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ABSTRACT: The reaction of two small phosphono-amino
acids based on glycine (glyphosine and glyphosate) with
zirconium under mild conditions led to the attainment of three
related zirconium derivatives with 1D, 2D, and 3D structures
of formulas ZrF[H3(O3PCH2NHCH2COO)2] (1),
Zr3H8[(O3PCH2)2NCH2COO]4·2H2O (2), and Zr-
[(O3PCH2)(HO3PCH2)NHCH2COOH]2·2H2O (3), respec-
tively, whose structures were solved by X-ray powder and
single-crystal diffraction data. The glyphosate derivative has 1D
ribbon-type structure whereas the dimensionality of the glyphosine-derived materials (2D and 3D) can be tuned by changing the
synthesis conditions. The low-dimensional compounds (1 and 2) can be directly produced in the form of nanoparticles with
different size and morphology whereas the 3D compound (3) has a higher crystallinity and can be obtained as single crystals with
a prismatic shape. The different structural dimensionality reflects the shape and size of the crystals and also differently affects the
proton conductivity properties, measured over a wide range of temperature at 95% relative humidity. Their high thermal and
chemical stability together with the small size may promote their use as fillers for polymeric electrolyte membranes for fuel cells
applications.

■ INTRODUCTION
The chemistry of zirconium phosphonates, widely developed at
the beginning of the 1970s, has enjoyed a resurgence in recent
years.1 Many derivatives have been built by using amino-
methylenephosphonic acids that are building blocks with a
higher structural versatility, if compared to other organo-
phosphonates with a linear structure, which give rise to
zirconium derivative compounds based on α-type layers.2 The
use of such aminomethylenephosphonates has allowed us to
obtain new compounds with structures ranging from 1D to 2D
to 3D. Among them, a number of new archetypes have been
recently discovered.3

The access to a wide range of structural arrangements,
together with the possibility of using building blocks with
various functional groups, may represent a powerful tool in the
design of materials for specific applications, such as
heterogeneous catalysts, ion exchangers, fillers for composite
membranes, solid-state proton conductors, and many others.4

The latter above-mentioned property is currently of great
interest: the progressive availability of solid proton-conducting
materials stimulated the utilization of proton conduction in a
variety of devices, including fuel cells, electrolyzers, chemical
sensors, electrochromic displays, and hydrogen pumps.5

Proton-conducting polymers and ceramic oxides are widely
investigated as solid electrolytes in fuel cell working at low
(60−80 °C) or high (>700 °C) temperature, respectively.6

Nanosized proton conductors are also employed as fillers for
proton-conducting polymers in order to improve their electrical

conductivity and mechanical properties while reducing the
membrane permeability to oxygen and fuel.7 As a consequence,
there is a growing demand for new solid-state proton
conductors with good conductivity performance under different
conditions of humidity and temperature.
Hybrid inorganic−organic materials, built from the rational

assembly of metal ions and various organic ligands bearing
acidic groups, have shown promising perspectives in this field.
As a matter of fact, in the last few years the number of papers
reporting the conductivity properties of hybrid coordination
polymers and metal organic framework (MOF) materials have
grown exponentially.8 Most of them are conventional
carboxylate-based MOFs modified with free strong acids9

and/or heterocyclic moieties.10

Some of these materials showed high anhydrous conductivity
at different temperatures. However, the best-performing
materials are affected by several limitations such as scarce
chemical and thermal stability, the reproducibility of the
conductivity values after many cycles, the volatility of the acidic
guest molecules responsible for the high conductivity values,
and the scarce compatibility of these compounds to be
dispersed in conductive polymeric matrices for a real
employment in fuel cell application.
The search for new conductive materials should instead

include the following features: low dimensionality and
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nanometric dimensions to improving the degree of dispersion
in polymeric matrices, good thermal and chemical stability, and
the acidic groups covalently linked to the inorganic substrate to
enhance the stability under various conditions. Among others,
in the past zirconium phosphates and phosphonates have been
shown to possess many of the above cited characteristics,
together with interesting properties as solid-state proton
conductors working in relatively low temperature ranges. In
fact, they couple good conductivity properties with excellent
thermal and chemical stability and very low solubility, allowing
their use under almost all of the experimental conditions
required for this specific application.
To date, the highest conductivity was reported for zirconium

m-sulfophenylphosphonate-methylphosphonate, a compound
with formula Zr(O3PCH3)0.65(O3PC6H4SO3H)1.3, reaching
values on the order of 10−1 S cm−1, measured at 90% relative
humidity. The main drawback of this compound is its scarce
stability under very humid conditions because in the presence
of water it undergoes bonds cleavage between the PO3 group
and Zr atom, thus losing the superacidic sulfophenyl moiety,
which is responsible for the excellent conductivity.11

Among zirconium aminomethylenephosphonates, the proton
conductivity of a 3D compound has solely been investigated to
date. This compound was able to reach values on the order of
10−4 S cm−1, which decreased after a phase transition that
caused the rearrangement of the water molecules contained
inside the channels present in its structure.12

In this Article, we report on the synthesis, structure, and
results of conductivity measurements of three zirconium
aminomethylenephosphonates based on two building blocks
derived from glycine: glyphosate, a monophosphonic acid, and
glyphosine, a diphosphonic acid (Chart 1).

In the literature, some reports can be found where the use of
zirconium derivatives of the same building blocks for various
purposes is reported, but the structures were not solved and
attributed to the conventional α-type.13 The structures of two
of our compounds were solved ab initio from PXRD data, and
the other was solved from single-crystal data: all of these
compounds show structural arrangements that are unprece-
dented in zirconium phosphonate chemistry. The compounds
were characterized by conductivity measurements as a function
of temperature at 95% relative humidity.

■ EXPERIMENTAL SECTION
Chemicals. ZrOCl2·8H2O was a Merck Pro Analysi product. All of

the other chemicals were purchased from Sigma-Aldrich. All reagents
were used as received without further purification.

Synthesis of ZrF[H3(O3PCH2NHCH2COO)2] (1). 1 was prepared
as follows: a clear solution of glyphosate (338 mg, 2 mmol) in 20 mL
of water was added to a solution of ZrOCl2·8H2O (322 mg, 1 mmol)
in 2.9 M HF (1.4 mL, 4 mmol). The starting pH was 2.17. This
mixture was maintained in a closed plastic vessel at 80 °C for 2 days.
The white precipitate was filtered under vacuum, washed with water,
and dried at 80 °C. A 300 mg quantity of product was recovered. Yield
= 68% (calculated on the basis of Zr).

Analysis Calcd for C6H13N2O10FP2Zr (1): C = 16.2%, H = 2.9%, N
= 6.3%, P = 13.9%, Zr = 20.5%. Found: C = 16.6%, H = 2.2%, N =
5.4%, P = 14.3%, Zr = 20.8%.

Synthesis of Zr3H8[(O3PCH2)2NCH2COO]4·2H2O (2). 2 was
prepared as follows: a clear solution of glyphosine (2.62 g, 10
mmol) in 75 mL of water was added to a solution of ZrOCl2·8H2O
(1.61 g, 5 mmol) in 2.9 M HF (15.5 mL, 45 mmol). The starting pH
was 2.10. This mixture was maintained in a closed plastic vessel at 80
°C for 4days. The white precipitate was centrifuged, washed with
water,and dried at 60 °C. A 1.22 g quantity of product was recovered.
Yield = 54% (calculated on the basis of Zr).

Analysis Calcd for C16H36N4O34P8Zr3 (2): C = 13.3%, H = 2.8%, N
= 3.9%, P = 17.2%, Zr = 20.2%. Found: C = 12.4%, H = 2.9%, N =
3.9%, P = 17.7%, Zr = 20.0%.

Synthesis of Zr[(O3PCH2)(HO3PCH2)NHCH2COOH]2·2H2O (3).
3 was prepared as follows: a clear solution of glyphosine (524 mg, 2
mmol) in 15 mL of water was added to a solution of ZrOCl2·8H2O
(322 mg, 1 mmol) in 2.9 M HF (4.1 mL, 12 mmol). The starting pH
was 2.18. This mixture was maintained in a closed plastic vessel at 80
°C for 7 days. The white single crystals were separated by filtration
under vacuum and washed with water. A 220 mg quantity of product
was recovered. Yield = 35% (calculated on the basis of Zr).

Analysis Calcd for C8H22N2O18P4Zr (3): C = 14.8%, H = 3.4%, N =
4.3%, P = 19.1%, Zr = 14.0%. Found: C = 15.4%, H = 2.9%, N = 4.8%,
P = 18.2%, Zr = 14.3%.

The phase purity of polycrystalline samples used herein was
checked by a comparison of the experimental PXRD with that
calculated from the crystal structure.

Analytical Procedures. Zirconium and phosphorus contents of
samples were obtained by inductively coupled plasma−optical
emission spectrophotometry (ICP−OES) using a Varian Liberty
Series II instrument working in axial geometry after the mineralization
of samples with hydrofluoric acid.

Carbon, nitrogen, and hydrogen contents were determined by
elemental analysis using an EA 1108 CHN Fisons instrument.

PXRD patterns for structure determination and Rietveld refine-
ments were collected with Cu Kα radiation on a PANalytical X’PERT
PRO diffractometer, PW3050 goniometer equipped with an
X’Celerator detector. The long fine focus (LFF) ceramic tube
operated at 40 kV and 40 mA. To minimize preferential orientations
of the microcrystals, the samples were carefully side-loaded onto an
aluminum sample holder with an oriented quartz monocrystal
underneath.

Thermogravimetric (TG) measurements were performed using a
Netzsch STA490C thermoanalyser under a 20 mL min−1 air flux with a
heating rate of 5 °C min−1.

FE-SEM images were collected with an LEO 1525 ZEISS
instrument working with an acceleration voltage of 15 kV.

Conductivity measurements were carried out on pellets of pressed
powder by impedance spectroscopy with a Solartron Sl 1260
impedance/gain phase analyzer in the frequency range of 10 Hz−1
MHz at a signal amplitude of ≤100 mV. Pellets, 10 mm in diameter
and 1−1.5 mm thick, were prepared by pressing ∼200 mg of material
at 40 kN/cm2. The two flat surfaces of the pellet were coated with a
thin layer of pressed platinum black (Aldrich) mixed with the powder
in a 3:1 ratio. The impedance data were fitted to a suitable equivalent
circuit by Zview 2 software (Scribner Associates, Inc.). Details on the
complex impedance equation used for curve fitting are reported in the
Supporting Information. The pellet conductivity was determined at
increasing temperature between 50 and 140 °C at 95% relative
humidity (RH). The RH was controlled as described previously.14 All
of the conductivity values here reported refer to measurements carried

Chart 1. Molecular Structure of the Two Ligands Used
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out after the conductivity had reached a constant value for at least 2
hours. Water uptake at controlled temperature and RH was
determined by means of a cell having the same size and shape as
the conductivity cell and differing from that mainly because the pellet
holder is replaced by a glass container hosting the sample.14 The cell is
equipped with a device that allows the closure of the sample container
with a Teflon plug without opening the cell. After a suitable
equilibration time (usually 1 day) at the desired temperature and
RH, the sample container is closed, extracted from the cell, and
weighed. The water content is determined on the basis of the weight
of the sample dried at 120 °C by taking into account the amount of
water trapped in the sample container at the temperature and RH of
the experiment.
Structure Determination and Refinement for 1−3. The crystal

structures of 1 and 2 were solved ab initio from PXRD data. Indexing
was performed using both the TREOR and the DICVOL06
programs.15 Space groups were assigned using the Chekcell program.16

Structural models were determined using the real space global
optimization methods implemented in the FOX program.17 Trial
structures were generated using the parallel tempering algorithm.
Rietveld refinements of the structural models were performed using
the GSAS program.18

The crystal structure of 3 was solved ab initio from single-crystal X-
ray data with the direct methods implemented in the SIR97 program19

and was refined with the SHELX program.20

Crystal data and details of the refinement for 1−3 are reported in
Table 1. Figure 1 shows the final Rietveld and difference plots for 1
and 2.

■ RESULTS AND DISCUSSION

Description of the Structures. 1 has a 1D structure
consisting of the packing of hybrid inorganic chains running

Table 1. Structural Data and Refinement Details for 1−3

compound 1 2 3

empirical formula C6H13N2O10FP2Zr C16H36N4O34P8Zr3 C8H22N2O18P4Zr
formula weight 445.24 1349.62 649.38
crystal system monoclinic triclinic monoclinic
space group P21/n P-1 P21/n
a/Å 8.5729(3) 5.3770(2) 5.4563(6)
b/Å 32.764(1) 13.3379(7) 14.934(1)
c/Å 5.3041(1) 15.5360(5) 13.282(1)
α/deg 111.959(3)
β/deg 105.693(3) 96.402(5) 95.525(8)
γ/deg 94.863(3)
volume/Å3 1434.28(8) 1017.21(5) 1077.3(2)
Z 4 1 2
calculated density/g·cm−3 2.06 2.20 2.00
μ/mm−1 0.899
F(000) 672
data range/2θ·deg−1 3−120 5−120 3.13−28.56
wavelength 1.54056 1.54056 0.71069
No. of data points 7001 6765 2566
reflections collected, unique 2112 2996 7453, 2566
Rint 0.0323
No. of parameters 98 121 166
No. of restraints 59 100 6
Rp 0.0344 0.0302
Rwp 0.0454 0.0397
RF2 0.0469 0.0351
R1, wR2 [I > 2σ(I)] 0.0330, 0.1196
R1, wR2 (all data) 0.0537, 0.1263
largest diff. peak and hole/eÅ−3 +0.410, −0.518
GOF 2.89 2.55 1.076

Figure 1. Final Rietveld and difference plots for (a) 1 and (b) 2.
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along the c axis and arranged in a herringbone fashion (Figure
2).

These chains are made of connected zirconium octahedra
and phosphorus tetrahedra. The zirconium atoms are
coordinated by a fluorine atom and by five oxygen atoms
belonging to five different phosphonate tetrahedra in the
remaining positions. The two phosphonate groups are not
equivalent: one is tridentate, coordinating three different metal
atoms, and the other is bidentate, coordinating two different
metal atoms and with the free oxygen pointing toward the
crystallographically equivalent nitrogen atoms (N5) of two
adjacent tridentate ligands, forming two hydrogen bonds (P−
O···N distances = 2.79(2) Å, 3.03(2) Å). The chains are
originated by the connection of two arrays of zirconium atoms
via the tridentate phosphonate groups, which connect two
metal atoms of the same array along the c axis and one atom of
the second array. The organic moieties are pending from the
inorganic framework, occupying the region among the chains;
the carboxylic groups are involved in hydrogen bonds with both
analogous groups from the nearest chains along the b axis
(O1···O11 distance = 2.45(2) Å) and with N15 (O12···N15
distance = 2.90(2) Å, O1···N15 distance = 2.66(2) Å). The
presence of −NH2

+ groups (as shown by the bands in the
2300−2900 cm−1 region of the IR spectrum, available as
Supporting Information) allows the establishment of a large
number of hydrogen bonds in such a way that the structure is
connected in three dimensions by these noncovalent
interactions.
2 has a layered structure based on the connection of two

different kinds of monodimensional chains of ZrO6 octahedra
and PO3C tetrahedra, both running along the a axis and
connected via phosphonate tetrahedra along the c axis (Figures
3 and 4).
One of these chains (A type) is built from the connectivity

along the a axis of two symmetry-related Zr1 octahedra via the
tridentate (connecting three different metal atoms) P8
tetrahedra and the bidentate (connecting two different metal
atoms) P16 tetrahedra; this arrangement is similar to that found
in compound 1. The difference is that in this case, in place of
the fluorine atom found in 1, there is an oxygen atom belonging

to the bidentate P23 tetrahedra that connect one Zr1 belonging
to an A-type chain to the Zr2 of a B-type chain: this kind of
chain consists of Zr2 octahedra, placed in a special position
with multiplicity 1, connected along the a axis by the bidentate
(connecting two different metal atoms) P1 tetrahedra. Every
zirconium atom of the B-type chain, residing in an inversion
center, is surrounded by four P1 tetrahedra and two P23
tetrahedra. The P/Zr ratio in this compound is 8/3, a
noninteger value that was never observed before in any
zirconium phosphonate. The interlayer distance is 13.3 Å, and
the interlayer space is occupied by the organic pendant groups
and one water molecule per formula unit. There is a network of
hydrogen bonds involving the carboxylate groups, the
intercalated water molecules, and the free P−O groups. The
nitrogen atoms are protonated, but they do not seem to be
involved in any hydrogen bonding interaction.

Figure 2. Polyhedral structure of 1 viewed along (a) the c axis and (b)
the a axis. ZrO5F octahedra are represented in purple, bidentate PO3C
tetrahedra are represented in green, and tridentate PO3C tetrahedra
are represented in gray. Hydrogen bonds are represented as red
dashed lines.

Figure 3. Polyhedral structure of 2 viewed along the a axis. ZrO6
octahedra are represented in purple, bidentate PO3C tetrahedra are
represented in green, and tridentate PO3C tetrahedra are represented
in gray. Hydrogen bonds are represented as red dashed lines.

Figure 4. Building of one inorganic layer of 2 from the connection of
A- and B-type chains. ZrO6 octahedra are represented in purple,
bidentate PO3C tetrahedra are represented in green, and tridentate
PO3C tetrahedra are represented in gray.
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3 has a 3D structure based on monodimensional inorganic
chains composed of ZrO6 octahedra and PO3C tetrahedra,
running along the a axis and connected by the glyphosine
moieties in the other dimensions. Every zirconium atom lies on
an inversion center and is surrounded by four bidentate
phosphonate groups and two monodentate phosphonate
groups so that opposite phosphonate groups coordinated to
it are crystallographically equivalent (Figure 5).

Every chain is connected to four other chains via the organic
ligands, with each of them bearing one monodentate and one
bidentate PO3C tetrahedra. The monodentate tetrahedron has
one free P−OH and one free PO group, and the bidentate
tetrahedron has a free P−O group: each of these groups is
involved in a network of hydrogen bonds with the carboxylic
group, the protonated nitrogen atom, and the water molecule
residing in the small channels present in the structure. Every
channel originates from the subdivision in 2 equal parts of a 32-
membered ring window, as shown in Figure 6.
Thermal Behavior. Figure 7 shows the TG curves for 1−3.
1 is stable up to 300 °C, when the organic part of the

framework starts decomposing, until only ZrP2O7 is left at 1200
°C. The observed weight loss is 39.9%, in good agreement with
the calculated value (40.5%).
2 shows an initial weight loss at around 100 °C resulting

from the loss of two water molecules per formula unit
(observed, 3.2%; calculated, 2.7%). The second step of weight
loss, occurring between 200 and 400 °C, is due to the
decarboxylation of the glycine moieties: four CO2 molecules
per formula unit are lost, corresponding to a calculated loss of
13.0%, which is well matched by the 13.8% observed value. The
compound continues to lose weight after 400 °C, but the
following steps are not resolved. The total weight loss at 1200
°C is 32.4%.
3 shows the first weight loss occurring around 200 °C

resulting from the loss of the water molecules held inside the
channels present in its structure. The observed loss is 5.2%, in

good agreement with the calculated loss (5.5%). The other
weight loss steps are not resolved, and the final weight loss is
49.8%.

Morphological and Microstructural Characterization.
FE-SEM images (Figure 8a,b) revealed that 1 and 2 have
nanometric dimensions whereas 3 consists of well-shaped
submillimetric prismatic crystals (Figure 8c and its inset). 1 is
composed of ribbon-type nanocrystals with a high aspect ratio
of the particles. Figure 8a shows a population of rod-shaped
nanocrystals with a cross section as small as 100 to 200 nm and
different lengths in the 200 nm−1 μm range. 2 consists of
platelet rectangular particles with a homogeneous size and a
lateral section of about 200 nm. The length is in the 800 nm to
2 μm range (Figure 8b). Although it is difficult to get good
images at higher magnification, these particles look to be quite
thin as the thickness in the third dimension can be estimated to
be about 50 to 80 nm (inset of Figure 8b).

Figure 5. Polyhedral structure of 3 viewed along the a axis. ZrO6
octahedra are represented in purple, bidentate PO3C tetrahedra are
represented in green, and monodentate PO3C tetrahedra are
represented in light blue. Hydrogen bonds are represented as red
dashed lines.

Figure 6. Structure of the 32-membered ring showing the position of
water molecules in 3.

Figure 7. TG curves for 1 (dotted), 2 (dashed), and 3 (solid).
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The morphological features of 1 and 2 enlightened by SEM
analysis can be correlated with their crystallographic structure
by means of a microstructural investigation performed with the
Rietveld method, using the GSAS-EXPGUI software package,
following the method described in a previous publication.21

Generally speaking, the morphological anisotropy typical of
low-dimensional compounds is reflected in the XRD pattern as
anisotropically broadened peaks because the thickness of
crystallite under the scattering plane is one of the main factors
affecting the broadening of peaks. Lattice defects, or micro-
strain, can also affect diffraction peak broadening, especially in
nanocrystals, where the interplanar distances can change
between the core and the surface of the particles and when
the structure is highly defective. However, strain- and size-

related contributions are different functions of the diffraction
angle, so they can be evaluated separately.22

A third microstructural factor that may contribute to the
whole broadening of Bragg peaks is the presence of stacking
faults in the crystals. The modification of the diffraction peak
profiles associated with the family of planes that contain these
faults is similar to that caused by a size effect,23 and the
discrimination of these two contributions is not trivial: in this
work, we have neglected stacking fault effects. This
approximation may overestimate the size-related contribution;
therefore, we may consider that the obtained size values are
minimum sizes.
The diffraction profiles were modeled by a pseudo-Voigt

function (profile function no. 3 in GSAS).18,23 The peak
broadening was modeled by employing Xe and Ye anisotropic
contributions to the peak-shape function, along the [010]
anisotropic broadening axis for both samples. The instrumental
contribution to the peak broadening was previously evaluated
by the Rietveld refinement of the profile of lanthanum
hexaboride, LaB6, as an external peak profile standard. We
assumed that the standard was not affected by microstrain, and
the instrumental broadening was modeled by the refinement of
W and Y peak shape parameters for Gaussian and Lorentzian
contributions, respectively. For samples 1 and 2, the refined
peak shape parameters were P, X, and Xe, accounting for
Gaussian and Lorentzian contributions to size effects, and U, Y,
and Ye for the corresponding microstrain effects, whereas W
was fixed at the value refined on the standard. Two additional
parameters for modeling asymmetry at low angle were also
refined.
The coherent domain sizes (volume-weighted) parallel and

perpendicular to the broadening axis were estimated using the
equations

π
= λ

+
Dv

X Xe
1800

( )

and

= λ
π⊥Dv

X
1800

respectively and the corresponding microstrain values were
calculated with the following equations

ε π= + −⎜ ⎟⎛
⎝

⎞
⎠ Y Ye Yi

18 000
( )

and

ε = −⎜ ⎟⎛
⎝

⎞
⎠

p
Y Yi

18 000
( )

in which Yi is the instrumental contribution obtained by the
refinement of the LaB6 pattern.

24

The results of this analysis are reported in Table 2.
For both samples, the differences between coherent domain

sizes are not as marked as the large form factor shown by SEM

Figure 8. FE-SEM images of (a) 1, (b) 2, and (c) 3.

Table 2. Microstructural Parameters for 1 and 2

sample 1 2

Dv∥ (nm) 270 65
Dv⊥ (nm) 135 130
ε∥ × 103 3
ε⊥ × 103 3
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analysis may suggest. For 1, the preferred elongation direction
corresponds to the b axis, that is, along one direction of chain
packing. We may therefore assume that microcrystals are also
elongated along this direction. For 2, the crystalline domains
are larger along the ac plane, that is, the plane of layers. Also in
this case it is likely that the preferred growth direction of
microcrystals lies along this plane. However, in both samples,
the larger coherent domain sizes are smaller than the average
length of microcrystals observed by SEM. This discrepancy may
be explained by assuming a certain mosaicity of crystals.
Microstrain is very low and does not show relevant

anisotropy.
Proton Conductivity. The complex impedance (Z* = Z′ +

iZ″) of pellets made of 1−3 was measured as a function of
temperature at 95% relative humidity (RH). All of the Nyquist
plots (Z″ vs Z′) show a circular arc appearing at the highest
frequencies, well separated from a linear low-frequency tail.
These features of the Nyquist plots are usually associated with
the series-combination of the pellet impedance (arc) with that
of the electrode−pellet interface (tail). As an example, Figure 9

shows the Nyquist plots for sample 3. Accordingly, with
decreasing frequency, the equivalent parallel capacitance
associated with the low-frequency tail increases up to 10−7−
10−5 F at 10 Hz, which are typical values of the electrode−
electrolyte interface (Figure S3). In addition, the equivalent
parallel capacitance associated with the circular arc is on the
order of 10−10−10−11 F, thus supporting the assignment of the
arc to the frequency response of the pellet material. Therefore,
the tail extrapolation to the real axis (or the arc extrapolation to
the real axis on the low-frequency side) provides the overall
pellet resistance (R). Unfortunately, because of the relatively
low upper limit of the available frequency range, in most cases
the circular arc is ill-defined on the high-frequency side, and this
does not allow us to know whether the frequency response of
the pellet gives rise to an additional arc at frequencies higher
than 1 MHz. As a consequence, the analysis of the impedance
data does not allow us to obtain information about the presence
of different types of proton transport (such as bulk and/or
surface transport) and their contribution to the overall
conductivity. The pellet conductivity (σ) was calculated from
R by taking into account the thickness (d) and flat surface area
(A) of the pellet: σ = d/RA.
The preparation of the pellet does not affect the structure of

the materials (SI), thus indicating that no irreversible
transformations take place during the heating run.

The proton conductivity of 1−3 as a function of temperature
at 95% RH is reported in Figure 10.

Although the conductivity of 2 shows a weak dependence on
temperature, the conductivity of pellets of 1 and 3 increases by
about 4 and 10 times, respectively, when the temperature
increases from 50 to 140 °C. Moreover, the conductivity of 3 is
at least 1 order of magnitude lower than the conductivity of 1
within the overall investigated temperature range, probably as a
result of the different morphology and crystal size of the 3
particles in comparison with particles of 1 and 2.
The SEM pictures in Figure 8 show that whereas the samples

of 1 and 2 exhibit an elongated morphology with two
dimensions in the submicrometer range, the size of the 3D
particles is on the order of a few micrometers. A simple
calculation based on the average size of the particles allows us
to estimate surface-to-volume ratios of around 20, 50, 0.5 μm−1

for 1−3, respectively. The much larger surface area per unit
volume of the 1 and 2 samples in comparison with 3 may
therefore account for their higher proton conductivity.
To gain insight into the different temperature dependence

observed for the conductivity of 1 and 2, water uptake
determinations were carried out at 95% RH as a function of
temperature. It was found that the hydration of 1 increases
from 0 to about 2 water molecules per formula unit in the range
of 70−120 °C whereas the hydration of 2 is constant (2 water
molecules per formula unit) within the overall temperature
range. Therefore the different temperature dependence values
of the conductivity of 1 and 2 are concomitant with different
changes in their hydration. However, this does not allow us to
conclude that the change in the hydration of 1 is fully
responsible for the strong increase in its conductivity between
70 and 120 °C because, strictly speaking, the occurrence of
reversible structural changes other than hydration changes
cannot be excluded. Nevertheless, it seems reasonable to
suggest that the increase in hydration makes a non-negligible
contribution to the observed conductivity changes of 1.
The fact that the hydration of 2 is independent of the

temperature allowed us to calculate the activation energy of
conduction (Ea) on the basis of the Arrhenius equation: σT =
σ0 exp(−Ea/kT), where σ0 is a pre-exponential factor and k and
T are the Boltzmann constant and the absolute temperature,
respectively. The Ea value, determined from a least-squares fit of
the plot of ln(σT) versus 1/T, turned out to be 0.1 eV.
The Grotthuss and vehicle mechanisms have been proposed

to interpret the proton conduction in solid compounds.

Figure 9. Nyquist plots collected for a pellet of 3 at the indicated
temperatures with RH = 95%.

Figure 10. Conductivity as a function of temperature at 95% RH for
pellets of 1−3.
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Because the reported activation energies for the Grotthuss and
vehicle mechanisms are in the ranges of 0.1−0.4 and 0.5−0.9
eV, respectively, it can be assessed that the conduction
mechanism in 2 is of the Grotthuss type.

■ CONCLUSIONS
Three zirconium phosphonate derivatives of glyphosate and
glyphosine were synthesized, and their structures were solved
ab initio from powder and single-crystal X-ray diffraction data.
These structures were not observed before and confirmed again
the high structural versatility of the Zr aminomethylenephosph-
onate family.
The glyphosine building block was found to form two

different nonpolymorphic structures as a function of small
changes in the synthesis conditions, in particular, the HF
concentration. This behavior is similar to that recently observed
for Zr N,N′-bis(phosphonomethyl)piperazine derivatives,
where small changes in the starting pH led to the formation
of two phases.3a

The different morphology and hydration capabilities of the
three compounds were in agreement with their different
dimensionality and with the trends observed for their proton
conductivity as a function of temperature. In particular, the 1D
compound (1) can incorporate two water molecules per unit
formula, with a consequent increase in the proton conductivity
curve that reached values as high as 10−3 S cm−1 (at 140 °C and
95% RH).
Considering the remarkable proton conductivity, the good

thermal and chemical stability, and the small particle sizes of 1
and 2, we find that they could be excellent fillers for ionomeric
membranes for fuel cell applications.
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