a, the
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Figure 7. Solid-state *H static NMR spectra of deuterated 1 at (a) 25
and (b) 100 °C.

spectrum of deuterated 1 at 25 °C was isotropic, demonstrating
that the interexchange of deuteriums (protons) occurs even at
ambient temperature. In addition, an anisotropic peak with a
spectral width of ca. 140 kHz was also observed. These
observations indicate the presence of at least two components
at this temperature: deuterium with high and low mobility.
These two components did not disappear after the temperature
was raised to 100 °C, although the isotropic peak became
sharper and more intense. This result suggests that the degree
of mobility of the mobile species is increased at higher
temperature, whereas the static species is still reluctant to move.
One possible interpretation is that the isotropic peak represents
the rotation of —POj; group and the anisotropic peak is derived
from static deuterium on the nitrogen.”® This plausibly provides
the idea of a proton-conduction path in the ab plane, where
hydrogen-bonded phosphates are spread two-dimensionally.
The conductivity of deuterated 1 was also measured, and the
values decreased by ca. 2 orders of magnitude relative to 1
(Figure S4 in the Supporting Information). The difference in
conductivity should be explained by quantum tunneling (or the
Grotthuss mechanism) because it is sensitive to mass.

Having determined the proton conduction mechanism of 1,
we became more interested in the anisotropic ion conduction.
Anisotropic ion conduction in solids is also of interest because
unidirectional growth or alignment of crystals improves the
performance of electrolytes.”” To confirm the preferred proton-
conduction path in the crystal structure, the anisotropy of the
proton conductivity was evaluated by using a large single crystal
of 1 (Figure 8a). The single crystal was a colorless lozenge with
dimensions of 0.55 mm X 0.25 mm X 0.06 mm. To check the
orientation of the crystal, the X-ray angle was scanned from $ to
40° relative to the upper plane of the single crystal. Only three
diffractions, indexed as (002), (004), and (006), were observed
(Figure 8c), and thus, the upper surface was identified to be
horizontal to the ab plane (perpendicular to the c axis). The
out-of-plane and in-plane AC conductivities were measured by
attaching gold-pasted electrodes to the crystal (Figure 8b). The
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Figure 8. Single crystal of 1 (a) viewed from the ¢ direction and (b)
with gold electrolytes attached. (c) XRD pattern of the single crystal of
1 scanned from S to 40° relative to the ab plane and (d) simulated
powder pattern with selected indexes.

in-plane conductivity was measured to be 1.1 X 107* S cm™ at

130 °C. This value is close to the bulk conductivity of the
powder sample extrapolated from Figure Se. Both the
impedance and modulus gave a single relaxation response
because of the lack of a grain boundary, and the overlap of the
Z" and M" peaks in the spectra reflects long-range migration of
protons (Figure 9).® The out-of-plane conductivity was 2.9 X
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Figure 9. Impedance (@) and modulus (O) spectra at 130 °C for in-
plane measurement.

107° S ecm™ at 130 °C, which is smaller than that for the in-
plane direction by 2 orders of magnitude. These values are
reasonable because the crystal structure indicates that protons
are supposed to diffuse in the ab plane but not in the ¢
direction. The difference between the in-plane and out-of-plane
conductivities proves that the proton transport occurs in the ab
plane, in support of the dominant conduction mechanism
suggested by the *H NMR study. The contribution of the N—H
bonds of the TzH ligands as hopping sites should become
effective only when the conduction is restricted to the ¢
direction, while they contribute to the in-plane conductivity
indirectly through the formation of hydrogen bonds.

B CONCLUSION

We have synthesized a crystalline inherent proton conductor
based on an extended 2D coordination network and

characterized its anhydrous proton-conduction behavior. [Zn-
(H,PO,),(TzH),], (1) consists of phosphate and triazole as
the ligands, both of which retain acidic protons. These ligands
are linked by extended hydrogen bonds in the layers, and 1
shows a proton conductivity of >107* S cm™ at 150 °C without
any guest supports. The optimal interval for the mobile protons
in the 2D layers is the key for intrinsic conduction. The
anisotropic conductivity of the single crystal revealed that the
proton transport occurs mainly in the ab plane. This result
offers promising prospects for creating proton conductors by
coordination-chemistry-based frameworks as well as investigat-
ing the proton-hopping mechanism in solids.*

B EXPERIMENTAL SECTION

Synthesis of [Zn(H,PO,),(TzH),] (1). All of the chemicals and
solvents used in the syntheses were reagent-grade and used without
further purification. Zinc oxide (81 mg, 1 mmol), 1,2,4-triazole (138
mg, 2 mmol), and phosphoric acid (85%, 134 uL, 2 mmol) were put
into a 10 mL Teflon jar with two steel-cored 10 mm teflon balls. The
mixture was ground for 60 min in a Retch MM200 grinder mill
operating at 25 Hz. The powder obtained was washed with methanol
and evacuated at 100 °C overnight to get dry pure-phase 1. Deuterated
1 was obtained using D;PO,/D,0 (85%) instead of normal
phosphoric acid.

General Methods. TGA was performed using a Rigaku TG8120
analyzer under flowing nitrogen with a ramp rate of 10 K min™".
PXRD and variable-temperature PXRD data were collected on a
Rigaku RINT 2200 Ultima diffractometer with a Cu Ka anode. DSC
was carried out with a Mettler Toledo DSC822e/200 instrument at a
heating rate of 10 K min~". IR spectra were obtained using a Nicolet
IDS attenuated total reflectance IR spectrometer operating at ambient
temperature. Solid-state "N and *'P CPMAS and *H static NMR
spectra were recorded on a Bruker Avance 400 MHz spectrometer.
The spinning rate for CPMAS spectra was 8 kHz for '*N and 10 kHz
for *'P. H spectra were recorded using a quadrupole echo pulse
sequence. Single-crystal X-ray diffraction measurements were
performed at 223 K with a Rigaku AFC10 diffractometer with Rigaku
Saturn Kappa CCD system equipped with a MicroMax-007 HF/
VariMax rotating-anode X-ray generator with confocal monochrom-
atized Mo Ka radiation. Data were processed by a direct method
(SIR97) and refined by full-matrix least-squares refinement using the
SHELXL-97 computer program. The hydrogen atoms were positioned
geometrically and refined using a riding model.

Evaluation of Conductivity. Impedance analysis was performed
on powders of 1 without modification. The powders (ca. 50 mg) were
pressed at 1000 kg N for 2 min by a standard S mm die and
sandwiched between two gold electrodes. The impedance cell was
filled with dry N, at atmospheric pressure, and measurements were
done at thermal equilibrium by holding for 30 min at each measuring
temperature. The measurements were performed using a impedance
and gain-phase analyzer (Solartron SI 1260) over the frequency range
1 Hz—1 MHz with an input voltage amplitude of 30 mV. ZView
software was used to fit impedance data sets by means of an equivalent
circuit simulation to obtain the resistance values. For OCV
measurements, the MEA was prepared by the following procedure:
A powder of 1 (250 mg) was sandwiched between two platinum-
loaded carbon electrodes (CHEMIX;, Pt loading, 2 mg cm™) in a 10
mm die and pressed at 2000 kg N for 20 min. Platinum wires were
then attached to both of the electrodes. The MEA was set in a hole
punched at a PTFE sheet as a gasket. Two gas chambers were set up
by placing the PTFE sheet between stainless steel flanges. Dry H, gas
(100 mL min™") and dry air (100 mL min™") were supplied to the two
chambers. OCV measurements were performed at 25 °C, and the
voltages were monitored and collected using a data logger (KEYENCE
NR-1000).
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