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ABSTRACT: Seven isomorphous lanthanide metal-organic frameworks in the PCMOF-5 family, [Ln(H5L)(H2O)n](H2O) (L = 
1,2,4,5-tetrakis(phosphonomethyl)benzene, Ln= La, Ce, Pr, Nd, Sm, Eu, Gd) have been synthesized and characterized. This family 
contains 1-D water-filled channels lined with free hydrogen phosphonate groups and gives a very low activation energy pathway 
for proton transfer. The lanthanide contraction was employed to systematically vary the unit cell dimensions and tune the proton 
conducting pathways. LeBail fitting of the crystalline series shows that the crystallographic a axis, along the channel, can be varied 
in increments less than 0.02 Å correspondingly shortening the proton transfer pathway. The proton conductivities for the La and Pr 
complexes were roughly an order of magnitude higher than other members of the series (10-3 Scm-1 versus 10-4 Scm-1). Single crys-
tal structures of the high and low conducting members of the series (La, Pr for high and Ce for low) affirm the structural similarities 
extend beyond the unit cell parameters to positions of free acid groups and included water molecules. Scanning electron microscopy 
reveals marked differences in particle size of the different members of the Ln series owing to lattice strain effects induced by 
changing the lanthanide. Notably, the high conducting La and Pr complexes have the largest particle sizes. This result contradicts 
any notion that degradation of the MOF at grain boundaries is enabling the observed conductivity as proton conduction dominated 
by extrinsic pathways would be enabled by small particles (i.e. the La and Pr complexes would be the worst conductors). Proton 
conductivity measurements of a ball milled sample of the La complex corroborate this result. 

Introduction 

Better proton conducting membranes offer multiple benefits 
towards making hydrogen fuel cells more efficient. Develop-
ment of new candidate proton conducting solids span many 
classes of compounds from macromolecular organic polymers 
to inorganic solid acids.1 To design improvements to any ma-
terial requires an ability to make a systematic change and as-
sess the outcome of that change. Metal-organic frameworks 
(MOFs),2  composed of metal ions or clusters connected via 
organic ligands to form multidimensional networks, are rela-
tively recent candidates for proton conductors.4-7 They are 
crystalline materials with modular synthetic pathways and 
contain pores, which could be loaded with various proton car-
riers – each of these offer opportunities for molecular based 
design and improved performance. In terms of proton conduct-
ing MOFs, given that a long-term target application would be 
in a steam-like environment in a fuel cell, water stability is 
critical for ultimate application and many water-stable MOFs 
have been identified. 8-11 That said, less stable materials can 
still provide molecular insights to conduction pathways and 
assist in the design of target structures provided ionic conduc-
tivity data reflects the molecular pathways.12  

In any non-monolithic ion conductor, the conduction path-
way spans both the bulk material and the interstices between 
particles, the grain boundary, creating both intrinsic and ex-

trinsic conduction pathways. In systems such as ceramic oxide 
ion conductors, the physical and chemical difference between 
the bulk and grain boundary is typically significant resulting in 
the resolution of the two semicircular components in imped-
ance spectroscopic analyses. Since the bulk proton conduction 
pathways in solids such as MOFs are hydrated micropores, the 
pathway would not be expected to vary to the same extent 
between the bulk and grain boundary. Indeed, clear resolution 
of the two impedance components for bulk and grain boundary 
contributions rarely occurs in the study of proton conducting 
MOFs under hydrated conditions. If the water stability of the 
MOF is questioned, this distinction becomes even more 
blurred and one could raise doubts about correlations between 
structure and activity in MOFs.13 That said, the grain boundary 
is also a function of the material and a stable grain boundary is 
a necessary conduction pathway. However, a key question is 
whether measured ion conductivity arises despite the grain 
boundary or because of it. 

Phosphonate groups are an intriguing functionality for pro-
ton conducting MOFs as they typically offer high water stabil-
ity but also the potential for ligating as a hydrogen phospho-
nate giving more acidic pores.5,7 We have previously reported 
the structure, [La(H5L)(H2O)4], La-PCMOF-5.7 La-PCMOF-5 
has, as notable features, high water stability, a well resolved 
proton conduction pathway including crystallographically 
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ordered free acid groups and water molecules, and an excep-
tionally low activation energy for proton transfer (0.17 eV) 
similar to solid acids. Given the well-visualized proton con-
duction network, La-PCMOF-5 offered an opportunity to de-
velop a detailed structure-activity relationship if a means could 
be found to systematically vary the proton transfer pathway. 
As La-PCMOF-5 was synthesized using La3+ ions, it was hy-
pothesized that replacing La3+ with smaller lanthanide ions 
would maintain the structure of the parent framework but con-
tract the unit cell slightly. Thus, employing the lanthanide 
contraction should yield a series of isomorphous solids that 
would allow for fine tuning of the proton conduction pathway. 
Here, we report six lanthanide frameworks based on Ce3+, Pr3+, 
Nd3+, Sm3+, Eu3+ and Gd3+ which are isomorphous with La-
PCMOF-5, the family henceforth denoted Ln-PCMOF-5. We 
report the synthesis, X-ray diffraction analyses, and proton 
conductivity of the Ln-PCMOF-5 family as well as new single 
crystal structures of the Pr3+ and Ce3+ complexes, two isomor-
phous compounds that differ by more than an order of magni-
tude in their proton conduction. The proton conduction meas-
urements are assessed based on intrinsic and extrinsic conduc-
tion pathways and confirm that extrinsic degradation pathways 
are not part of the observed conductivity mechanism in this 
MOF family. 

 

 Experimental details 

All reagents were purchased from commercial suppliers and 
used without further purification. A general synthetic proce-
dure for [Pr(H5L)(H2O)4] (Pr-PCMOF-5) is included here as 
representative of the Ln-PCMOF-5 series. Further details on 
synthesis of H8L and remaining Ln-PCMOF-5 structures along 
with experimental procedures are in the Supporting Infor-
mation. Analogous preparations with Tb-Yb gave two differ-
ent microcrystalline phases that were found to be non-proton 
conducting and were not studied in detail. 

 

 Synthesis of [Pr(H5L)(H2O)4.4] (Pr-PCMOF-5) and 
[Ce(H5L)(H2O)4] (Ce-PCMOF-5) 

Pr2(CO3)3·nH2O (255 mg, 0.55 mmol) was combined with a 
0.9M H2SO4 solution (3.3 mL, 2.97 mmol) and H8L (251 mg, 
0.55 mmol). After 24 hours, the solution yielded light green, 
crystalline particles (171 mg, 0.26 mmol, 47%). Elemental 
analysis calculated (%) for PrC10P4O12H15·4.4H2O: theoretical 
C 17.89, H 3.57; found:  C 17.97, H 3.60. Thermogravimetric 
analysis, mass loss for water to 175˚C: Theoretical: 11.81%, 
Actual: 11.73%. Ln-PCMOFs were further characterized by 
powder X-ray diffraction, thermogravimetric and AC imped-
ance analyses. To obtain crystals of Pr-PCMOF-5, a solution 
of Pr(HSO4)3 (0.1M, 10 mL) was prepared and added in 1mL 
portions to a vial containing crystals of La-PCMOF-5 (~300 
mg) over several weeks until completely transferred. After 1 
month, the block-shaped crystals slowly converted to needle-
like crystals (Figure S15), one of which was then selected for 
X-ray structure refinement. Crystals of Ce-PCMOF-5 were 
synthesized in a similar manner as Pr-PCMOF-5. To crystals 

of La-PCMOF-5 was added a solution of Ce(HSO4)3 (0.1M, 
10 mL). After several weeks, the block-like crystals of La-
PCMOF-5 were converted to small, needle-like crystals. These 
crystals were too small for collection in-house; data was col-
lected (at 100K) using synchrotron radiation (Si double crystal 
monochromator, Rayonix CCD detector and MD2 micro-
diffractometer) at the Canadian Light Source. Structure re-
finement and data solution details are provided in the ESI. The 
CIF files for Pr-PCMOF-5 (CCDC 1470115) and Ce-PCMOF-
5 (CCDC 1499060) were deposited in the Cambridge Crystal-
lographic Database. 

 

Powder X-ray diffraction (PXRD) and Le Bail analysis  

PXRD was performed on a Rigaku Miniflex II diffractome-
ter in both continuous and step-mode; further details are in-
cluded in the Supplementary Information. Use of the continu-
ous scan mode for phase identification (2˚min-1, 0.02˚ scan 
width between 3-60˚ 2θ) revealed the structures of the six Ln-
PCMOF-5 structures synthesized with Ce, Pr, Nd, Sm, Eu and 
Gd to be isomorphous to that of the parent La structure (Fig. 
S4, Supporting Information). Bragg-Bretano (θ, 2θ) XRD pat-
terns were collected using a step-scan method (0.005˚, 6 sec 
per step), and refined against the simulated La-PCMOF-5 pat-
tern using the Le Bail method.14 The MAUD freeware package 
was used for the refinement.15 Refinements were carried out 
successively on the scale factors, backgrounds and the cell 
parameters. Lattice parameters were retrieved for each of the 
compounds, and the final XRD patterns with the fits are 
shown in Figure S4.  

 

Proton Conductivity Measurements 

To determine the effect of the subtle structural changes on 
proton conductivity, AC electrochemical impedance meas-
urements were performed on a Princeton Applied Research 
VersaSTAT3 potentiostat with environment maintained by an 
E-Spec BTL-433 humidity-controlled oven. Experiments were 
performed in air, at temperatures between 25˚C and 85˚C 
while humidity levels were maintained at 95% relative hu-
midity (RH). Samples were finely ground to a powder by mor-
tar and pestle prior to loading in custom dual-sample 2-probe 
cells with titanium electrodes. Electrodes were then tightened 
to 0.5 Nm using a torque screwdriver (rated between 0.1 to 
1.2Nm) to ensure good contact. Cell (sample) lengths were 
approximately 1 mm with a 3.175 mm diameter, measured 
using calipers. As noted previously with La-PCMOF-5 the 
narrow 1-D channel sizes restrict fast equilibration of samples 
therefore at minimum three full heating/cooling cycles were 
performed with a minimum of 24 hours between temperature 
points. Duplicate measurements were obtained sweeping from 
1MHz to 0.1Hz and then the same range in reverse. Data was 
collected using VersaStudio software (version 2.5). 

 

Scanning Electron Microscopy/Energy Dispersive X-ray 
spectroscopy (SEM/EDX) 
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Samples were adhered to carbon tape on an Al pin and ana-
lyzed on a Zeiss SIGMA VP Field Emission SEM with 
backscatter electron detector. Chamber pressure was main-
tained at 1x10-7 bar, and an accelerating voltage of 2 keV was 
utilized from the thermal field emission source. EDX was col-
lected at 20keV using an Oxford Instruments x-act system 
using a 10mm2 silicon drift detector. 2-D elemental maps were 
obtained to compare distribution of Ce, Pr and La along with 
phosphorus. All data collected was processed with INCA 
analysis software. After impedance measurements, samples 
were analyzed at the Instrumentation Facility for Analytical 
Electron Microscopy (IFFAEM) in the Dept. of Geosciences 
at the University of Calgary. Sample preparation was as 
above. An FEI Quanta 250 field emission gun (FEG) Samples 
were imaged with an accelerating voltage of 5keV under 50Pa 

vacuum.  

Ball milling of La-PCMOF-5 

A sample of La-PCMOF-5 was prepared as reported and 
placed in a Fritsch Pulverisette 6 planetary ball mill. Grinding 
took place at 200 rpm with zirconia beads in a 9:1 isopropa-
nol:water solution. A subsample was obtained after 5 minutes 
which was filtered under vacuum, and air dried before AC 
impedance analysis at 95% RH.  

 

Results and Discussion  

The results of this study are presented largely chronological-
ly as the experiments occurred as this delineation offers more 

insight into the experimental designs. Complexation of the 
lanthanides from La to Yb with H8L gave three different phas-
es of product. From Ce to Gd, the series of six lanthanides are 
isomorphous to La-PCMOF5. From Tb to Dy, a second phase 
is observed and from Er to Yb, a third phase is observed. The-
se additional phases were determined not to be proton con-
ducting and they also were found to have a different composi-
tion with a 7:6 M:L ratio (see ESI, Figs. S31, S32).  

In the previous report by Taylor et al., La-PCMOF-5 was 
synthesized with La3+ through means of an acid modulator 
(H2SO4),

7 not unlike the use of HF in M(IV) phospho-
nate/phosphate systems.16 While the addition of sulfuric acid 
also introduces the possibility of the metal sulfate as a compet-

ing product, lanthanide ions were chosen as they form water 
soluble hydrogensulfate salts. The use of acid thus played a 
dual role: 1) it inhibited the rapid precipitation of the metal 
phosphonate structure allowing the structure to order and give 
single crystals rather than an amorphous solid; 2) it made a 
more acidic solution giving free acidic groups in the product. 
This preparation method gave bulk powders of the isomor-
phous Ln-PCMOF-5 series but did not yield single crystals. 
PXRD, elemental analysis and thermogravimetry on bulk 
powders was performed to determine the phase purity and 
hydration state of the Ln-PCMOF-5 series.  

Figure 1 shows the single crystals obtained for Pr-PCMOF-
5. It is isomorphous to the original La-PCMOF5 and a brief 
description is provided. Pr-PCMOF5 has a 3-D structure 
where columns of phosphonate-bridged Pr ions are linked in 
two dimensions by H5L

3- ions along the a-axis. The ligand 
utilizes three of the four phosphonate groups for coordination. 

 

Figure 1. View of the crystal structure of Pr-PCMOF-5 along 
the a) a-axis with the free hydrogen phosphonates and b) 
along the c-axis showing the 1-D channel. The unit cell is 
also denoted along with unit cell a-length (also the P···P dis-
tance between adjacent hydrogen phosphonates). 

 

Figure 2. PXRD patterns of Ln-PCMOF-5: La to Gd, Dy, 
Er to show the isomorphous series up to Gd. Dy and Er 
show two other non-conducting phases. 
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The uncoordinated group in Pr-PCMOF-5 is a hydrogen phos-
phonate (based on P···O bond distances of 1.503, 1.524 and 
1.571Å, Figure S19). Of the three coordinating groups present 
in Pr-PCMOF-5, two are hydrogen phosphonates (P1, P3) 
while the final one is a phosphonic acid (P2). P···O distances 
in the phosphonic acid (about P2) were measured to be 1.485 
Å, 1.537 Å, 1.557Å. In the hydrogen phosphonates, P···O dis-
tances were 1.519 Å, 1.521 Å, 1.571 Å about P1 and 1.502 Å, 
1.512 Å, 1.580 Å about P3. In these two phosphonates, the 
shorter P···O distances belonged to the deprotonated O and 
double-bonded O (similar lengths due to delocalization of 
charge) while the longer bond is to the remaining OH. In Pr-
PCMOF-5, the free hydrogen phosphonates (P4) or the coor-
dinated phosphonic acids (P2) are located 6.000 Å away from 
the next respective, subsequent group along the a-axis of the 
unit cell, coinciding with the unit cell length. Water molecules 
located within the channel form an extensive hydrogen-
bonded network with the phosphonic acids and hydrogen 
phosphonates.  

Powder X-ray diffraction of the Ln-PCMOF-5 family, Ce to 
Gd, (Figure 2, S4) revealed solids isomorphous to La-
PCMOF-5 for which single crystal data was previously report-
ed. Eventually, the smaller Ln radii lead to two different phas-
es for the six remaining Ln ions represented by the Dy and Er 
complexes. Refined unit cell parameters were extracted from 
Le Bail analysis of powder data at 298K for the Ln-PCMOF-5 
family. All members of the Ln-PCMOF-5 family adopt P21/c 
symmetry and show related unit cell parameters as well as the 
expected lanthanide contraction effect (Table 1). In La-
PCMOF-5, the length of the a-axis corresponds to the distance 
between P atoms in adjacent hydrogen phosphonate groups 
along one wall of the 1-D channels (Figure 1b). Table 1 shows 
a systematic decrease in the length of the a-axis with the lan-
thanide contraction as expected with Ln cation radius obtained 
from Jia et al (Figure S14).17 From the La to Gd structures, this 
distance decreases from 6.03 to 5.86 Å and this would be ex-
pected to impart a difference in the proton conduction proper-
ties. 

 

 

Table 1. Unit cell parameters and R-factor obtained from 

LeBail fits of the Ln-PCMOF-5 series at 298K.  

Ln 
Ln3+ 
radii 
(Å)17 

a (Å) b (Å) c (Å) β (˚) 
Vol 
(Å3) 

R 
(%) 

La 1.15 6.031 18.347 19.040 95.541 2096.6 2.98 

Ce 1.13 6.013 18.349 18.955 95.446 2085.5 2.98 

Pr 1.11 6.000 18.356 18.966 95.505 2079.4 2.41 

Nd 1.10 5.982 18.342 18.966 95.418 2072.0 2.53 

Sm 1.08 5.970 18.347 18.979 95.572 2069.1 1.74 

Eu 1.07 5.949 18.316 18.950 95.569 2055.3 2.03 

Gd 1.05 5.855 18.080 18.684 95.272 1969.7 2.23 

 

Thermogravimetric analysis of the as-prepared Ln-PCMOF-
5 series revealed similarities, including a three-step mass loss 
(Figure S1). A large step, generally between 50˚C to 170˚C, 
corresponded to loss of coordinated and pore water. Two 
smaller, gradual mass losses typically from 170˚C to 325˚C 
and >325˚C are likely from condensation of the free phos-

phonic acid groups (pyrophosphate formation) and the onset of 
framework decomposition. La-PCMOF-5 has four water mol-
ecules per formula unit (three coordinated, one free). The Ln-
PCMOF-5 series were hydrated (moles water/mole MOF) as 
4.0 for Ce, 4.4 for Pr, 4.8 for Nd, 4.8 for Sm, 4.4 for Eu and 
4.3 for Gd. 

To characterize the proton conductivity, AC impedance 
measurements were performed on samples of Ln-PCMOF-5 at 
95% relative humidity (RH) in air (Figure 3). Equilibration of 
these samples required several heating/cooling cycles to obtain 
consistent data owing to diffusional constraints in the mi-
cropores. Nyquist plots obtained for Ln-PCMOF-5 consisted 
of a single semicircle representative of both bulk and grain 
boundary resistances and a capacitive tail at the lower fre-
quency region (towards 0.1 Hz) for the blocking effect of the 
titanium electrodes, an indication of ionic conductivity within 
the sample (Figure S5-S10). Proton conductivity values for the 
series at 85 ˚C and 95% RH are listed in Table 2. R2 values for 
the slopes were obtained from a line of best fit of the plotted 
data and corresponding activation energies for each frame-
work was calculated and included therein. Low Eact values are 
observed for the entire series and corroborate a Grotthuss 
mechanism as expected given the adjacent acid sites and free 
pore water. PXRD analysis after impedance revealed the pow-
ders maintained the same structures with slight peak broaden-
ing (Figure S3). 

 

 

Figure 3. A. Conductivity vs. temperature plot for Ln-
PCMOF-5 and B. Conductivity of Ln-PCMOF-5 vs. a axis 
length determined by LeBail analysis (Ln = La – Gd). 
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Table 2. Proton conductivities of the Ln-PCMOF-5 series 

at 85˚C, 95% RH with activation energies (Eact) and corre-

sponding R
2
 of Arrhenius plot. 

 

 

There should be an optimum proton transfer distance be-
tween any proton donor-acceptor pair for efficient conduction 
of H+ ions. Unit cell parameters (Figure S11-S13) and cell 
volumes were obtained from the LeBail refinements and plot-
ted against conductivity at 85 ˚C, 95% RH (Figure 3B). The 
proton conductivity data for the Ln-PCMOF-5 family reveal 
that the La and Pr salts (3.9 - 6.0 x10-3 Scm-1) demonstrate 
more than an order of magnitude higher proton conduction 
than any other members of the series (1 – 2x10-4 Scm-1). Based 
on the unit cell parameters, there is no anomalous change in 
structure as both the cell volume and the a-axis show a con-
sistent decrease consistent with the lanthanide contraction 
(Figure S11). This dramatic difference in proton conductivity 
with apparent changes of <0.02 Å in inter-phosphonic acid 
group distances was surprising and the measurements on the 
higher conducting samples were reproduced on new samples. 
In the single crystal structures of La/Pr-PCMOF-5, free water 
molecules hydrogen bond between the hydrogen phosphonate 
and phosphonic acid groups and these are a part of the proton 
transfer pathway. The bulk solids did also show small differ-
ences in hydration between Ln-PCMOF-5 members but, from 
the TGA data, no direct correlation could be found between 
the water content of the Ln-PCMOF and conductivity (Figure 
S1-S2). Furthermore, the hydrolysis constants (i.e. Ln3+ + H2O 
→ Ln(OH)2+ + H+) of the lanthanides were also examined.  
Acidity decreases with atomic number hence the smaller ions 
are often more acidic. The lanthanides follow this trend and 
have similar values for pKhydrolysis = 8.5 for La, 8.3 for Ce, 8.1 
for Pr17 thus not explaining the high values in conductivity 
observed for La and Pr. It was hypothesized that the water 
positions within the structure greatly affected the conductivity 
beyond the contraction, so single crystals of Ce-PCMOF-5 
were synthesized. 

Based on recent work on single crystal transmetallation by 
Grancha et al.,18 crystals of Pr-PCMOF-5 were obtained by a 
recrystallization process seeded by La-PCMOF-5 (see ESI). 
Large single crystals of La-PCMOF-5 were suspended in a 0.1 
M solution of Pr(HSO4)3 for four weeks, wherein block-like 
crystals transformed into smaller, needle-like crystals (Figure 
S15) suitable for X-ray crystallography. Complete exchange of 
La for Pr was confirmed by SEM-EDX mapping (Figure S16, 
S17). Crystals of Ce-PCMOF-5 were grown in a similar man-
ner, using a 0.1M solution of Ce(HSO4)3 solution. A subsam-
ple of the crystals was removed after 2 weeks for SEM/EDX 
mapping. The needle-like crystals, after 4 weeks, were ana-

lyzed crystallographically using synchrotron radiation.  An 
overlay of the three structures of La,Pr,Ce-PCMOF-5 show 
very close correlation in atomic positions (Figure 4) in the 
three different Ln salts and confirms that the three structures 
are indeed very similar. In Figure 4, the positions of the metal 
atoms on the right side of the figure are superimposed and the 
structure grown to the left. The P···P distances belonging to the 
free phosphonates in La-PCMOF-5 are 5.5805(04) Å and 
5.7995(40) Å viewed down the a-axis. The same P···P distanc-
es in Pr-PCMOF-5 are 5.5873(35) Å and 5.7670(35) Å and 
5.5850(24) and 5.7773(25) Å in Ce-PCMOF-5. The hydrogen 
bonding distances between hydrogen phosphonate oxygens 
and the free water molecule are also similar. These distances 
are: in La-PCMOF-5, 2.6006(110) Å (O10···O5W) and 
2.7514(109) Å (O11···O5W); in Ce-PCMOF-5, 2.6075(56) Å 
(O10···O1W) and 2.7228(58) Å (O12···O1W); in Pr-PCMOF-
5, 2.6067(87) Å (O10-O16) and 2.7204(83) Å (O12···O16). 
The relevant hydrogen bonding distances which make up the 
network in the 1-D channels of La-PCMOF-5, Pr-PCMOF-5 
and Ce-PCMOF-5 do not provide an obvious explanation into 
the observed differences in proton conductivities.  

 

Given the similarity in the molecular structures of the Ln-
PCMOF-5 series and, as mentioned, that in proton conducting 
MOF systems, impedance spectroscopy typically does not 
resolve bulk and grain boundary contributions. Scanning elec-
tron microscopy was carried out on all members of the Ln-
PCMOF-5 series after impedance analysis. Horike et al. have 
discussed the opportunities availed to proton conducting coor-
dination polymer systems through their many aspects of tuna-
bility including morphology.3a Ono et al. have also reported on 
grain boundary free conduction in MOF films.19 Generally, in 
a good ion conductor, the grain boundaries are hurdles to per-
formance rather than enablers of it as they disrupt the intrinsic 
conduction pathway. A full understanding of the role of a 
grain boundary is complex though as it is not just a function of 
the material but also a function of the given preparation as is 
well established in metal oxide ion conduction.20 

 

 

 

Ln3+ σ (Scm-1) Eact (eV) R2 (best fit) 

La 6.0x10-3 0.17 0.96 

Ce 1.2x10-4 0.20 0.97 

Pr 3.9x10-3 0.17 0.99 

Nd 2.1x10-4 0.24 0.99 

Sm 2.3x10-4 0.24 0.96 

Eu 1.9x10-4 0.23 0.99 

Gd 1.5x10-4 0.19 0.98 

Figure 4. An overlay of the crystal structures of La-PCMOF-
5, Pr-PCMOF-5 and Ce-PCMOF-5 to show similarities in 
atomic positions. The atoms on the left side of the image are 
superimposed and the structure permitted to vary to the right. 
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Table 3. Mean particle sizes of Ln-PCMOF-5. 

Ln-PCMOF-5 Avg particle size (µm) 

La 1.71* 

Ce 0.688 

Pr 14.8 

Nd 1.17 

Sm 1.69 

Eu 1.29 

Gd 2.15 

*NB. This value is underestimated due to the rod-like morphology 
of La-PCMOF-5. 

SEM images of the post impedance samples (Figures 5, 
S21-S26) reveal significant differences in the particle size and 
morphology. In La-PCMOF-5, prepared for this study, the 
largest needle-like particles appear at ~10 µm in length while 
smaller sized particles ≤4µm are also present (Figure 5B, in-
set). In Ce-PCMOF-5, the particle sizes appear within a much 
narrower range and more uniform; estimated sizes are between 
0.25 to 3 µm. In contrast however, Pr-PCMOF-5 has a wider 
variation in particle sizes: larger crystallites appear at around 
50 µm with most particles at ~5 µm (Figure 5E, 5F). The larg-
est particles appear to be intact crystals despite the treatment 
of the sample after impedance.  Good interparticle contact 
within the pellet from the well aligned crystallites of Pr-
PCMOF-5 would minimize grain boundary resistance and the 
overall alignment would be beneficial in maintaining proton 
hopping pathways. ImageJ was used to provide a particle size 
distribution from the SEM images (Figure S27, S28). Meas-
urements were made on at minimum 300 particles to ensure 
good sampling with some caveats: only particles that were 
visible (not covered, buried, etc.) could be measured and parti-
cles >0.2µm were due to optical limitations. The mean particle 
sizes, calculated from the distributions obtained are shown in 
Table 3. These values do not capture the morphologies and 
aspect ratios of the different samples. La-PCMOF-5 has a nee-
dle-like morphology whereas Pr-PCMOF-5 is more plate-like. 
Ce-PCMOF-5 is much smaller and symmetrical. Thus, size 
differentials alone do not capture the full picture regarding 
possible differences in the grain boundary conductivities of 
these samples as the different morphologies will pack with 
different efficiencies regarding a conducting pathway. A facile 
3-D diffusion pathway would be beneficial to proton conduc-
tion and spherical particles should promote that better than the 
rod-like particles observed for La-PCMOF5. However, this 
must be balanced with the packing efficiency of the individual 
interfaces and the efficiency of the extrinsic proton transfer 
pathway that results and this may be better in the case of rod-
like particles.  

To further study the effect of particle size on conductivity, 
pristine La-PCMOF-5 was ball milled for 5 minutes. SEM 
images obtained afterward showed an increasing number of 
smaller particles (<0.5 µm) with grinding time (Figure 6). 
PXRDs obtained after milling showed no difference in the 
pattern, indicating preservation of the structure in the particles 
(Figure S30). Particle sizing was again obtained using ImageJ 
and the average particle size determined (Figure S29). With 
increasing milling time, the average particle size does decrease 
and the distribution narrowed. In the pristine La-PCMOF-5 

 

Figure 5. SEM images of La-PCMOF-5 (A, B), Ce-PCMOF-5 
(C, D) and Pr-PCMOF-5 (E, F) after impedance measurements 
were completed. Scale bars at 50 µm and 20 µm for comparison 
show differences in particle size.  

 
Figure 6. SEM images of A) pristine La-PCMOF-5 and 

B) after ball milling (5 min). 2μm scale bars are denoted. 
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sample, the largest particles were found at 9.6 µm while the 
average size was 1.61 µm.  After 5 minutes of milling, the 
largest particle was at 6.8 µm with an average size of 1.14 µm. 
The proton conductivity at 85°C and 95% RH for pristine La-
PCMOF-5 was 6.0x10-3 Scm-1. With 5 minutes of grinding, the 
conductivity fell to 1.3x10-4 Scm-1. Thus, with the increasing 
milling time, and decreasing particle size, the conductivity 
dropped. 

 

Table 4. La-PCMOF-5 Particle size with milling time 

Time 

(min) 

σ (Scm-1) 

85°C, 95% RH 

Avg particle size 

(µm) 

0 6.0 x 10-3 1.71 

5 1.3 x 10-4 1.24 

 

The Ln-PCMOF-5 series shows closely related structures at 
a molecular level. As expected, the substitution of successive-
ly smaller Ln ions forms an isomorphous series with gradual 
contraction of the unit cell. A coincident effect of changing the 
lanthanide ion is to impart a strain on the growing lattice and 
ultimately reduce the coordination number of the Ln ion. 
While the Ln-PCMOF-5 series from La to Gd is isomorphous, 
this lattice strain is evidenced by the vastly different particle 
sizes with each lanthanide. The radius change eventually leads 
to new phases with the smaller lanthanides, Tb -Dy form a 
second, non-conducting phase and Er-Yb form a third also 
non-conducting phase. It is germane that these latter phases 
are not proton conducting as, while not isomorphous to Ln-
PCMOF-5, they are composed of the same phosphonate ligand 
and lanthanide ions. If degradation of the network at the parti-
cle interfaces was a determining factor in proton conduction, 
these second and third phases would also be expected to be 
proton conducting. Bazaga-García et al. reported an isomor-
phous series of eight lanthanide coordination polymers with 
nitrilotris (methylphosphonic acid).21 Of the synthesized se-
ries, four were investigated (with La, Ce, Gd, Ho) where the 
proton conductivity spanned over 2 orders of magnitude. Su et 
al prepared an isostructural MOF series using imidazolium 
doped Fe, Ga, and Al phosphates.22 Their proton conduction 
data also spans a factor of 40 between the three materials. In 
neither of the above works were grain boundaries evoked as a 
possible explanation. Taddei et al. have compared three Zr 
phosphonate MOFs and found that the smaller particle MOFs 
showed higher proton conduction although it must be empha-
sized that the MOFs were not isostructural.23  

Tominaka and Cheetham have examined proton conduction 
in metal-organic frameworks and have suggested that extrinsic 
pathways can play a key or even dominant part of the high 
conductivities and low activation energies reported.13 La-
PCMOF-5 is a very low activation energy proton conductor, 
one of the lowest values reported for any MOF. In the Ln-
PCMOF5 family, differences in particle morphologies and 
sizes are observed and these will unquestionably affect grain 
boundary conductivities. However, if degradation/dissolution 

of the MOF at the particle surface was critical for the ob-

served proton conductivity then the smaller particle samples 

would be expected to be much better proton conductors as 

they offer more interparticle surface to degrade regardless of 

morphology. Indeed, all the small particle Ln-PCMOF mem-
bers are the lower conductors (~10-4 Scm-1) and La and Pr, 

which are more amenable to larger particles show the highest 
conductivities. This is corroborated by the conductivity of the 
pristine and ball-milled La-PCMOF-5 where the larger particle 
pristine sample showed better conductivity. That said, the pre-
sent study does not establish the line between bulk and grain 
boundary conduction in this family. Indeed, between Ln-
PCMOF-5 members, the differences in the extrinsic pathways 
appear greater than the intrinsic pathways and so the differ-
ences in conductivity appears to originate more in a stable 
grain boundary.  

This outcome of this study as far as intrinsic and extrinsic 
proton conductivity in MOFs cannot be generalized to all 
MOF materials as each material will need to be assessed on its 
own stability and performance. Control of MOF morphology 
is an ongoing theme24 for many applications as well as in-
creased understanding of the role of defects in MOF properties 
including conduction.25 A highly conducting grain boundary is 

a positive feature of a material if it is a stable entity and per-

mits reproducible ion conduction. However, of course, it is 
desirable to apply molecular design to the features of a solid 
that would enable intrinsic conduction pathways. Finally, giv-
en the importance in metal-organic framework research placed 
on X-ray crystallography, in this work, crystal structures did 
not provide definitive answers to the observed conductivity. 
Rather, microcrystal size and morphology proved to be more 
insightful than the crystal structures themselves in understand-
ing the differences in material properties.  

 

Conclusions 

We have reported a systematically altered series of proton 
conducting metal-organic frameworks, the Ln-PCMOF-5 fam-
ily. Two members of this isomorphous family, La and Pr, 
demonstrated greater than an order of magnitude better proton 
conduction when single crystal structures showed that the mo-
lecular features of the series of solids were very highly corre-
lated. Ultimately, large differences in particle size and mor-
phology were observed between the low and high conducting 
members of the series with larger particle sizes observed for 
the two highest conducting members and smaller particles 
correlated with all the lower conducting members of the iso-
morphous series. The effect of the lanthanide contraction was 
two-fold in that: 1) the intrinsic molecular pathway was very 
finely altered and; 2) it resulted in dramatic differences in par-
ticle size, morphology and extrinsic conduction routes. The 
differences in conductivity are likely correlated to the differ-
ence in grain boundary but the conduction is not arising from 
degradation of the interparticle region as this would have 
made the smaller particle MOFs the better conductors.  
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