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ABSTRACT: The structural and functional chemistry of a family of alkali-metal ions

with racemic R,S-hydroxyphosphonoacetate (M-HPAA; M = Li, Na, K, Cs) are reported.

Crystal structures were determined by X-ray data (Li*, powder diffraction following an ab

initio methodology; Na*, K*, Cs, single crystal). A gradual increase in dimensionality

directly proportional to the alkali ionic radius was observed. [Li;(OOCCH(OH)PO;)-

(H,0),]-H,0 (Li-HPAA) shows a 1D framework built up by Li-ligand “slabs” with Li* in

three different coordination environments (4-, S-, and 6-coordinated). Na-HPAA,

Na,(OOCCH(OH)PO;H)(H,0),, exhibits a pillared layered “house of cards” structure,

while K-HPAA, K,(OOCCH(OH)PO;H)(H,0),, and Cs-HPAA, Cs(HOOCCH(OH)-

PO;H), typically present intricate 3D frameworks. Strong hydrogen-bonded networks are

created even if no water is present, as is the case in Cs-HPAA. As a result, all compounds

show proton conductivity in the range 3.5 X 107> S cm™" (Cs-HPAA) to 5.6 X 107° S

cm™ (Na-HPAA) at 98% RH and T = 24 °C. Differences in proton conduction

mechanisms, Grothuss (Na* and Cs*) or vehicular (Li* and K*), are attributed to the different roles played by water molecules
and/or proton transfer pathways between phosphonate and carboxylate groups of the ligand HPAA. Upon slow crystallization,
partial enrichment in the S enantiomer of the ligand is observed for Na-HPAA, while the Cs-HPAA is a chiral compound
containing only the S enantiomer.

Bl INTRODUCTION advantage to establish structure—activity relationships by, for
instance, visualization of well-defined H-bond networks inside
the cavities.®> Up to now, several MOFs have been reported
with measured conductivity values close to 1072 S cm™.*
Metal phosphonates are MOF-type coordination polymers
that also show remarkable inherent characteristics as proton
conductors.” Not only do they have acidic sites, but they also
exhibit a certain degree of structural adaptability and pores
filled with guest species (H,0, NH,", heterocycles, carboxylic

Metal—organic frameworks (MOFs) possess versatile structures
that can be tunable for a broad range of applications, including
gas separation and storage, catalysis, etc.' Built from metal-
centered secondary building units, linked together by the
organic ligand, MOFs exhibit open frameworks containing
accessible, functionalized, and highly uniform pores for
performing a number of physicochemical processes inside
cavities. Recently, focus on energy materials has attracted

attention on the potential of MOF materials in developing high acids, to mention a few) that act as proton carriers.”
performance fuel cells, mainly in polymer electrolyte membrane Transition and rare-earth metal phosphonate chemistry has
fuel cells (PEMFCs). These systems require proton-conducting been substantially investigated in the past decades, and, as a
pathways, such as hydrogen-bonding networks, to accomplish result, some representative compounds have been found to
proton transport. MOFs and related materials are promising exhibit relevant properties as proton conductors.*® Alkali-metal
candidates for membranes in PEMFCs because they usually
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phosphonate chemistry, however, lags behind mainly due to the
limited availability of structurally characterized compounds.
Nevertheless, there are some examples in the literature that
warrant a short presentation.

Lis has published a series of crystal structures of alkali metal
ions with the ligand phosphonoacetic acid (H;AP, the number
after the H denotes the acidic protons), KH,AP-H,O, LiH,AP,
NaH,AP-H,0, K,HAP, Na,HAP-2H,0, and Na,AP-10H,0.”
These materials are prepared in aqueous solutions with the
indicated stoichiometries. The alkali ion is found coordinated
by the carboxylate and phosphonate oxygens and also by water
molecules. Coordination numbers vary, depending on ionic
radius, 8 for K*, 4 for Li*, and 6 for Na*.

Cheng and Lin determined the structure of a polymeric
material containing Li* and the ligand ethylenediphosphonic
acid, ([Li(C,H,0¢P,)],).% It is interesting to note that the
tetrahedral Li* center is coordinated by the phosphoryl (P=0)
oxygen and not by the deprotonated phosphonic acid moiety,
P—O". Clearfield et al. determined the crystal structures of the
ligand biphenylenebisphosphonate with the entire alkali metal
series (Li, Na, K, Rb, Cs). All structures are pillared-layered,
with the ligand playing the role of the pillar between M/O
layers.” The major difference between the structures is the
coordination numbers of the alkali metal centers: 4 for Li*, 6
for Na*, 6 for K*, 7 for Rb*, and 8 for Cs*. Other lithium
phosphonates are the layered Li-methylphosphonate Li-
(CH,;PO;H), published by Mermer and Starynowicz,'® where
the tetrahedral coordination of Li* is completed exclusively by
phosphonate oxygens, and the mononuclear molecular complex
Li(H,ALE)(H,0),"" (H,ALE = alendronic acid, H,N-
(CH,);C(OH)(PO;H,),), which contains Li* ions in a
tetrahedral coordination environment and a protonated amine
group (-NH;*). In general, Li-containing inorganic—organic
frameworks are important for a number of reasons. First, such
materlals are “light” and can potentially display high gas storage
capacity."> There are examples in the literature where Li
incorporation into the framework dramatically enhances gas
storage capabilities."> Second, there is intense interest in Li-
based rechargeable batteries.'"* Recently, high proton con-
ductivity was reported for crystalline polyelectrolytes, such as
poly(ethylene oxide)s/LiXF, (X = P, As, Sb)."

Various Na-phosphonates have been reported, with Na*
showing invariably octahedral coordination. So, Aranda et al.
used the tripodal ligand AMP (amino-tris(methylenephos-
phonlc acid)) to prepare Na,[ (HO;PCH,),NH]-1.5H,0 at low
pH.' The structure was solved by ab initio methodology, and
was found to be pillared-layered. Two of the phosphonate
moieties of AMP are responsible for creating the 2D motif,
whereas the third acts as a bridge between layers. Also, a
pillared-layered structure was obtained for Na[H;bdp], H,bdp
= 1,4-benzenediphosphonic acid, and reported by Ayi et al."”’
The use of diphosphonic ligands, H,L [zolendronic (ZOL),
alendronic (ALE), pamidronic (PAM), and olpadronic (OLP)],
leads to the zero-dimensional compound [Na(H,ZOL)-
(H,0),]-H,0" or 1D solids with different stoichiometries
and water content.'””>" The crystal structures of the
monodimensional solids are composed of chains that differ
between them by the way in which the ligand, as zwitter ion,
coordinates to Na'. Particularly interesting is the fact that the
diphosphonate linker, in the disodium pamidronate,*
Na,[H,PAM]-SH,0, acts as bidentate ligand with respect to
one of the two crystallographically independent Na*. Another
remarkable structural feature of these compounds is the
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existence of strong hydrogen bonds, providing both intra-
and interchain connectivity. Furthermore, the dehydration—
rehydration process was found completely reversible in some
compounds, provided that the temperature of decomposition
was not exceeded. These structural characteristics are in
principle interesting attributes to investigate the proton
conductivity of alkali phosphonates.

Regarding K" or Cs* phosphonates, very few derivatives have
been reported up to now.’ " On the other hand, the entire series
of alkali phosphites has been reported as a family of
superprotonic anhydrous solid acids. These solids are unique
in the sense that the protons themselves are the mobile species,
in contrast with proton conducting polymeric electrolytes,
which usually require water molecules to enable transport.”
Similarly, the high temperature phase of Rb(MePO;H)-2H,0
has been suggested as a promising candidate for proton
conductivity.>

In this Article, we report the syntheses, structural character-
ization, and proton conductivity of a family of alkali metal
carboxyphosphonates containing the ligand R,S-hydroxyphos-
phonoacetic acid (HPAA). The compounds, prepared by
crystallization at room temperature, are the following:
[Li;(OOCCH(OH)PO,)(H,0),]-H,0 (Li-HPAA);
[Na,(OOCCH(OH)PO,H)(H,0),] (Na-HPAA);
[K,(OOCCH(OH)PO,H)(H,0),] (K-HPAA); [Cs-
(HOOCCH(OH)PO;H)] (Cs-HPAA). There is a progressive
increase in the dimensionality of the network, from 1D (Li-
HPAA) through pillared-layered (Na-HPAA) to 3D (K-HPAA
and Cs-HPAA). The structure—proton conductivity relation-
ships are discussed on the basis of the possible pathways
involved in proton conduction processes. Additionally, a chiral
structure of compound Cs-HPAA is reported as an unusual
example of ligand enantiomer enrichment (S-configuration)
from a simple crystallization procedure of a metal derivative of
the racemic ligand R,S-HPAA.

B EXPERIMENTAL SECTION

Reagents and Materials. The starting alkali metal salts and
hydroxides were from commercial sources and used as received
(LiOH-H,0, KOH, CsCl were from Riedel-de Haen, and NaOH from
Sigma-Aldrich). R,S-HPAA (68.5% w/v, 50% w/w aqueous solution)
was from Biolabs, UK. Deionized (DI) water from a laboratory cation
exchange column was used for all syntheses. Stock solutions of HCI
and NaOH were used for pH adjustments.

Synthesis of Alkali Metal-HPAA Compounds. Li-HPAA,
[Li3(OOCCH(OH)PO;)(H,0),J-H,0. A volume of 0.5 mL (2.195
mmol) from the concentrated HPAA solution 68.5% w/v is mixed
with 20 mL of dimethylformamide (DMF). Next, 0.276 g (6.585
mmol, 3-fold excess) of LIOH-H,O is separately dissolved in 30 mL of
deionized (DI) water. The two solutions are then mixed under
vigorous stirring, and the final (slightly turbid) solution is covered and
left to stand at room temperature. After 7 days a microcrystalline
precipitate forms. It is isolated by filtration, washed with acetone to
remove traces of DMF (water must be avoided because the compound
is soluble in it), and it is finally allowed to dry in air. Anal. Calcd for
Li;C,H,PO;;: C, 9.10; H, 4.58. Found: C, 8.66; H, 4.43.

Na-HPAA, [Na,(OOCCH(OH)PO;H)(H,0),]. A volume of 0.2 mL
(from the concentrated HPAA solution 68.5% w/v, 0.878 mmol) is
diluted in DI water up to 25 mL volume. Next, 0.296 g (1.756 mmol)
os solid NaCl is added to it. The solution is stirred until everything
dissolves. The solution pH is 2.2 at that point. This clear colorless
solution is left to stand at room temperature, while the solvent (DI
water) is partially evaporated. After 4 days, a microcrystalline solid
precipitates out. It is isolated by filtration, washed with DI water, and
left to dry in air. Anal. Caled for C,H,;;Na,O,,P;: C, 8.82; H, 4.07.
Found: C, 8.95; H, 3.87.
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Table 1. Selected Crystallographic Data for M-HPAA (M = Li, Na, K, and Cs) Compounds

phase Li-HPAA Na-HPAA K-HPAA Cs-HPAA
empirical formula C,H,,Li;O P C,H;;Na,0,,P C,H,,K,04P, C,H,CsO4P
FW (g mol™) 251.81 272.06 536.49 287.93
space group PT P2,/c Pna2, P2,2,2,
A (A) 1.5406 0.71073 0.71073 1.54178
a (A) 5.80769(11) 5.9296(6)) 30.895(3) 5.1415(2)
b (A) 7.00288(14) 5.9066(5) 5.8349(11) 9.0028(3)
¢ (A) 14.43082(29) 28.136(3) 9.6805(6) 15.0537(5)
a (deg) 96.6474(15) 90.0 90.0 90.0
B (deg) 93.8598(15) 100.941(3) 90.0 90.0
7 (deg) 112.4334(12) 90.0 90.0 90.0
vV (A3) 534.859(21) 967.52(16) 1745.1(4) 696.80(4)
crystal size (mm) polycrystalline 0.12 x 0.10 X 0.10 0.10 x 0.08 X 0.06 0.42 %X 0.32 X 0.2§
z 2 4 4 4
Vinonn (A% atom™) 15.73 16.13 16.77 17.42
Pac (g em™) 1.563 1.868 2.043 2.745
20 range (deg) 4.00—100.00 2.95-26.37 2.48-25.02 5.73—66.45
data/restraints/parameters 5266/21/110 1990/2/200 2957/1/241 1224/0/92
no. reflns 1094 9743 8591 8413
ind reflns [I > 26(I)] 1990 2957 1224
R,, 0.0696
R, 0.0943
R 0.1242
GOF, P 1.117 1.135 1.136
R factor [I > 20(I)] R1% = 0.0436, wR2“ = 0.1201 R1% = 0.0503, wR2% = 0.1211 R1% = 0.0516, wR2% = 0.1221
R factor (all data) R1% = 0.0457, wR2% = 0.1218 R1% = 0.0518, wR2% = 0.1240 R1% = 0.0516, wR2% = 0.1221
CCDC ref code 986441 986442 986444 986443

“Ry(F) = YIIF,| — IEIl/ TIE; wRy(F?) = [Xw(F,> = F2)*/ Y F]2

K-HPAA, [K;(OOCCH(OH)PO3H)(H,0),]. A volume of 0.5 mL
(2.195 mmol) from the concentrated HPAA solution 68.5% w/v is
mixed with 20 mL of DMF. Next, a quantity of 0.369 g (6.585 mmol)
of KOH is separately dissolved in 10 mL of DI water. The two
solutions are mixed under vigorous stirring, and the final (slightly
turbid) solution is covered and left to stand at room temperature. After
7 days a microcrystalline precipitate forms. It is isolated by filtration,
washed with acetone to remove traces of DMF (water must be
avoided), and is finally left to dry in air. Anal. Calcd for C,H;,K,0,4P,:
C, 8.95; H, 2.63. Found: C, 8.36; H, 2.43.

Cs-HPAA, [Cs(HOOCCH(OH)PO3H)]. A volume of 0.1 mL (from the
concentrated HPAA solution 68.5% w/v, 0.439 mmol) is diluted with
DI water up to a volume of 75 mL. Next, a quantity of 0.296 g (1.756
mmol) of solid CsCl is added to it. The solution is stirred until
everything dissolves. The solution pH is 2.2 at that point. The clear
colorless solution is left to stand at room temperature, while the
solvent (DI water) is partially evaporated. After 4 days, a micro-
crystalline solid precipitates. It is isolated by filtration, washed with DI
water, and is left to dry in air. Anal. Calcd for C,H,O(PCs: C, 8.34; H,
1.40. Found: C, 8.36; H, 1.46. For circular dichroism experiments, this
compound was also prepared by fast precipitation from 96% ethanol
(50 mL). The powder X-ray diffraction patterns for powder Cs-HPAA
obtained by slow crystallization and quick precipitation are in good
agreement (Figure S-1, see Supporting Information) with the
calculated pattern from the single-crystal data.

Instrumentation. The pH-meter used was a wT'w pH315i setup,
equipped with a SeTix 41 electrode. Elemental analyses (C, H, N)
were measured on a Perkin—Elmer 240 analyzer. Thermogravimetric
analysis (TGA) data were recorded on an SDT-Q600 analyzer from
TA Instruments. The temperature varied from room temperature to
900 °C at a heating rate of 10 °C min~'. Measurements were carried
out on samples in open platinum crucibles under air flow. Water
adsorption isotherms at 24 °C were obtained on a VSTAR sorption
analyzer commercialized by Quantachrome Corp. Before the
adsorption analysis, the sample was outgassed at 24 °C for 30 min.
The selection of the 24 °C temperature for outgassing was selected to
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avoid any loss of the lattice water molecules. Infrared spectra were
obtained with an ATR accessory (MIRacle ATR, PIKE Technologies,
U.S.) coupled to FTIR spectrometer (FT/IR-4100, JASCO, Spain).
All spectra were recorded in the 4000—600 cm™' range at 4 cm™
resolution, and 50 scans were accumulated.

Structural Determinations. Laboratory X-ray powder diffraction
(XRPD) patterns were collected on a PANanalytical X'Pert Pro
diffractometer. XRPD patterns corresponding to the single phases
were autoindexed using the DICVOLO6 program,** and the space
groups were derived from systematic extinctions. To minimize
preferred orientation effects, the XRPD pattern of Li-HPAA was
recorded in Debye—Scherrer transmission configuration (samples
within rotating borosilicate glass capillaries of diameter of 0.5 mm) by
using a hybrid Ge(220) primary monochromator (Cu Ka, radiation)
and a X’Celerator detector. This X-ray pattern was recorded between 4
and 100° (20), with a 0.017° step size and an equivalent counting time
of ca. 3000 s/step. Its crystal structure was solved following an ab initio
methodology using the transmission patterns. The integrated
intensities extracted with the program DAjust’® were introduced in
the direct methods program XLENS.?® The starting framework model,
containing almost the full content of the asymmetric unit, was derived
from the interpretation of the electron density map computed with the
set of refined phases with the highest combined figure of merit. The
two missing Li atoms were localized by Fourier difference maps. The
crystal structure was refined by the Rietveld method®” by using the
GSAS package®® with soft constraints to maintain chemically
reasonable geometries for the phosphonate, carbon chain, and
carboxylic groups. The soft constraints were: /PO;C; tetrahedron/
P-0O [1.53(1) A], P-C, [1.80(1) A], O---O [2.55(2) A], O--C,
[2.73(2) A, /C,0H=C,00 group/C,—C, [1.50(1) A], C,—O.
[123(1) A], C,—OH [140(1) A], P--OH [2.68(2) A], C,—OH
[2.40(2) A), Ocap " Oy [2:21(2) AJ, and Cy++-Opyy, [2.36(2) Al. No
attempts to locate the H atoms were made due to the limited quality of
the XRPD data. All atoms were isotropically refined. Selected
structural data are reported in Table 1.

DOI: 10.1021/cm502716e
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For the remaining samples (Na-, K-, and Cs-HPAA), suitable size
and quality single crystals were obtained. Measured crystals were
handled under inert conditions immersed in perfluoropolyether as
protecting oil for manipulation. Suitable crystals were mounted on
MiTeGen Micromounts, and these samples were used for data
collection. Data were collected on Bruker D8 Venture (Na-HPAA, 298
K), Bruker SMART APEX (K-HPAA, 100 K), or Bruker X8 Proteum
(Cs-HPAA, 296 K) diffractometers. The data were processed with
APEX2” program and corrected for absorption using SADABS.** The
structures were solved by direct methods, which revealed the position
of all non-hydrogen atoms.*" These atoms were refined on F? by a full-
matrix least-squares procedure using anisotropic displacement
parameters.”’ All hydrogen atoms were located in difference Fourier
maps and included as fixed contributions riding on attached atoms
with isotropic thermal displacement parameters 1.2 (—C—H) or 1.§
(—O—-H) times those of the respective atom. In the structure of Na-
HPAA, the HPAA ligand and the Na2 atom were disordered over two
alternative positions and were refined with occupancy factors at a ratio
0.60:0.40. In K-HPAA, hydrogen atoms were not found in the water
molecules but were included in the total atomic formula. Crystallo-
graphic data and CCDC reference codes of the crystal structures are
reported in Table 1.

Thermodiffractometric data for Li-, Na-, and K-HPAA were
obtained for the samples loaded in an Anton Paar TTK450 camera
under static air. Flow of gases was not employed to avoid sample
dehydration prior to the diffraction experiment. Data were collected at
different temperature intervals from room temperature to 250 °C with
a heating rate of S °C min™' and a delay time of S min to ensure
thermal stabilization. The data acquisition range was 4—80° (26) with
a step size of 0.017°. Powder X-ray diffraction patterns were recorded
after impedance analysis. Samples were thus mounted onto a zero
background sample holders and the surface of the powders leveled
using a glass slide. A scan range between 4° and 60° (26) and a 0.03°
step size was employed.

Proton Conductivity Studies. Impedance data were collected on
cylindrical pellets (~5 mm of diameter and ~1 mm of thickness)
obtained by pressing ~50 mg of sample at S00 MPa for 2 min between
porous C electrodes (Sigracet, GDL 10 BB, no Pt). Impedance data
were collected using a HP4284A impedance analyzer over the
frequency range from 20 Hz to 1 MHz with an applied voltage of 1
V. All measurements were electronically controlled by the winDETA
package of programs.*” For Na-HPAA, additional impedance experi-
ments were performed using a FRA Solartron 1260 and porous C
electrodes painted with platinized carbon (20% PtC). The experiments
were run at 98% relative humidity (RH) and 24 °C, under 5% H,—Ar
or H, gas flows, in the 0.01 Hz to 1 MHz frequency range and with an
ac perturbation of 200 mV.

Electrical measurements were recorded in a double-walled,
temperature-controlled glass chamber with a gas inlet and outlet.
The temperature of the chamber was controlled by a Julabo F32-MA
refrigerated/heating circulator from 10 to 24 °C every 2 °C with a
heating rate of 0.4 °C min™" using EasyTEMP software. Samples were
equilibrated for 15 min after each step in temperature, which was
measured close to the sample location. The relative RH was obtained
by a continuous flow of water-saturated synthetic air at different
temperatures through the cell. Although different equilibration periods
were found, all sample pellets were equilibrated at 98% RH for 18 h to
ensure a fixed water content of the sample and stable conductivity
values. RH is approximately constant in the measured temperature
range, from 10 to 24 °C.

A membrane electrode assembly (MEA) was prepared with a dense
pellet of Na-HPAA sandwiched between two nonblocking porous C
electrodes. Two circular Pt meshes were used as current collectors.
MEA was sealed against the electrochemical setup using a two-
component epoxy resin. Open circuit voltage (OCV) measurements
were carried out with a Keithley 2700 multimeter at 24 °C and 98%
RH in both anode and cathode sides, using a flow of H, as fuel and
static air (inside a SPEC SH-222 humidity chamber) as oxidant.

Electronic Circular Dichroism (ECD) and Computational
Methods. ECD and UV—vis spectra were recorded on a Jasco 815
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spectropolarimeter. Room-temperature spectra from 190 to 600 nm
were collected from a neat solution at 3 X 10> M concentration of the
sample in H,O. The following parameters were applied: a scan speed
of 200 nm min~" and a spectral bandwidth of 1 nm. The spectrometer
was continuously purged with dry N, gas. The final spectrum was
obtained as the average of a minimum of three scans after a blank
correction.

The Gaussian ‘09 package of programs®** was used for DFT
quantum chemical calculations. The Becke’s three-parameter (B3)**
gradient-corrected exchange functional was used, and the nonlocal
correlation was provided by the Lee—Yang—Parr (LYP) expres-
sions.*** No structural optimization was performed so as to have the
same structure in the calculation as that in the X-ray crystal structure.
Spectroscopic features were calculated using the split-valence cc-pvdz
basis set. At this level of calculation, the data confirm the existence of
ECD bands in the same range of the experimental result. This was
checked by comparing ECD at different ab initio methodologies, as 6-
31 g(d), 6-311 g(d,p), or lanl2dz. Electronic excitation energies were
obtained by using the time-dependent DFT (TDDFT) formalism>>%*
for which up to 30 low-lying energy states were considered.

B RESULTS AND DISCUSSION

Characterization. FT-IR Spectroscopy. The IR spectra for
the alkali metal HPAA compounds, together with that of dry
ligand HPAA as a reference, are shown in Figure S-2 (see
Supporting Information). These spectra reveal distinctive
signals along the series. In the region 3600—3100 cm™),
bands at 3330—3190 cm™' are indicative of strong hydrogen
bonds.

Significantly, the anhydrous compound Cs-HPAA shows a
band centered at 3190 cm™}, suggesting an exceptionally strong
H-bonding interaction by proton sharing between two basic
groups (see below). On the other hand, Na-HPAA also shows,
additionally to H-bonded water, a signal at 3525 cm™
characteristic of coordinated water weakly interacting by H-
bonding.

In the 2000—1350 cm™ range, several asymmetric and
symmetric 2(COO~) bands are observed. The asymmetric
V(C=O)asym vibrations appear in the region 1577—1630 cm™,
whereas the symmetric U(C—O)sym stretches are located in the
region 1453—1372 cm™'. However, Cs-HPAA shows broad
bands at 1820 and 1660 cm™', which are very near to those of
v(COOH) of the free acid. The phosphonate group signals
appear in the region 890—1200 cm™!, P—O— and P=0
stretches at 896—1110 cm ™', and antisymmetric stretch of the
—PO; at 1060—1162 cm™". The variation of the positions and
intensities of these bands are indicative of the diversity of
binding modes of the phosphonate moiety to the metal ions.
All solids, except Li-HPAA, also show a characteristic band of
P—OH groups at 905—940 cm™, which are also detected by
the overtones at 2800 and 2300 cm™.

Description of Crystal Structures. Li-HPAA, Li;(OOCCH-
(OH)PO3)(H,0)J-H,0. The high crystallinity of Li-HPAA
allowed successful structure solution and Rietveld refinement.
The observed and calculated X-ray powder diffraction patterns
are given in Figure 1. The refinement is satisfactory as
evidenced by the low R-factors (see Table 1) and the flatness of
the divergence curve; see Figure 1.

Li-HPAA is a 1D coordination polymer, with a fully
deprotonated HPAA®~ ligand, thus having a Li:HPAA molar
ratio of 3:1. Its infinite dimension is better described as a “slab”
or a linear “ribbon”, not a chain (see Figure 2). Bridging
HPAA3® anions are responsible for the formation of the “slab”,
which is 14.668 A wide and 7.950 A tall. Each HPAA®" anion
coordinates to 6 Li* cations (Figure 2, upper). It is worth-
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Figure 1. Final observed (crosses), calculated (—), and difference plots
for the Rietveld refinement of XRPD data for Li-HPAA.

»

Figure 2. Different views of a portion of the “slab” in the structure of
Li-HPAA and the coordination environment of the three Li cations.

noting that of the 6 O atoms of each HPAA ligand, S are used,
with the exception of one O atom (O3) of the phosphonate
group.

There are three crystallographically independent Li* cations
in the structure (Figure 2, bottom). Lil is coordinated by 5 O
atoms, in a distorted square pyramidal environment. The five O
atoms originate from the same carboxylate group (OS, O6),
from the hydroxyl group (O4) of another HPAA anion, and
finally from two coordinated water molecules (Ow4, OwS).
The carboxylate moiety forms a four-membered chelating ring
with Lil. The second lithium cation, Li2, is coordinated by 4 O
atoms in a tetrahedral environment. The four O atoms
originate from two phosphonate groups from two different
HPAA anions (O1, O2) and from two water molecules (Owl,
Ow2). No chelating rings are formed around Li2. One of the
water molecules (Ow2) acts as a bridge between Li2 and Li3.
The third lithium cation, Li3, is coordinated by 4 O atoms, and
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possesses tetrahedral geometry as well. The origin of the O
atoms is as follows: OS comes from a carboxylate group that
belongs to a HPAA anion, whose phosphonate group also
coordinates to Li3 (through O2). The coordination environ-
ment is completed by a water molecule (Owl) and a
phosphonate O atom from a different HPAA anion. The
corresponding Li—O bond distances are given in Table S-1 (see
the Supporting Information).

In the structure of Li-HPAA there are five water molecules,
four of which coordinate to Li cations, and one (Ow3) is
situated in the lattice. The latter is positioned between the 1D
slabs, apparently stabilizing the supramolecular structure
through four hydrogen bonds (Supporting Information Figure
S-3 and Table S-2).

Na-HPAA, Na,(OOCCH(OH)PO;H)(H,0),. The HPAA*~
ligand has its carboxylic group deprotonated and its phosphonic
group monodeprotonated, leading to a Na:HPAA molar ratio
of 2:1. There are two Na cations (Nal and Na2), one HPAA*~
ligand, as well as four lattice water molecules in the asymmetric
unit of this structure. Both HPAA ligand and Na2 atom are
disordered over two alternative metal atom positions, Na2a and
Na2b, with occupancy factors that converged to the ratio
0.60:0.40. The positional disorder is considered to be the result
of an enantiomeric excess of 20% in this structure. The
coordination environments of Nal and Na2 are severely
distorted octahedra (see Figure 3), as revealed by the O—Na—
O angles (the O—Nal—O angles are in the range 66.7(3)—
177.5(3)° and the O—Na2—O angles are in the range 77.0(2)—
172.3(3)°). For NalOg octahedra, two of these O atoms
originate from the carboxylate and the phosphonate groups of a

Figure 3. Coordination environments of the two Na" cations in the
structure of [Na,(OOCCH(OH)PO,H)(H,0),] (Na-HPAA). Bonds
that bridge neighboring Na* cations are drawn with dotted lines.

DOI: 10.1021/cm502716e
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bidentate HPAA®~ ligand, one phosphonate oxygen from
another ligand, and the remaining three O atoms come from
Na-coordinated waters (see Figure 3). Na2 is also found in a
distorted octahedral environment with three O atoms from
water molecules, one from a deprotonated —COO™ group of a
HPAA®" ligand, and the remaining two oxygens from the
hydroxyl and carboxylate groups of a bidentate ligand. The
phosphonate oxygens only coordinate to Nal (see Supporting
Information Table S-1).

The bis-deprotonated HPAA®~ coordinates through its
phosphonate moiety with two distorted Na2Og octahedra,
while the P—OH group remains noncoordinated. It also uses its
carboxylate and hydroxyl groups to bridge two NalOy distorted
octahedra, and the phosphonate group to coordinate to a
Na20Oy octahedron. This kind of coordination is also found in
Ca** derivatives, whose structures are composed of a trimeric
unit, Ca;(HPAA),** as the main building block. To balance
charges, two Nal ions are now equivalent to one Ca** ion.

The coordination requirements of the Na" centers and the
HPAA* ligand generate a 3D framework, shown in Figure 4.

Figure 4. 3D structure views of Na,(OOCCH(OH)PO;H)(H,0),
(Na-HPAA) viewed down the a-axis.

There is a five-membered ring formed by the carboxylate
oxygen O9, the hydroxyl oxygen O6, the Na2 center, and the
two carbon atoms C1 and C2. A six-membered ring is formed
by the second carboxylate oxygen O8, the deprotonated oxygen
02 from the phosphonate, a neighboring Nal center, and the
two carbon atoms C1 and C2.

The overall structure of Na-HPAA can be described as a
pillared structure. The 2D layers are formed by the
coordination of the HPAA?™ ligand with the Na cations,
which in turn are linked together via water bridges. The latter
create a second kind of layers that intersect the first kind of
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layers at an angle of 71.3°, as shown in Figure 4. The 3D
structure of Na-HPAA resembles the topology of a “house of
cards”.

K-HPAA, K,(OOCCH(OH)PO;H)(H,0),. Its asymmetric unit
contains four K* cations, two doubly deprotonated HPAA*~
ligands, and four K-coordinated water molecules. There are no
lattice water molecules in the structure. Figure S shows the

Figure S. Coordination environments of the four K" cations in the
structure of K,(OOCCH(OH)PO,H)(H,0), (K-HPAA).

coordination environment of the four K cations. K1 is 9-
coordinated with the oxygens coming from the following
ligands: 3 carboxylates, 2 phosphonates, 1 hydroxyl, and 3
waters. K2 is 7-coordinated (1 carboxylate, S phosphonate, and
1 water oxygens). K3 is also 7-coordinated (1 carboxylate, 4
phosphonate, 1 hydroxyl, and 1 water oxygens). K4 is 9-
coordinated (3 carboxylate, 1 phosphonate, 2 hydroxyl, and 3
water oxygens). K—O bond distances are listed in the
Supporting Information.

The first crystallographically independent HPAA®™ ligand,
containing P1, coordinates through its phosphonate group to
two K10, two K20,, one K30,, and one K40, polyhedra. It
uses its carboxylate group to coordinate to two K10, and two
K40, polyhedra (of which K10, and K40, are coordinated by
the phosphonate group). Finally, the hydroxyl group
coordinates to the K10y and K40, polyhedra. The second
crystallographically independent HPAA®~ ligand, containing P2,
coordinates through its phosphonate group to three K30, and
three K20, polyhedra. It uses its carboxylate group to
coordinate to four polyhedra, K10, K20,, K30,, and K40,.
Finally, the hydroxyl group coordinates to K30, and K40,
polyhedra.

The structure of K-HPAA is 3D, containing channels along
the a-axis, whose walls are made of the K-coordinated water
molecules. This is shown in Figure 6.

Cs-HPAA, Cs(HOOCCH(OH)POsH). This motif contains a
single monodeprotonated HPAA™ ligand, and so there is one
crystallographically independent HPAA™ ligand per one Cs*

DOI: 10.1021/cm502716e
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Figure 6. 3D structure of K,(OOCCH(OH)PO;H)(H,0), (K-
HPAA), shown along the a-axis.

cation. The coordination environments of the HPAA™ ligand
and Cs" cations are given in Figure 7. Bond distances around
the Cs* are given in Supporting Information Table S-1.

Figure 7. Coordination environment of the HPAA ligand and Cs*
center in the structure of Cs(HOOCCH(OH)PO,H) (Cs-HPAA).

The HPAA ligand has the phosphonate group monodepro-
tonated (—PO;H™) and the carboxy group protonated
(—COOH) as confirmed by the FT-IR data. We highlight,
however, that the proton of the carboxylic group (09) is shared
with the phosphonate oxygen (02) from another HPAA ligand
(09—02 2.485(7) A, Supporting Information Table S-S). Cs*
is 9-coordinated by oxygen atoms (3 from the phosphonate, 4
from carboxylate, and 2 from hydroxyl groups). These originate
from four distinct HPAA™ ligands. The coordination environ-
ment of Cs* can be described as distorted bicapped trigonal
antiprism. The O—Cs—O angles range from ~45° to ~163°.
The coordination requirements of Cs centers create a 3D
structure of Cs-HPAA, which is shown in Figure 8.

Despite the observed trend of increasing ligand denticity
toward larger M" ions, a direct relationship between the M*
radius and the average M—O bond distance (M = metal ion) is
still maintained (Supporting Information Figure S-4). These
observations confirm previous reports on alkaline-earth metal
HPAA®3*3° gystems and/or alkaline-earth AMP systems.>®

The complexity of the M-HPAA structures deserves further
discussion. The effect of the alkali metal ionic radii is
demonstrated not only on the M—O bond distances, but also
on the coordination number of the metal center. The Li*
cations in the structure of Li-HPAA are either 4-coordinated or
S-coordinated (by two HPAA ligands and one or two water
molecules). The structure adopted is 1D “ribbon” or “slab”.
The Na* ions in the structure of Na-HPAA are 6-coordinated
(by two HPAA ligands and three water molecules). The
structure adopted is pillared 3D with bidimensional layers. The
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Figure 8. 3D structure of Cs(HOOCCH(OH)PO;H) (Cs-HPAA),
shown along the a-axis.

K" cations in the 3D structure of K-HPAA are 7-coordinated
and 9-coordinated. Finally, the largest cation Cs* is 9-
coordinated in the 3D structure of Cs-HPAA (four HPAA
ligands, but no water molecules).

It is remarkable that from the racemic mixture of R,S-HPAA
used in the synthesis, both S and R isomers end up in the
crystal structures of M-HPAA solids except for Cs-HPAA,
which incorporates only the S (but not the R) isomer. Thus, Li-
HPAA nests both isomers aligned parallel to the a-axis (see
Figure 9). In Na-HPAA and K-HPAA compounds, both
enantiomers of the ligand are incorporated as well.

Figure 9. Parallel alignment of the R and S HPAA isomers within a
single “slab” in the structure of Li-HPAA (10 unit cells). R isomers are
shown in blue, and S isomers are in green.

The bulk chirality of Cs-HPAA, which crystallized in a chiral
space group and contains only the S-HPAA ligand, has been
investigated in solution by ECD. The racemic R,S-HPAA acid
and a sample of Cs-HPAA, prepared by fast precipitation in
96% ethanol, were used as references. As can be seen in Figure
10, the ECD spectrum of the solution of Cs-HPAA, obtained
by slow crystallization, exhibits a negative dichroic signal at 210
nm that is absent in the reference samples. In addition, the
spectrum of Cs-HPAA calculated by using crystallographic data
without further optimization (Figure 10 and Figure S-S,
Supporting Information) agrees well with that obtained
experimentally, leading a negative signal between 200 and
300 nm, which confirms an enantiomeric excess in the sample
prepared by slow crystallization.

Cs-HPAA, therefore, constitutes a striking example of
spontaneous enantiomeric enrichment from a racemic mixture,
as racemic conglomerates are usually obtained when achiral

DOI: 10.1021/cm502716e
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Figure 10. ECD spectra for Cs-HPAA prepared by slow crystallization
(blue line), fast precipitation (black line), and the calculated dichroic
spectrum for the S-HPAA enantiomer.

and/or asymmetric phosphonate ligands are employed as
starting materials.>”*®

Thermogravimetric Studies. As inferred from the above
crystallographic study, water plays different important cohesion
roles in the structures of M-HPAA (M = Li, Na, and K)
compounds. Thus, the structural stability and, hence, some
important water-related properties should be strongly influ-
enced by the structural positioning of the water molecules.
Figure 11 shows the TGA curves for M-HPAA (M = Li, Na,

Figure 11. TGA curves for the M-HPAA (M = Li, Na, and K)
compounds.

and K). The anhydrous Cs-HPAA exhibits a nondescript
weight loss from ligand decomposition (at T > 220 °C) and is
not included in Figure 11.

A stepwise weight loss is observed for Li-, Na-, and K-
derivatives. Li-HPAA starts to lose water at a lower
temperature than the others, attributed mainly to its 1D
architecture. During the first stage, from room temperature to
100 °C, a weight loss of 14.70% is observed, which fits well with
the removal of two water molecules (calculated 13.65%). From
these, one originates from the weakly retained lattice water and

431

the other one, most likely, from a rearrangement of the
coordination spheres of Li* ions. Three additional water
molecules (measured overall loss 34.13%, calculated 31.72%)
are lost in the second stage, up to T = 240 °C. A further
temperature increase leads to decomposition of the material,
which is complete above 700 °C (not shown). K-HPAA loses
its four coordinating water molecules by heating from ~80 to
180 °C (measured loss 13.72%, calculated 13.43%), while
decomposition starts at ~240 °C. Na-HPAA retains its water
content even more tightly, starting to lose weight at ~90 °C.
This behavior is associated with the stronger interaction of
water in the pillared framework, as suggested by the FT-IR
spectrum (see previous discussion). The removal of the four
coordinating water molecules in Na-HPAA is extended up to
200 °C (measured loss 26.13%, calculated 26.48%), while
further decomposition of the material starts at T > 270 °C.

As revealed by thermodiffraction (Supporting Information
Figure S-6), the loss of structural water upon heating implies a
progressive amorphization of the M-HPAA (M = Li, Na, and
K) solids. Only Li-HPAA showed a transient new semicrystal-
line phase, formed at 100 °C. Crystalline phases were not
recovered on cooling at room temperature for any studied
hybrid compound.

Proton Conduction. Generating effective proton transport
pathways in solids, to design new proton conductors for
potential applications in ionic devices is now becoming a matter
of increasing interest. Given that H-bond networks is a
distinctive structural feature of metal phosphonates, a study
of the proton conductivity behavior has been undertaken for
the hybrid alkali metal phosphonate series. Impedance spectra
at different temperatures and 98% relative humidity (RH) are
shown in Figure 12.

When a M-HPAA pellet is exposed to 98% RH atmosphere,
a spike is observed that has an associated capacitance of ~1 yF.
Because the spike is inclined to the Z’ axis by ~70°, it indicates
a partial-blocking electrode response that allows limited
diffusion; therefore, the conducting species must be ionic

Figure 12. Plots of complex impedance plane for the as-synthesized
compounds at 98% relative humidity: 10 °C (black), 11 °C (red), 12
°C (green), 14 °C (blue), 16 °C (cyan), 18 °C (magenta), 20 °C
(yellow), 22 °C (dark yellow), and 24 °C (navy).

DOI: 10.1021/cm502716e
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(ie, H* ions). The total pellet resistance (Ry) was calculated
from the intercept of the spike or, alternatively, from the arc
(low frequency end) on the Z' axis. The overall pellet
conductivities for M-HPAA series, in traditional Arrhenius
format, are given in Figure 13.

Figure 13. Plot of log o versus 1000/ T for the four “as-synthesized”
M-HPAA (M = Lj, Na, K, and Cs) compounds.

The conductivity, at 24 °C, varies in the series from 3.5 X
107 to 5.6 X 10° S cm™), for Cs- and Na-derivatives,
respectively. The latter value is higher than those of highly
hydrated Ln-HPAA derivatives®® and similar to those of
tetraphosphonates of Ca,°® Mg,* or Ln® as well as some
nonphosphonate MOF materials. An example is (NH,)(adp)-
[an(ox)3]~nH203b (n = 3, adp = adipic acid, ox = oxalate)
whose proton conductivity was found in the range 1.6 X 1073
to 8 X 107 S cm™ at 25 °C.

The possibility of alkali ion conduction was ruled out by
using, for the highest conductive material (Na-HPAA),
nonblocking electrodes to protons, under 5% H,—Ar and H,
gas flows. Figure 14 shows only one semicircle with capacitance

Figure 14. Plots of complex impedance plane for the as-synthesized
Na-HPAA equilibrated at 24 °C and 98% RH, in flowing 5% H,—Ar
and H,. Measurements were performed using Pt—C gas diffusion
electrodes.
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values due to electrode polarization between 3 and 0.1 mF
cm™!, for 5% H,—Ar and H, gas flows, respectively. The
absence of the spike in the data indicates that the material
shows a purely resistive behavior, and, therefore, it is exclusively
a proton conductor. Moreover, it is also observed that the
polarization resistance is greatly improved in pure H, with
values 1 order of magnitude lower than in 5% H,—Ar. This
behavior is explained by diffusion limitations when dilute H, is
used.

Pelletized samples were analyzed by TGA (Supporting
Information Figures S7—S10) and PXRD (Supporting
Information Figures S11—S14) immediately after impedance
analyses to notice possible structural and/or water content
changes. Except for Na-HPAA, no significant weight gain was
observed. The water gain for Na-HPAA is ~31% (weight loss
about 34.3%, 5.5 mol H,O per formula, up to 200 °C).
However, the corresponding PXRD pattern did not reveal
significant changes, as compared to the initial sample (see
Supporting Information Figure $12). The pattern containing a
few additional low intensity diffraction peaks could be indexed
in a related cell with doubled a parameter, according to the Le
Bail fit (Supporting Information Figure S15). This behavior can
be explained taking into account that the pillared structure of
the Na derivative can still host more water molecules with
hardly any modification of the basic pillared framework.

The water adsorption—desorption isotherm of this com-
pound is also consistent with that behavior. As seen in
Supporting Information Figure S16, Na-HPAA hardly adsorbs
water up to about 90% RH, the total amount not exceeding 1
H,0 molecule per formula unit. The lack of reversibility
(hysteresis) in the sorption/desorption profile indicates that
the moisture is absorbed inside the structure rather than being
adsorbed on the surface of the material. Furthermore, the
stability of this material was preliminarily checked as candidate
for PEMFCs. As can be seen in Supporting Information Figure
S17, open circuit voltage (OCV) measurements at 24 °C and
98% RH, carried out using a flow of H, as fuel and static air as
oxidant, revealed that a constant voltage value of ~0.6 V was
attained. The low value measured, as compared to the
thermodynamic voltage at 24 °C and 1 atm pressure (1.18
V), may be caused by voltage drops, that is, reaction between Pt
surface and O, resulting in a mixed cathode potential or H,
crossover from anode to cathode reducing the O, concen-
tration.** Further studies are needed to clear up this point that
are beyond the scope of this Article.

K-HPAA, on the contrary, did not exhibit changes in water
content (Supporting Information Figure S9) during the
impedance study (>18 h), and thus showed reproducible
conductivity values, albeit the sample tends to be deliquescent
at T > 20 °C in a high humidity atmosphere. For all other
compounds, this characteristic was not observed, at least within
48 h of experiment duration.

Comparing the conductivity pattern of the higher dimension-
ality solids (Na', K*, and Cs*), the obtained values are
consistent with the presence of acidic groups and an increasing
content of water molecules, acting as proton carriers into the
framework. The presence of mobile proton carriers, that is,
lattice water molecules, should further enhance the proton
transfer pathways, as observed for Na-HPAA. In addition,
structural disorder in this framework may contribute to
conductivity enhancement. The presence of extended hydro-
gen-bonding networks in these solids contributes to define
different proton transfer pathways (Supporting Information

DOI: 10.1021/cm502716e
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Tables $2—SS). Despite the anhydrous nature of Cs-HPAA, it
still exhibits a residual conductivity, within the range for many
MOFs.5*** In this case, short proton transport pathways exist
in the structure, due to strong H-bond interactions between
neighboring —P—OH and —COOH groups, as well as the
presence of equidistant shared protons between phosphonate
and carboxylate groups (see Supporting Information Table S-
5). K-HPAA has intermediate characteristics between Na- and
Cs-derivatives, and thus an intermediate conductivity value is
measured (1.3 X 107 S cm™). The lack of lattice water in the
latter structure makes the proton conduction more difficult,
which occurs by a vehicular mechanism (E, > 0.5 eV), probably
through a water ligand exchange. In variance with this behavior,
the proton conduction in Na- and Cs-derivatives occurs by a
Grotthuss mechanism, according to the lower activation
energies found in such cases (see Figure 13). The conductivity
of Li-HPAA, 1.1 X 107* S cm™, is low as compared to that of
the Na- and K-derivatives, mainly due to the absence of acidic
groups and the low mobility of strongly coordinated water in
the former. Such a value is, however, very close to those
reported for other 1D divalent tetraphosphonates, in which a
vehicular mechanism is also implied.*” Significantly, the
protonation degree of the ligand, which increases from Li,
through Na and K, to Cs is not directly correlated to the
conductivity values. However, the activation energy decreases
when the protonation degree increases in samples with the
lowest water content (Li-HPAA and Cs-HPAA samples).

B CONCLUSIONS

Alkali-metal ions exhibit a rich coordination chemistry with the
ligand hydroxyphosphonoacetic acid (HPAA), showing a
straightforward variation of the coordination environment
according to the cation size. Hence, Li" is 4-coordinated and
S-coordinated while Cs* is exclusively 9-coordinated. The M*
coordination requirements are satisfied by tuning ligand
denticity and also by the presence of water for the lighter
ions. [Cs(HOOCCH(OH)PO;H)] (Cs-HPAA) was the only
anhydrous compound in the series. All structures notwithstand-
ing show the presence of strong hydrogen-bond networks, as
demonstrated by FTIR and structural analyses. As a result of
this coordinative pattern and connectivity, a progressive
increase of the solid dimensionality, from 1D to 3D, is
demonstrated. In addition, all solids exhibit variable proton
conductivity, strongly dependent on the structural role of water
molecules and the hydrogen-bonding networks established. In
particular, the Na-derivative containing both lattice and bound
water and having a certain structural disorder has been
demonstrated to exhibit a high proton conductivity of 5.6 X
107 S cm™". Furthermore, a full study of this material revealed
no alkali ion conduction and high stability under PEMFC
working conditions.

Another relevant structural feature of alkali-metal HPAA
compounds is the size-dependent enrichment in the S
enantiomer upon crystallization, which is particularly evident
in the case of Cs-HPAA. This preference for one enantiomer is
believed to be related to the strong hydrogen-bonding
interactions required for structural stabilization. Last, from a
synthetic point of view, Cs-HPAA may be viewed as a useful
starting material and a source of S-HPAA for further metal-
HPAA MOF syntheses that will yield chiral MOF products
incorporating only the S enantiomer.
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