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Effect of MultiProton Units
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/Abstract: Two novel polyoxometalate (POM)-based coordi-
nation  polymers, namely, [Co(bpz)(Hbpz)][Co(SO,).s-
(H,0),(bp2)l, [PMo";Mo",V",0,,]-13H,0 (NENU-530) and
[Ni,(bpz)(Hbpz);(H,0),l[PMo"';Mo",V",0,,]-8 H,0 (NENU-531)
(H,bpz=3,3',5,5'-tetramethyl-4,4'-bipyrazole), were isolated
by hydrothermal methods, which represented 3D networks
constructed by POM units, the protonated ligand and sulfate
group. In contrast with most POM-based coordination poly-
mers, these two compounds exhibit exceptional excellent

chemical and thermal stability. More importantly, NENU-530\

shows a high proton conductivity of 1.5x1072Scm™" at
75°C and 98% RH, which is one order of magnitude higher
than that of NENU-531. Furthermore, structural analysis and
functional measurement successfully demonstrated that the
introduction of sulfate group is favorable for proton conduc-
tivity. Herein, the syntheses, crystal structures, proton con-
ductivity, and the relationship between structure and prop-
erty are presented.
Yy p )

Introduction

The increasing global energy crisis, caused by rapid develop-
ment of industry and limited natural resources, have accelerat-
ed the research in searching for substitute fuels. Among them,
proton-exchange membrane fuel cells (PEMFC) as a replace-
ment for traditional engines have attracted remarkable atten-
tion due to their high power density and ultralow emission."?
Proton-exchange membrane (PEM) is a vital part of PEMFC.”
To date, the PEM based on Nafion with high proton conductivi-
ty (0.1Scm™) is the sole membrane that has been widely
used. However, it operates over a low temperature range (<
80°C) under high relative humidity (98% RH).” With the in-
crease in temperature, the conductivity of PEM based on
Nafion significantly decreases. Therefore, it is challenging to
develop ideal proton-conducting materials operating over
a wider temperature range.”’ The amount and mobility of pro-
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tons as well as the expedite pathway for proton-conducting
should be the crucial factors for ideal proton conductors. Fur-
thermore, it is important to explore crystalline proton conduc-
tors, which will give insight into the relation between structure
and properties in order to further understand the proton-con-
duction pathway and mechanism.

Polyoxometalates (POMs) are an intriguing class of metal-
oxide clusters of nanosize and unique physical and chemical
properties.® Due to their fascinating structural diversity and
oxygen-rich surface with strong coordination ability, POMs
show potential applications in catalysis, ion exchange, medi-
cine, gas storage, materials science, and nanotechnology.”"”
Solid POMs possess a discrete ionic structure, comprising fairly
mobile basic structural units, heteropolyanions and counter
cations (H", H,0", H,Os* etc). These unique structural fea-
tures suggest that POMs should exhibit extremely high proton
mobility.”>"'? |In 1979, Keggin-type POMs (H;PMo;,0,,-29 H,0)
were first reported as proton conductors by Nakamura and co-
workers."? Since then, the high proton conduction of POMs
has received more attention. Recently, a great number of re-
searchers have focused on the fabrication of POM-based coor-
dination polymers, which are likely to combine the features
and functionalities of POMs and coordination polymers or
metal-organic frameworks (MOFs) in order to obtain perfect
materials with more interesting performances."" Firstly, com-
pared to simple MOFs, POM-based coordination polymers
show excellent stability and water retention, which are key fac-
tors for proton-conducting materials. For instance, Keggin-type
POMs can be inlaid into the ordered channels of MOFs, which
would endow more hopping sites in the cavities and enhance
the stability and hydrophilicity of MOFs. Moreover, polyoxoan-
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ions in coordination polymers would be connected with the
MOFs by intricate H-bonding networks, which could furnish
the pathway for proton conduction. Hence, POM-based coordi-
nation polymers might be potentially excellent proton-conduc-
tor.

In recent years, network structures, based on phosphonate
and sulfonate ligation, have been widely explored in the field
of coordination polymers due to their potential functional
properties.™ Strong acids, such as, H,50O, and H;PO,, could
easily deliver protons along the conduction pathways on ac-
count of their strong acidity and low volatility."® Hence, phos-
phate and sulfate groups in the coordination polymer are ar-
guably the favorable candidates for proton conductors. In ad-
dition, the introduction of an N-containing ligand is an effec-
tive way to enhance proton conductivity. In acid medium, N-
containing ligands could be easily charged and would supply
mobile protons, which is in favor of proton conduction.

In this study, we take advantage of appropriate N-con-
taining ligands and POMs as well as sulfate groups and
have successfully obtained two novel POM-based coordination
polymers,  namely, [Co(bpz)(Hbpz)][Co(SO,),s(H,0),(bpz)l,-
[PMo";M0"V",0,,] 13H,0  (NENU-530) and  [Ni,(bpz)-
(Hbpz),(H,0),l[PMo";Mo",V",0,.]-8H,0 (NENU-531) (H,bpz=
3,3',5,5'-tetramethyl-4,4"-bipyrazole). In contrast with most
POM-based coordination polymers, these two compounds
reveal exceptional chemical and thermal stability. More impor-
tantly, NENU-530 shows a higher proton conductivity of 1.5x
1073 Scm™" at 75°C and 98% RH, which is one order of magni-
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tude higher than that of NENU-531. Herein, the syntheses,
crystal structures, proton conductivity, and the relationship be-
tween structure and property are represented.

Results and Discussion

The X-ray diffraction study demonstrates that NENU-530 crys-
tallizes in the orthorhombic space group Fddd (Table S1 in the
Supporting Information). The structure of NENU-530 features
a novel 3D framework based on 2D anionic layers of
[[Co(bpz)(Hbp2z)l[Co(S0,),5(H,0),(bpz)l,I>~ parallel to the ab-
plane, which are interconnected by the [PMo";Mo",V",0,,1°*
ion clusters. As shown in Figure 1a, its basic structural unit
consists of two [Co(bpz)(Hbpz)]~ and [Co(SO,),s(H,0),(bpz)]l~
fragments, [PMo";Mo",V",0,,]° " ions and thirteen coordination
water molecules. There are two crystallographically distinct Co
cations. Co(1) adopts a six-coordinated octahedral coordination
geometry by two nitrogen atoms from two different bpz
ligands, one oxygen atom originating from the
[PMo"sMo",VV,0,,° " cation, one oxygen atom derived from
50,2~ and two coordinated water molecules. Co(2) center also
shows an octahedral coordination geometry with four nitrogen
atoms from four bpz ligands and two oxygen atoms originat-
ing from two different [PMo";Mo",V",0,,1°" ions. In NENU-
530, there are two kinds of N-donor ligand, bpz(1) and bpz(2)
(Figure S1 in the Supporting Information). One Co(2) cation,
four bpz(1) and four Co(1) cations are interlinked into
[Co(bpz)(Hbpz)]~ and [Co(SO,)y5(H,0),(bpz)]~ fragments the

Figure 1. Summary of the structure of NENU-530: a) environment of the Co" centers in NENU-530. Symmetry code: #1 —1+x, y, z; #2 1.25—x, 0.25—y, z; #3
—14x,0.25—-y, 2.25—z; #4 1.25—x, y, 2.25—z; #5 —0.25+4x, 0.5—y, 0.25+z; #6 1.5—x, —0.25+y, 0.25+Zz; #7 —0.25+x, —0.25+y, 2—2z; #8 1.5—x, 0.5—y, 2—z.
b) Ball-and-stick representations of the 2D structure of NENU-530 along the ¢ axis. c) Ball-and-stick representation of the packing arrangement of staggered

2D sheet-like structure in NENU-530. d) The 3D framework of NENU-530.
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[Co(bpz)(Hbpz)]~ fragment, whereas one bpz(2), two Co(1) cat-
jons and one SO,>~ group are connected into the
[Co(bpz)(Hbpz)]~ fragment. A more interesting feature is that
each subunit A (or subunit B) acts as a chelating ligand node,
forming left-handed (or right-handed) helical chains in the cat-
ionic sheet along the a axis (Supporting Information Figure S1).
Both left- and right-handed helical chains are linked together
via Co(2) cations. Furthermore, a 2D twofold layer is formed by
the assembly of these helical chains by sharing two kinds of Z-
shaped subunits (Figure 1b and Figure S1 in the Supporting
Information). X-ray analysis of NENU-530 revealed staggered
two-dimensional sheets made from Co cluster secondary build-
ing units (SBU) bridged by bpz ligands (Figure 1c). Then, each
[PMo"sMo",VV,0,,I° " cluster is further linked by staggered
two-dimensional sheets to form a 3D framework (Figure 1d
and Figure S2 in the Supporting Information). As expected, the
[PMo"';Mo",VV,0,,° " ion contains eight Mo" and four Mo"
ions; the oxidation states of all P and V atoms are +5 and +4,
respectively.” The overall structure of NENU-530 is a 3D
(3,6,6)-connected  network  with a  Schléfli  symbol
{567},{5-6%7%-9%.10%}{5*6°7%.9%} (Figure S3 in the Supporting In-
formation).

X-ray diffraction analysis shows that NENU-531 crystallizes in
the tetragonal space group P,/mnc (Table S1 in the Supporting
Information). Its structure can be described as a different 3D
network composed of 2D layers of [Niy(bpz)(Hbpz);(H,0),]" in
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the ab-plane, which are interconnected by [PMo"';Mo",V",0,,]"
cluster. There are one Ni' ion, one bpz ligand, one
[PMo"';Mo",V"V,0,,]* cation and two coordination water mole-
cules in the basic structural unit (Figure 2a). The unique Ni
cation is in a distorted octahedral geometry composed of four
nitrogen atoms from four bpz ligands, one oxygen atom de-
rived from water molecule, and one oxygen atom originated
from the [PMo";Mo",V",0,,]" ion. The bpz ligands are con-
nected with Ni" ions in the fashion of bridged modes to gener-
ate a (4"6% sheet (Figure 2b). Two neighboring 2D layers are
linked by the [PMo";Mo",V",0,,]" cationic cluster via Ni-O—V
bridges to generate a single 3D porous network with ordered
cube-like units of dimensions (13.612x 15.144x 13.612 A%; Fig-
ure 2c and d).

The phase purities of NENU-530 and NENU-531 were estab-
lished by comparison of their observed and simulated X-ray
powder diffraction (XRPD) patterns (Figure 3), and the IR spec-
tra also indicated their crystalline phase purity (Figure S5 in the
Supporting Information). Both compounds are air-stable as no
efflorescence of the crystals was observed in air for at least 5
to 8 months. They remained structurally intact after being
steeped in common organic solvents (such as dimethylaceta-
mide (DMA), dimethylformamide (DMF), methanol (MeOH),
ethanol (EtOH), acetone or dichloromethane) for 3 days at
room temperature (Figure 3a and b). Furthermore, they were
found to be stable in basic aqueous solution with different pH

Figure 2. Summary of the structure of NENU-531: a) coordination environment of the Co" center. Symmetry code: #1 —x, y, z; #2 —x, —y, z; #3 x, —y, z; #4
0.05599, 0.1418, 0.2532; #5 0.0216, 0.2004, 0.2865; #6 0.5—x, 0.5+, 0.5—z; #7 0.5—x, 0.5—y, 0.5—z. b) The 2D layer structure built by Ni' and pbz. c) The 3D

framework, and d) ball-stick and polyhedral representations of NENU-531.
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Figure 3. PXRD patterns of the two compounds: a,b) the immersion of
NENU-530 and NENU-531 in different solvents. c,d) The immersion of
NENU-530 and NENU-531 in aqueous solutions with different pH values.

values (pH 2, 3, 11, 12; adjusted by HCl or NaOH) at room tem-
perature, as confirmed by the subsequent XRPD patterns (Fig-
ure 3¢ and d). All above-mentioned results reveal that NENU-
530 and NENU-531 show excellent chemical stability.

To inspect their thermal stabilities, thermogravimetric analy-
sis (TGA) measurements were carried out for NENU-530 and
NENU-531. The TGA curve of NENU-530 reveals that the first
step of weight loss of 5.86% (calcd 5.82%) occurred under
400°C and was attributed to the loss of all lattice water mole-
cules (Figure S6a in the Supporting Information). The second
step with the weight loss of 3.43% (400-440°C) was attributed
to the removal of the coordinated water molecules, which
matches well with the calculated value of 3.58%. The TGA
curve of NENU-531 shows a continuous weight loss of about
5.8% from room temperature to 380°C, which is due to the
loss of coordinated water molecules and solvent water mole-
cules. The further weight loss above 380°C may be attributed
to the decomposition of the framework (Figure S6b in the Sup-
porting Information). As shown in Figure S7, PXRD patterns for
samples heated in flowing N, from 100 to 350 °C further con-
firm that NENU-530 and NENU-531 can maintain their crystal-
linity until 350°C. Hence, they show excellent thermal and
chemical stability which has been reported for few POM-based
polymers. This is essential for the broad application of proton
conductors.

The vapor adsorption experiments show excellent capacity
for water adsorption for both compounds, and the good water
retention also favors proton conductivity (Figure S8 in the Sup-
porting Information). The proton conductivity behaviors of
both compounds were evaluated by alternating current (AC)
impedance spectroscopy with compacted pellets of the
powder samples. The bulk conductivity was assessed by semi-
circle fittings of the Nyquist plots. At 98% RH, the conductivity
of NENU-530 was promoted to 1.5x107>Scm™' at 75°C from
2.2x10°Scm ' at 30°C (Figure 4c, Table 1 and Table S2 in the

Chem. Eur. J. 2016, 22, 9299 - 9304 www.chemeurj.org
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Supporting Information). For NENU-531, the proton conductiv-
ity at 98% RH was improved from 3.8x107°Scm™' at 30°C to
1.7x107* Scm™" at 75 °C (Figure 4¢, Table 1 and Table S2 in the
Supporting Information), which is one order of magnitude
lower than NENU-530. More amazingly, the conductivity value
of NENU-530 at 75°C under 98% RH is one of the best among
the conductivity values that have been reported for POM-
based coordination polymers (as shown in Table S3 in the Sup-
porting Information).
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Figure 4. a,b) Nyquist plots of NENU-530 and NENU-531 under 75 °C with
98% RH. c) Temperature dependence of the proton conductivity for NENU-
530 and NENU-531. d) Arrhenius-type plot of the conductivity of NENU-530
and NENU-531 at various temperatures under 98% RH.

Table 1. The factors influencing the proton conductivity of the com-
pounds.

Compound T [K] o Factor

NENU-530 303 2.213E-05 POM; protonated ligand
333 1.090E-04 sulfate group (S0,>)
348 1.503E-03 RH [%]

NENU-531 303 3.745E-06 POM; protonated ligand
333 4.518E-05 RH [%]
348 1.733E-04

However, what is the reason for the high proton conductivi-
ty and the significant difference between NENU-530 and
NENU-531? Firstly, according to the measurements, the tem-
perature is one of the key factors to improve proton conduc-
tivity since the high temperature accelerated proton transition
within the channels. Secondly, there are the inseparable rela-
tions between crystal structure and high performance: 1) the
inlay of the [PMo,,V,] cluster in the framework provided more
abundant protons and hopping sites that could speed up
transportation in NENU-530 and NENU-531, which further
proved that the incorporation of POMs is important for facili-
tating the internal proton transfer;'® 2) the protonated H,bpz
and Hbpz~ molecules could provide more protons and this

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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shows that the ability to form hydrogen bonds contributes to
the 3D hydrogen-bonding networks, which is the pathway for
proton translocation in both compounds,”™ 3) the presence of
sulfate in NENU-530 should be the crucial factor which results
in the significant difference of proton conductivity between
these two compounds (Table 1 and Figure S4 in the Support-
ing Information).

Sulfate groups are extremely significant in various proton
conductive polymers just as in Nafion.?” In NENU-530, the
strong acid groups (—SO,) could connect with organic ligand
and free-water molecules by hydrogen bonds, forming ex-
tremely hydrophilic channels and generating well-known ad-
vantageous proton-transport pathways, similar to those ob-
served in Nafion. Furthermore, the water sorption isotherms
show that the amount of water adsorbed in NENU-530 is
much larger than with NENU-531, which might be attributed
to the higher hydrophilicity of sulfate groups compared with
other groups in the framework (Figure S8). Hence, the pres-
ence of sulfate groups should be the key factor that leads to
the proton conductivity of NENU-530 to be one order of mag-
nitude higher than that of NENU-531 at high humidity.

The temperature dependency of the conductivity was mea-
sured, and Arrhenius plots for NENU-530 and NENU-531 were
obtained as shown in Figure 4d. According to the Arrhenius
equation 0T =0.exp(—E,/ksT), the activation energies (E,) are
derived to be 0.33 and 0.36 eV at 98% RH for NENU-530 and
NENU-531, respectively, hence the mechanism of proton con-
ductivity should be assigned to the Grotthuss mechanism (E,=
0.1-0.4 eV).22>"3 Thjs is consistent with the architectural fea-
ture that Keggin polyoxoanions are pillared into the channels
without mobility. Moreover, as the RH increased from 98 to
75% at 30°C, the values of proton conductivity for both com-
pounds rose to 2.2x107° and 3.8x107°Scm™' from 6.6x 1078
and 2.9x1078Scm™', respectively (Figures S9 and S10 in the
Supporting Information). These prove that RH is a remarkable
factor for proton conductivity of both compounds, and further
demonstrates that the water absorption of the sample is im-
portant in the conduction routes, backing the hypothesis that
the proton conduction for both compounds occurs on the
basis of the Grotthuss mechanism under water-rich conditions.

Conclusions

In summary, we have designed and synthesized two POM-
based coordination frameworks with remarkable thermal and
chemical stability by hydrothermal method. The 3D network of
NENU-530 was constructed by POMs, protonated ligands and
sulfate groups, three of which could supply acidic protons in
NENU-530. The excellent proton conductivity of NENU-530 is
as high as 1.5x103Scm™' at 75°C under 98% RH, resulting
from the synergistic effect of multiproton units, which is one
of the best POM-based materials with one of the highest con-
ductivity values reported in the literature. Compared with
NENU-531, the proton conductivity of NENU-530 has been im-
proved distinctly by the introduction of SO, groups in its
structure. Our work presents a potential method to enhance
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the proton conducting properties of hybrid materials by at-
taching sulfate groups into the polymeric backbones.

Experimental Section
Preparation of NENU-530

A mixture of H;PMo,,04,xH,0 (0.42 g, 0.23 mmol), NH,VO; (0.44 g,
3.8 mmol), Na,SO; (0.8 g, 6.4 mmol) was dissolved in 7 mL of dis-
tilled water at room temperature. The pH was acidified to 5.0 with
diluted HCl (2m). Then, bpz (0.02 g, 0.13 mmol) and CoCl,-6H,0
(0.2 g, 0.88 mmol) were added to the mixture, which was trans-
ferred to and sealed in a 12 mL Teflon-lined stainless steel contain-
er, and heated at 120°C for 3 days. After slow cooling to room
temperature, dark blue crystals were filtered and washed with dis-
tilled water (43% based on Mo). Elemental analysis (%) calcd for
CgoH73C0sM0,,N,,04PS,V, (3877.98): C 1858, H 0.52, Co 7.60, Mo
29.69, N 8.67, P 0.80, S 1.65, V 5.25; found: C 1847, H 0.63, Co
7.66, Mo 29.53, N 8.78, P 0.78, S 1.70, V 5.33; IR (solid KBr pellet):
7=3324.38 (s), 2924.18 (m), 1620.98 (m), 1559.65 (w), 1537.04 (w),
1455.72 (w), 1419.26 (m), 1373.31 (w), 1281.00 (w), 1145.99 (w),
1030.45 (m), 936.86 (s), 763.00 (s), 654.32 (s), 611.62 (s), 544.28 (m),
490.20 cm™' (m).

Preparation of NENU-531

A mixture of H;PMo,;,04,xH,0 (0.42 g, 0.23 mmol), NH,VO; (0.44 g,
3.8 mmol), Na,SO; (0.8 g, 6.4 mmol) was dissolved in 5 mL of dis-
tilled water at room temperature. The pH was acidified to 5.0 with
diluted HCI (2m). Then, bpz (0.016 g, 0.1 mmol) and NiCl,-6H,0
(0.13 g, 0.80 mmol) were added to the mixture, which was trans-
ferred and sealed in a 12 mL Teflon-lined stainless steel container,
and heated at 120°C for 3 days. After slow cooling to room tem-
perature, dark blue crystals were filtered and washed with distilled
water (39% based on Mo). Elemental analysis (%) calcd for
CuoHs:M0;,N,,Ni,O4,PV, (3232.58): C 14.86, H 1.50, Ni 3.63, Mo
35.62, N 10.40, P 0.96, V 6.30; found: C 14.75, H 1.58, Ni 3.50, Mo
35.78, N 10.34, P 0.92, V 6.44. IR (solid KBr pellet): 7=3219.14 (m),
1617.84 (m), 1556.84 (w), 1420.36 (m), 1372.29 (w), 1284.17 (w),
1251.51 (w), 1159.33 (w), 1062.79 (m), 1033.00 (m), 949.25 (s),
877.16 (s), 792.90 (s), 655.04 (s), 535.52 cm ™' (s).

CCDC 1449386 (NENU-530) and 1449387 (NENU-531) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.
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