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Syntheses, crystal structures, and proton
conduction properties of two zirconium
fluorophosphonates
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Zhihua Chen,b,e Zhongxin Wei,d Haiyan Sun, *b,e Meiling Feng *b,e and
Xiaoying Huang b,e

By introducing hydrogen fluoride (HF) and a competitive ligand into the synthetic system to enhance the

crystallinity of products, two two-dimensional (2D) zirconium fluorophosphonate compounds with high

crystallinity, namely A2[Zr(hedp)F2] (hedpH2 = 1-hydroxyethylidene-1,1-diphosphonic acid, A+ = K+ (1),

NH4
+ (2)), were successfully prepared. Their structures feature the anionic layer of [Zr(hedp)F2]n

2n− with

A+ cations located in interlayer spaces. The unique coexistence of F, –OH, and –PO3 moieties within the

structure generates an extensive hydrogen-bonding network, facilitating efficient proton transport. At the

temperature of 85 °C and the relative humidity (RH) of 95%, the proton conductivity (σ) of compounds 1

and 2 is 6.37 × 10−4 S cm−1 and 1.27 × 10−2 S cm−1, respectively. The proton conductivities of both com-

pounds follow the Grotthuss mechanism. Compound 2 demonstrates better proton conductivity owing

to the presence of NH4
+ cations, which facilitate the formation of extensive hydrogen-bonding networks

that enable efficient proton transport. This study endows the zirconium fluorophosphate family with new

members and provides a feasible research strategy for constructing highly crystalline metal fluoropho-

sphonate compounds.

Introduction

Due to their remarkable stability and adjustable pore architec-
tures, zirconium-based metal–organic frameworks (Zr-MOFs)
have shown promising potential in diverse applications includ-
ing gas adsorption1 and separation,2 proton conduction,3 and
catalysis. However, the development of Zr-MOFs has always
been hindered by their poor crystallinity.4 The reason is that
the high charge density of Zr4+ ions induces rapid nucleation
and high sensitivity of the crystallization process to reaction
conditions such as temperature, solvent, and ligand concen-
tration.5 Consequently, despite their excellent properties, it
remains challenging to form high-quality crystals for Zr-MOFs.
This limitation results in a restricted diversity of structural

types and hinders in-depth mechanistic investigations for Zr-
MOFs.

To date, the structural diversity of reported Zr-MOFs
remains limited, being classified into major categories based
on their ligands including zirconium carboxylates,6 zirconium
phosphates,7 zirconium phosphonates,8 nitrogen-containing
heterocycle-based Zr-MOFs,9 and macrocycle/porphyrin-
based10 Zr-MOFs. Among these, zirconium phosphonates
exhibit superior chemical, mechanical, and thermal stability,
as well as enhanced hydrolytic resistance compared to
zirconium carboxylates and other Zr-MOFs.11,12 The crystalliza-
tion of zirconium phosphonates is generally more intricate,
as their low crystallinity poses substantial difficulties for
structural characterization.13 For example, the structures
of Zr2(PO4)(O3PCH2CH2(viologen)CH2CH2PO3)X3·3H2O, (X =
halide),14 Zr2(O3PCH2CH2–viologen–CH2CH2PO3)F6·2H2O,

15 Zr
(O3PCH2Cl)2,

16 etc.17–20 cannot be determined through single-
crystal X-ray diffraction (SCXRD) due to their poor crystallinity,
and structural models obtained from powder X-ray diffraction
(PXRD) data may exhibit significant deviation. Highly crystal-
line zirconium phosphonates are extremely rare.3,5,7,8,21–25

Therefore, a key scientific challenge in developing zirconium
phosphonate materials is devising strategies to enhance their
crystallinity.
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In order to improve the crystallinity of Zr-MOFs, researchers
have developed various strategies. An effective one is to incor-
porate competitive ligands (e.g., acetic acid and benzoic acid26)
to regulate the coordination environment of ZrO6 clusters and
thus decrease the nucleation rate. For instance, the effect of
benzoic acid or acetic acid concentration on the crystallinity of
Zr-bdc (UiO-66) has been investigated by adjusting ligand
dosages. The results show that with increasing regulator con-
centration, the product morphology transitioned from interwo-
ven crystals to individual crystals.27 Another strategy is to intro-
duce fluorides to enable the formation of strong Zr–F bonds,
thereby significantly enhancing the crystallinity and thermal
stability of Zr-MOFs.28 For example, Noro et al. reported the
solvothermal synthesis of fluorinated MOFs, in which zirco-
nium atoms coordinate with fluorine atoms to form a frame-
work structure.29 It was found that the presence of fluorine
atoms enhanced the crystallinity and thermal stability of Zr-
MOFs. Therefore, it is expected that under the action of hydro-
gen fluoride (HF), Zr can coordinate with organic phosphate
ligands to obtain the zirconium fluorophosphonates with high
crystallinity and stability. However, currently, zirconium fluoro-
phosphonates synthesized in the presence of hydrofluoric acid
remain scarce.11,30–35 The reported zirconium fluorophospho-
nates SZ-1 ([C4mpyr][Zr2.5(TppmH3)F6]·2.5H2O), C4mpyr =
N-butyl-N-methylpyrrolidinium, TppmH8 = (tetrakis[4-(dihydrox-
yphosphoryl)phenyl]methane) and SZ-3 ([C2py]2[Zr3.5(TppaH)
F9]·6.5H2O, C2py = N-ethylpyridinium, TppaH = 1,3,5,7-tetrakis
(4-phosphonophenyl)adamantine)11 exhibit high stability in
aqua regia and possess ion exchange properties towards
various ions. Moreover, the highly crystalline zirconium fluoro-
phosphonates facilitate the study on the correlation of the
structure and property, as exemplified by SZ-8 (K2Zr
[CH2(PO3)2]F2),

31 SZ-7 ([(CH3)2NH2]2[ZrC6H4(CH2PO3)2F2])
33

and SZ-4 ([(CH3)2NH2][ZrCH2(PO3)2F]),
34 which clearly demon-

strate that the selectivity of their ion exchange performance is
primarily due to the affinity between functional groups within
the structures and target ions. On the other hand, due to the
discriminative nature, the highest electronegativity, and low
polarizability of the F atom, it can form strong hydrogen
bonds.36 As a result, unique properties, such as proton con-
duction and gas adsorption, have been developed in
F-containing molecules/materials.37 Notably, despite these
advantages, zirconium fluorophosphonates with proton con-
duction properties are limited. Thus far, only two zirconium
fluorophosphonates (DMA)3[Zr(HL)F2]

38 (H6L = 2,4,6-tris(4-
phosphonophenyl) pyridine, DMA+ = dimethylammonium)
and ZrF[H3(O3PCH2NHCH2COO)2]

35 with proton conduction
performance have been reported. Thus, the development of
highly crystalline zirconium fluorophosphonates for proton
conduction remains a critical research priority.

In this work, two two-dimensional (2D) fluorophosphonate
Zr-MOFs, A2[Zr(hedp)F2] (hedpH2 = 1-hydroxyethylidene-1,1-
diphosphonic acid, A+ = K+ (1), NH4

+ (2)), were synthesized in
HF media and with N,N-dimethylacetamide as the solvent.
Their structures feature the anionic layer of [Zr(hedp)F2]n

2n−

with A+ cations located in interlayer spaces. Compounds 1 and

2 exhibit proton conduction performance, attributed to their
abundant –OH, F, and –PO3 groups, which form the dense
hydrogen-bonding networks. Notably, compound 2 exhibits
better proton conductivity due to the presence of NH4

+

cations, which facilitate the extensive hydrogen bonding
network. This structural feature enables more efficient proton
transport pathways compared with that of compound 1. The
mechanism of the proton conduction is clarified as well.
Notably, the compounds retain the structural stability after
proton conduction. By introducing HF as the structure-
directing agent, this study successfully prepared highly crystal-
line fluorophosphonate Zr-MOFs. This work overcomes the
long-standing challenge of low crystallinity in zirconium fluor-
ophosphonates, yielding new zirconium fluorophosphonates,
and demonstrates their potential as proton-conducting
materials.

Materials and methods
Materials

Hydroxyethylidenediphosphonic acid (96.00%, Shanghai Titan
Technology Co., Ltd), ZrOCl2·8H2O (98.00%, Shanghai Adamas
Reagent Co., Ltd), HF (AR, ≥40 nt Co., Ltd), N,N-dimethyl-
acetamide (99.00%, Sinopharm Chemical Reagent Co., Ltd),
HNO3 (AR, Sinopharm Chemical Reagent Co., Ltd), KNO3

(99.90%, Greagent Reagent Co., Ltd), terephthalic acid (AR,
Fuchen Chemical Reagent Co., Ltd), and NH4OH (AR,
Sinopharm Chemical Reagent Co., Ltd) were used. All commer-
cial reagents were used without additional purification.

Syntheses of 1

The synthesis of compound 1 was achieved under solvo-
thermal conditions. In a typical procedure, ZrOCl2·8H2O
(257.8 mg, 0.8 mmol), hedpH2 (164.8 mg, 0.8 mmol), KNO3

(262.9 mg, 2.6 mmol), 8 mL N,N-dimethylacetamide, 2 mL de-
ionized water, and 0.08 mL HF were mixed in a 28 mL stainless
steel autoclave with a Teflon liner. The pH of the system was
titrated to 3 using 0.28 mL HNO3. After vigorously stirring for
30 minutes at room temperature, the sealed reactor was heated
at 180 °C for 3 days and then allowed to naturally cool to lab-
oratory temperature. The resulting crystalline product was col-
lected by filtration, washed thoroughly with deionized water
and ethanol (three times each), and dried under ambient con-
ditions (yield: 0.217 g, 61% based on Zr atoms). Elemental
analysis: calcd, C: 5.87%, H: 0.99%, N: 0.00%. Found, C:
5.66%, H: 0.97%, N: 0.00%.

Synthesis of 2

Compound 2 was synthesized through a modified solvo-
thermal approach. Using a 28 mL Teflon-lined stainless-steel
autoclave, we combined 0.8 mmol ZrOCl2·8H2O (257.8 mg,
0.8 mmol), hedpH2 (164.8 mg, 0.8 mmol), terephthalic acid
(83.1 mg, 0.5 mmol), 1 mL ammonium hydroxide (NH4OH),
8 mL N,N-dimethylacetamide, 2 mL deionized water, and
0.08 mL HF. The reaction mixture was carefully adjusted to a
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pH of 3 with 0.78 mL HNO3. After homogenizing the mixture
by stirring for 30 minutes at room temperature, the sealed
reactor was heated to 180 °C and held for 72 hours under auto-
genous pressure before being slowly cooled to ambient temp-
erature. The resulting crystalline product was isolated by fil-
tration, subjected to three successive washing cycles with de-
ionized water and ethanol, and finally air-dried to obtain crys-
tals for compound 2 (yield: 0.197 g, 67% based on Zr atoms).
Elemental analysis: calcd, C: 6.54%, H: 3.29%, N: 7.62%.
Found, C: 6.62%, H: 2.99%, N: 7.74%.

Proton conduction experiments

Compounds 1 and 2 were separately ground into homo-
geneous microcrystalline powders and then pressed into
cylindrical pellets with a radius of 0.126 cm using a tablet
press. Silver paste was uniformly coated on both the top and
bottom surfaces of the pellets to serve as electrodes, which
were then connected with gold wires to ensure good electrical
contact. During the preparation process, special attention was
paid to maintaining consistent sample thickness and prevent-
ing short circuits along the sidewalls. First, tests were con-
ducted at a constant temperature of 25 °C under relative
humidity levels of 65%, 75%, 85%, and 95%. When the
humidity reaches 95%, the temperature is adjusted to 35 °C,
45 °C, 55 °C, 65 °C, 75 °C and 85 °C sequentially for further
testing. Each time the humidity was set, we waited for 2 hours
before testing and collecting data. Each time the temperature
was adjusted, we waited for 1 hour before testing and collect-
ing data.

Characterization techniques

PXRD patterns were recorded at RT by using a Miniflex II diffr-
actometer with CuKα radiation (λ = 1.54178 Å) in a 2θ range of
5–65°. Thermogravimetric analysis (TG) was conducted using a
Netzsch STA449C thermoanalyzer instrument from 20 °C to
1200 °C at a heating rate of 10 °C min−1 under a N2 atmo-
sphere. Nonmetallic elements such as C, H, and N in the
samples were quantitatively analyzed with the Vario EL Cube
element analyzer (EA, Elementar, Germany). The proton con-
duction test was performed on an SI 1260 IMPEDANCE/
GAINPHASE impedance analyzer. The temperature and humid-
ity control during the proton conduction test was carried out
in the Haotianxin constant temperature and humidity test
chamber (model SMA-100PF). The water vapor adsorption
experiments were conducted using the gas adsorption detector
BETSORP instrument. The surface morphology of the com-
pounds was determined through 165 scans using a scanning
electron microscope (SEM, model JSM-6700F from JEOL). The
applied voltage used in the test is 50 mV, and the frequency
range is 0.1 Hz–1 MHz. Energy-dispersive X-ray spectroscopy
(EDX) was performed using a JSM-6700F scanning electron
microscope (JEOL, Showa, Japan) and SU-8010 field emission
scanning electron microscope (HITACHI, Japan). The Fourier-
transform infrared (FTIR) spectra were recorded in the
400–4000 cm−1 range by using ATR on a Bruker VERTEX 70
FTIR spectrophotometer. Crystals of appropriate size and

dimensions were selected and placed under a microscope and
then the crystals were fixed at the tip of a glass fiber for
SCXRD characterization. SCXRD data of 1 were collected on a
Rigaku XtaLAB-Synergy-R diffractometer at 100 K using MoKα

(λ = 0.71073 Å) and SCXRD data of 2 were collected on a
Rigaku XtaLAB-Synergy-R diffractometer at 298 K using CuKα

(λ = 1.54178 Å). The structures were solved by direct methods
and refined by full-matrix least-squares on F2 using the
SHELX-2019 program package.39

Results and discussion
Crystal structures

The crystal structures were unambiguously determined
through SCXRD analysis (Table S1). EA, TG (Fig. S1), FTIR
(Fig. S2) and EDX (Fig. S3) together verified the correctness of
the empirical formulas. The anionic frameworks of A2[Zr
(hedp)F2] (A

+ = K+ (1), NH4
+ (2)) are the same, but their cations

are different. Therefore, using compound 1 as a representative
example, the structures of title compounds are described. Its
asymmetric unit contains one Zr atom, one hedp ligand, two F
atoms, and two K+ cations (Fig. 1a). Each Zr atom coordinates
with four oxygen atoms of four –PO3 groups from three hedp
ligands. That is, the Zr atom is coordinated with one hedp
ligand through double-dentate chelation and connected with
the other two hedp ligands through monodentate coordi-
nation. In addition, the Zr atom also coordinates with two F
atoms, finally forming an octahedral ZrO4F2 coordination geo-
metry (Fig. 1b). Owing to an hedp ligand being connected to
the same Zr, a slight distortion of the ZrO4F2 octahedron
occurs. The bond lengths of Zr–F are 1.9999(14) and 2.0081
(14) Å, and those of Zr–O are in the range of 2.0564(17)–2.0951

Fig. 1 (a) ORTEP plot (50% ellipsoid probability) showing the crystallo-
graphic asymmetric unit of compound 1. Hydrogen atoms are omitted
for clarity. (b) Octahedral coordination of Zr in compound 1 represented
in the ball-and-stick mode. (c) Ball-and-stick representation of the
eight-membered ring in the anionic layer of 1. (d) An anionic layer in
compound 1.
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(16) Å. The bond angle range of ∠F–Zr–O is 86.03(6)–94.87(6)°,
and the bond angle range of ∠O–Zr–O is 83.75(7)–172.39(7)°
(Table S2). Four ZrO4F2, a complete ligand, and two –PO3

groups come into being in the eight-membered rings, in which
the spacing between Zr atoms is 10.18 × 7.92 Å2 (Fig. 1c).
Through sharing Zr–O–P–O–Zr edges and ZrO4F2 corners,
these windows extend infinitely, forming a [Zr(hedp)F2]n

2n−

layer (Fig. 1d). Here, O(4)⋯H(7A) represents the shortest dis-
tance between the two layers, with a value of 2.16 Å (Fig. S4).
The layers are stacked in the direction of the c-axis with a hori-
zontal shift (Fig. 2a), and K+ ions balance the anion charges in
each layer. The layers are connected by hydrogen bonds, where
the H(7A) atom in –OH of hedp forms a hydrogen bond with
the unpaired O(4) atom in –PO3, and the –F(1) forms a hydro-
gen bond with the H(3B) atom in –CH3 of hedp (Table S3).
From a perspective view along the c-axis, the hydrogen bonds
form wavy hydrogen bond channels in between the two layers
(Fig. 2b).

In compound 2 (Tables S4 and S5), the eight-membered
ring size is 10.26 × 7.92 Å2 (Fig. S5). The interlayer O(4)⋯H(7)
distance is found to be 2.85 Å (Fig. S6). The NH4

+ ions reside
in the interlayer spaces and balance the charges of anionic
layers. From the perspective views of the b-axis (Fig. 2c) and
a-axis (Fig. 2d), there are numerous hydrogen bonds among
the networks.

PXRD

The experimental PXRD patterns of compound 1 (Fig. 3a) and
compound 2 (Fig. 3b) show no additional peaks when com-
pared with the simulated PXRD patterns derived from their
respective SCXRD data. This indicates that the experimentally
obtained samples are of the same phase as the structurally
characterized single crystals, confirming that compounds 1
and 2 can be synthesized as pure phases.

Water adsorption

Water vapor adsorption experiments of compounds 1 and 2
show that at 25 °C and a P/P0 of 0.98 compound 1 adsorbed
3.61 mg g−1 of water vapor, while compound 2 adsorbed
11.66 mg g−1 of water vapor. This indicates that compounds 1
and 2 possess significant hydrophilic properties, which is
attributed to the abundance of hydrophilic groups (–PO3 and
–OH) in both structures (Fig. S7). Therefore, proton conduc-
tion of compounds 1 and 2 may occur using water as the
medium.

Proton conduction

Proton conduction materials exhibit significant application
potential in hydrogen sensors and proton exchange membrane
fuel cells.40 Generally, non-coordination functional groups in
the organic ligands of MOFs (e.g., –OH and –PO3H2) facilitate
efficient proton conduction.41 In addition, the hydrogen bond
networks in the structure may enhance proton transfer. The
–PO3, –OH, and –F groups in compounds 1 and 2, and the
presence of NH4

+ in compound 2 contribute to the more abun-
dant hydrogen bonds. These structural features prompt us to
investigate their proton conduction by alternating current
impedance spectroscopy. The proton conductivity was investi-
gated via impedance spectra. The samples after proton con-
ductivity testing were subjected to PXRD analysis. A compari-
son of the PXRD patterns revealed no additional peaks in the
patterns before and after proton conduction, indicating that
the framework of compounds 1 and 2 remained structurally
intact after the conductivity test (Fig. 3a and b).

At 25 °C, the proton conductivities (σ) of 1 and 2 were
measured under varying relative humidity (65%–95% RH)
(Fig. S8a, S8b, and Table S6). The σ increased from 1.61 × 10−7

S cm−1 to 3.96 × 10−5 S cm−1 for 1 and 1.41 × 10−6 S cm−1 to
5.88 × 10−4 S cm−1 for 2 when the RH ranged from 65% to
95%. These results indicate that the increase of relative humid-
ity enhances the adsorption of the material to water and pro-
duces more proton carriers, thus enhancing the proton
conductivity.

Temperature is another critical factor for proton conduc-
tivity. Thus, proton conductivity was subsequently measured

Fig. 2 (a) Packing diagram of compound 1 viewed along the a-axis. (b)
The interlayer hydrogen bonds in compound 1. (c) Packing diagram of
compound 2 viewed along the a-axis. (d) The interlayer hydrogen bonds
in compound 2.

Fig. 3 (a) Comparison of PXRD patterns for compound 1 before and
after proton conductivity testing with the simulated pattern from the
single-crystal X-ray structure. (b) Comparison of PXRD patterns for com-
pound 2 before and after proton conductivity testing with the simulated
pattern from the single-crystal X-ray structure.
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under different humidity conditions (95% RH) over a tempera-
ture gradient from 35 to 85 °C. According to the Nyquist plots
(Fig. 4a, and Table S7), when the temperature rises from 45 °C
to 85 °C, the proton conductivities could increase from 3.67 ×
10−4 to 6.37 × 10−4 S cm−1 for 1, and when the temperature
changes from 35 °C to 85 °C (Fig. 4b, and Table S7), the
proton conductivities could increase from 3.11 × 10−3 to 1.27 ×
10−2 S cm−1 for 2. Elevated temperatures facilitate water
adsorption by the materials, thereby promoting the formation
of proton carriers and enhancing proton conductivity.42

As can be seen from Table S8, compound 2 has higher
proton conductivity than those of most other phosphonate
based compounds, such as [Cd2(L

1)2(Bib)2(H2O)]·4.5H2O (L1 =
4-carboxyphenylmethylphosphonate ethyl ester), [Cd(L2)
(Bib)]·3H2O (L2 = 3-carboxyphenylmethylphosphonate ethyl
ester), Bib = 1,4-bis-(1H-imidazol-1-yl)benzene,43 [Tb(H2L)
(H2bts)(H2O)]·H2O (H3bts = 5-sulfoisophthalic acid, H4L = bis-
methylenephosphonic acid),44 PGM-L3 and PGMH1,45 and is
second only to those of Na-MOF (1.03 × 10−1 S cm−1 at 60 °C
and 98% RH)46 and PCMOF20 (1.3 × 10−2 at 85 °C and 95%
RH).38

The proton conduction mechanisms of compounds 1 and 2
were further investigated. As shown in Fig. 4c and d, the linear
relationship between ln(σT ) and 1000/T is observed upon
fitting based on the Arrhenius equation. The calculated acti-
vation energy values for compounds 1 and 2 are 0.124 eV and
0.310 eV, respectively, which are below 0.4 eV, indicating that
proton conduction proceeds via a hopping mechanism. The
experimental results of water adsorption, TG (Fig. S1), and
SEM (Fig. S9) demonstrate the involvement of water in the
proton conduction process. The proton conduction of title
compounds proceeds via water-mediated proton transfer and
follows the Grotthuss mechanism.40,47

Structural analysis reveals that the 2D anionic [Zr(hedp)
F2]n

2n− layers of both compounds feature –OH and –F groups
oriented perpendicular to the interlayer regions, participating in
hydrogen bonding to form continuous proton conduction path-
ways (Tables S3 and S5, Fig. 2b and d).48 Compound 2 contains
NH4

+ cations that form N–H⋯O and N–H⋯F hydrogen bonds
with the framework, creating strong hydrogen-bonded chains
along the b-axis (Table S5). Protons are transported efficiently
along these chains via a hopping mechanism.49 Although water-
mediated proton conduction represents a common mechanism
in many materials, the introduction of NH4

+ can significantly
enhance the proton transport efficiency.50 For instance, after
introducing NH4

+ into the KZn6-HPAA-3D structure, its proton
conductivity increases by two orders of magnitude.40,51

Therefore, although compounds 1 and 2 are isomorphic, the
difference in their cationic components leads to distinct hydro-
gen-bonding networks. These structural variations ultimately
account for their different proton conductivities.

Conclusions

This work reports the successful synthesis of two isostructural
highly crystalline zirconium fluorophosphonates {A2[Zr(hedp)
F2]} (A

+ = K+ (1), NH4
+ (2)) via the solvothermal method with

HF addition. The anionic [Zr(hedp)F2]n
2n− layers are integrated

with the A+ cations occupying the interlayer spaces of title
structures. Under the conditions of 95% RH and 85 °C, com-
pounds 1 and 2 show proton conduction behavior with a σ of
6.37 × 10−4 S cm−1 and 1.27 × 10−2 S cm−1, consistent with the
Grotthuss mechanism. The proton conductivity is primarily
ascribed to the abundant hydrogen bonds around the frame-
work functional groups such as F, –OH and –PO3 which serve
as the primary pathways for proton migration. Comparative
analysis reveals that compound 2, incorporating NH4

+ cations,
demonstrates significantly enhanced proton conductivity rela-
tive to compound 1. This study not only expands the family of
crystalline zirconium fluorophosphonates but also validates
that constructing hydrogen-bonding networks within the struc-
ture is a viable strategy to enhance the proton conductivity.
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