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ABSTRACT: Metal–organic polyhedra (MOPs) are molecular porous units in which desired functionalities can be installed 
with precise geometrical and compositional control. By combing two complementary chemical moieties, such as sulfonic 
acid group and Rh(II)-carboxylate paddlewheel, we synthesized a robust water-soluble cuboctahedral MOP with excellent 
features in both solution and solid state. Herein, we demonstrate that the superior chemical stability of the Rh2 unit and 
the elevated number of functional groups on the surface (24 per cage) result in a porous cage with high solubility and 
stability in water, including acidic, neutral and basic pH conditions. We also prove that the sulfonic acid-rich form of the 
cage can be isolated through post-synthetic acid treatment. This transformation involves an improved gas uptake capacity, 
and the capability to reversibly assemble the cages into a 3D metal–organic framework (MOF) structure. Likewise, this 
sulfonic acid functionalization provides both MOP and MOF solids with high proton conductivities (> 10-3 S cm-1), compa-
rable to previously reported high conducting metal-organic materials. The influence of the MOP-to-MOF processing in the 
gas adsorption capacity indicates this structural transformation can provide materials with higher and more controllable 
porous properties. These results illustrate the high potential of acidic MOPs as more flexible porous building units in terms 
of processability, structural complexity and tunability of the properties. 

INTRODUCTION  
The assembly of metal ions and organic ligands provides 

access to two main types of ordered porous materials: 
metal–organic frameworks (MOFs), in which direct assem-
bly results in extended architectures; and metal-organic 
polyhedra (MOPs) or metal–organic cages (MOCs), where 
the assembly generates a molecular complex that encloses 
a geometrically defined inner cavity.1 Conceptually, a MOP 
can be regarded as the zero-dimensional analogue of a 
MOF;2 thus, both can be designed to display well-defined 
porous structures and incorporate specific chemical func-
tions that lead to targeted features. However, compared to 
extended MOFs, the discrete nature of MOPs implies a 
substantial difference in their physicochemical properties 
and consequently, in their potential uses and applica-
tions.3-5 Foremost, MOPs can be dissolved while maintain-
ing their porous structure, facilitating their practical use in 
solution. Further, their molecular character enables the 
precise adjustment of their geometry,6 composition,7 and 
external surface functionalization.8 The latter aspect is par-
ticularly relevant as it allows to adjust the hydrophilic/hy-
drophobic nature of the cages,9 modify their solubility in 
different solvents,10 improve their stability,11 tune their 

acid/base properties,12 and favor specific interactions with 
(bio)chemical systems.13  

Apart from fostering their use in solution, the control 
over MOPs surface functionalization also makes it possible 
to regulate their assembly in the solid state. Indeed, thanks 
to their well-defined geometry and the stoichiometric con-
trol over the external reactive functional groups, MOPs can 
be used as building blocks for constructing extended 
MOFs.14,15 This strategy provides a more practical and flex-
ible scenario. On one hand, MOPs can be designed as indi-
vidual porous units for achieving novel supramolecular ar-
rangements following a bottom-up modular approach.16,17 
On the other hand, resulting MOFs can be disassembled 
into discrete MOP molecules retaining their functionality 
once dissolved, making it possible to use them in solution 
or be further processed as MOP/MOF solid on demand. 
Despite these beneficial aspects, such “MOP-to-MOF” 
transformations have been scarcely investigated. Reported 
examples followed two main approaches: i) exploiting po-
tential open metal sites by coordination of additional link-
ers,18,19 and ii) using external functional groups to connect 
them through condensation with reactive organic mole-
cules,20 or by coordination with additional metal ions.21,22 



 

Alternatively, a more attractive possibility relies on the 
formation of coordination bonds between complementary 
donor and acceptor groups in the cage. This approach of-
fers a simpler route, which does not involve additional 
components and facilitates the reversibility of the MOP-to-
MOF transformation.  

This coordination-driven self-polymerization was first 
demonstrated by Zaworotko et al., showing the formation 
of a 1-dimensional network based on inter-cage coordina-
tion bonds between donor -OMe group and acceptor Cu2 
units, both present in the methoxy-functionalized Cu(II) 
cuboctahedron, [Cu24(OMe-bdc)24], (OMe-bdc = 5-meth-
oxy-1,3-benzenedicarboxylate).22 Later, Ma et al. used the 
hydroxy-functionalized analogue, [Cu24(OH-bdc)24], (OH-
bdc = 5-hydroxy-1,3-benzenedicarboxylate) for the con-
struction of 2- and 3-dimensional frameworks via similar 
reciprocal inter-cage bonding between -OH group and 
Cu.23,24 However, the reversibility of the MOP-to-MOF pro-
cess is yet to be reported. 

Despite the simplicity of this strategy, there are several 
limitations that need to be tackled to achieve such trans-
formation. One important obstacle is related to the incor-
poration of chemical groups with coordinating ability (e.g. 
-COOH, -NH2), which typically lead to undesired extended 
coordination networks during MOP synthesis. An effective 
strategy to overcome this issue is to use specific protecting 
groups, however it requires additional protection and 
deprotection steps.10 Likewise, many MOPs are built-up by 
coordinatively saturated metallic nodes (e.g. 
[Cp3Zr3O(OH)3], [Pd(pyridyl)4], [Pt(pyridyl)4]), which hin-
ders their further extension. Finally, another impediment 
is the low stability of many MOPs under self-polymeriza-
tion conditions (e.g. temperature, pH).  

In this work, we introduced the versatile sulfonic acid 
moiety (-SO3H) in the external surface of robust Rh(II) 
paddlewheel-based cuboctahedron. As a consequence of 
such functionalization, the resulting cage, [Rh24(SO3H-
bdc)24-x(SO3-bdc)x]-x (SO3H/SO3-RhMOP; where SO3H-
bdc = isophthalate-5-sulfonic acid and SO3-bdc = 5-sulfo-
1,3-benzenedicarboxylate), was highly soluble in water at 
both acid and basic media. In this case, the use of “weak” 
coordinating -SO3H group prevented the formation of ex-
tended networks during MOP construction. Further, this 
cage could be post-synthetically modified by acid treat-
ment to display different acidic properties (Figure 1). In so-
lution, cage solubility in polar organic solvents could be at-
tained by increasing the SO3H/SO3 ratio. In addition, acid 
treated MOP cages were reversibly cross-linked through 
coordination of SO3H groups to available Rh(II) paddle-
wheel axial positions, resulting in the formation of 
[Rh3(SO3H-bdc)3(H2O)2]n (SO3H-RhMOF) MOF crystals. 
The effect of the self-polymerization of MOP cages on the 
adsorption properties was examined in terms of intrinsic 
(inner cavity) and extrinsic (cage arrangement) porosity. In 
addition, thanks to the well-known ability of sulfonic acid 
groups for proton conduction, resulting compounds pre-
sented high proton conductivity (up to ~10-2 S cm−1) com-
parable to the highest values previously reported for 
MOPs. 

 
RESULTS AND DISCUSSION 
Design, synthesis, and acidic properties of 

SO3H/SO3-RhMOP. Previous examples of MOPs with 
pending sulfonic groups have been prepared by combining 
linkers containing other groups with stronger coordination 
ability (i.e. imines, carboxylates), and either hard (i.e. 

 
Figure 1. Schematic overview of transformations involving SO3H/SO3-RhMOP in both solution and solid state described in 
this work. 



 

Zr(IV))25 or soft (e.g. Fe(II), Zn(II)) metal ions with satu-
rated coordination spheres.26,27 Consequently, sulfonic 
groups are prevented to coordinate during cage synthesis, 
but at the cost of hindering the further self-polymerization 
through sulfonic group coordination. The case of cubocta-
hedral Cu(II) MOP with external sulfonic groups consti-
tutes an exception, since this cage presents both open 
metal sites and external sulfonic groups.28 However, the 
low stability of Cu-carboxylate towards moisture and acids 
limits the exploitation of such functionalization. 

In this work, we chose Rh(II) paddlewheel unit with 5-
sulfo-1,3-benzenedicarboxylic acid (SO3H-bdc) to con-
struct a cuboctahedron MOP. This type of cage offers a 
high density of functional groups on the surface, which is 
expected to enhance the acidic capacity and proton con-
duction. Likewise, the higher number of potential connec-
tion points provides more flexibility upon network for-
mation. The softer character of Rh(II) ions and the twelve 
available open metal sites on the surface allow the exten-
sion via coordination bonds with soft sulfonic groups. In 
addition, the [Rh2(COO)4] unit offers superior stability, en-
abling further post-synthetic modification and use. 

The reaction of [Rh2(OAc)4] with SO3H-bdc in 
DMA/water solvent mixture at 120 °C resulted in the for-
mation of purple single crystals of [Rh24(SO3-
bdc)24(Me2NH)12(H2O)4(DMA)8]24– (SO3-
RhMOP(Me2NH), where Me2NH = dimethylamine and 
DMA = N,N-dimethylacetamide). Single crystal X-ray dif-
fraction (SC-XRD) analysis revealed that SO3-
RhMOP(Me2NH) crystallizes in the tetragonal space 
group I4/m, containing two cages in the unit cell (Table S1). 
The molecular structure of SO3-RhMOP(Me2NH) consists 
of twelve Rh2 paddlewheel nodes connected through 
twenty-four 5-sulfo-1,3-benzenedicarboxylate ligands to 
form a cuboctahedral architecture (Figure 2a). The size of 

the cage, defined by the average distance between cen-
troids of the O atoms in -SO3 groups of the opposing dicar-
boxylate ligands, was estimated in ca. 2.9 nm. Likewise, the 
pore size of SO3-RhMOP(Me2NH), defined by the average 
distance between the opposing internal Rh atoms, was 
found to be ca. 1.6 nm. In SO3-RhMOP(Me2NH) the exter-
nal axial positions of Rh2 units are occupied by coordi-
nated DMA and water molecules, while all internal posi-
tions are occupied by Me2NH molecules. In the crystal 
packing of SO3-RhMOP(Me2NH), each cage is surrounded 
by eight equivalent neighboring cages located at the verti-
ces of a tetragonal prism (Figure 2b). This array involves 
the alignment of the cages along the [001] direction, result-
ing in the formation of solvent accessible channels (Figure 
2c).  

During the synthesis of SO3-RhMOP(Me2NH), we 
found that the addition of water was essential to obtain the 
crystals. All the screened reactions in DMA resulted in 
amorphous powders (Figures S1 and S2). This effect can be 
attributed to the hydrophilic nature of the cage, which 
makes the addition of water to increase its solubility, favor-
ing crystallization. Besides, the presence of water also in-
volved the hydrolysis of DMA solvent, leading to the for-
mation of Me2NH molecules.29 Such in-situ generated 
Me2NH molecules are able to coordinate to internal axial 
positions of Rh2 dimers causing the purple color of SO3-
RhMOP(Me2NH) crystals.30 This was confirmed by SC-
XRD and 1H NMR (Figure S3). The removal of coordinated 
dimethylamine was easily performed by acid treatment of 
SO3-RhMOP(Me2NH) crystals with trifluoroacetic acid 
(TFA), leading to turquoise crystals of [Rh24(SO3-
bdc)24(H2O)16(DMA)8]-24 (SO3-RhMOP) in a single-crystal-
to-single-crystal (SC-to-SC) fashion (Figures 1d, S2, S4 and 
Video S1). SO3-RhMOP presents an analogous crystal 
structure to that found in SO3-RhMOP(Me2NH), but in 

 
Figure 2. a) Schematic representation of the synthesis of SO3-RhMOP(Me2NH) from its building blocks. b) View of the mo-
lecular packing in SO3-RhMOP(Me2NH) crystals. c) View of the projection of the crystal structure of SO3-RhMOP(Me2NH) 

along the c axis, showing the alignment of the cage pores. d) SC-to-SC conversion of SO3-RhMOP(Me2NH) into SO3-RhMOP 
as a consequence of the substitution of internally coordinated Me2NH molecules by water upon treatment with TFA (scale 
bar = 100 μm). 



 

SO3-RhMOP dimethylamine molecules at internal axial 
positions are replaced by water molecules, leading to tur-
quoise color (Figures S5 and S6).30 Such structural analogy 
between both structures helps to explain the observed SC-
to-SC transformation (Table S2).  

We synthesized bulk SO3-RhMOPa solid by first dissolv-
ing as-made SO3-RhMOP(Me2NH) crystals in MeOH, 
adding TFA to the resulting solution and then precipitating 
with diethyl ether to give a turquoise amorphous powder. 
Thanks to the hydrophilic nature of -SO3

- group, SO3-
RhMOPa was found to be highly soluble in water and 
methanol, but insoluble in other organic solvents. We at-
tributed this behavior to the formation of an ionic pair be-
tween anionic [Rh24(SO3-bdc)24]-24 cage and cationic dime-
thyl ammonium, [Me2NH2]+, generated upon acid treat-
ment. This was confirmed by 1H NMR studies (Figure S7) 

and elemental analysis (Table S2), showing an approximate 
SO3-bdc:[Me2NH2]+ ratio of 1:1. The number of -SO3H 
groups was estimated in ~2.7 per cage by titration with 
aqueous NaOH (Figures 3 and S8), confirming the anionic 
character of the cage. The prevalence of the deprotonated 
form of the cage, even after TFA treatment, was ascribed to 
the higher acidity of arylsulfonic acids (e.g. SO3H-Ph, pKa 
= -2.8)31 compared to TFA (pKa = 0.3). Correspondingly, we 
used stronger triflic acid (HOTf, pKa = -5.9)31 to produce 
the sulfonic acid functionalized cage (Figure 3). SO3-
RhMOP(Me2NH) was dissolved in methanol, treated with 
HOTf and precipitated with diethyl ether. After washing, 
turquoise amorphous bulk powder SO3H-RhMOPa was 
obtained (Figure S9). HOTf treated SO3H-RhMOPa was 
found to be soluble in water and methanol, but also in 
other polar organic solvents, such as ethanol, ethylene gly-
col, DMF or DMSO (Figure 4a). Following this methodol-
ogy, the number of -SO3H groups per cage was successfully 
increased from 2.7 (11%) to 17.1 (71%) (Figure S10), which 
correlates with the improved solubility of SO3H-RhMOPa 
in organic solvents. Further, a comparison of elemental 
analysis data for vacuum-heated SO3-RhMOPa and SO3H-
RhMOPa samples showed a near-total removal of the ni-
trogen content in SO3H-RhMOPa, with N/S ratio values of 
1.22 and 0.14, respectively (Table S3). Likewise, the different 
chemical composition between SO3-RhMOPa and SO3H-
RhMOPa was confirmed by thermogravimetric analysis 
(TGA) (Figure S11). 

Compared to other previously reported water-soluble 
cages, the combination of [Rh2(CO2)4] metal cluster with 
SO3H-bdc ligand provides SO3H-RhMOPa with valuable 
properties in solution. First, the use of Rh confers the ma-
terial an excellent chemical stability, preventing its decom-
position in water, as observed for analogous Cu(II) deriva-
tives.28,32 In addition, thanks to the high acidity of the sul-
fonic acid, SO3H-RhMOPa can be dissolved in highly acid 
(pH = 0.5) and basic (pH = 11) aqueous media, showing no 
degradation over time (i.e. one month), as indicated by 
UV-vis measurements (Figures 4b and 4c). This behavior 
differs from previously reported Rh-based cages with ter-
minal hydrophilic groups, such as -OH or –COOH, which 

 
Figure 3. Schematic representation of the preparation of 
SO3-RhMOPa and SO3H-RhMOPa by treatment of SO3-
RhMOP(Me2NH) with TFA and HOTf, respectively, 
showing the different protonation degree.  

 
Figure 4. UV-vis spectra (top) and photographs (bottom) of SO3H-RhMOPa solutions in different solvents (a) and in water at 
pH = 0.5 (b) and pH = 11 (c) over time. 



 

can only be dissolved in basic aqueous media (pH > 8) due 
to their weaker acidity.10  

Self-polymerization of SO3H-RhMOP into SO3H-
RhMOF. A very attractive aspect of SO3H-RhMOP cage is 
the presence of both open metal sites and potential coor-
dinating sulfonic acid groups in its structure. This feature 
prompted us to explore the possibility of assembling 
SO3H-RhMOP into an extended coordination network. In 
our case, for the formation of extended networks via coor-
dination of sulfonic acids, two important aspects of their 
chemistry were considered: i) their weak coordination abil-
ity and ii) their high acidity. Traditionally, sulfonic acids 
has been considered as poor ligands, since reactions with 
transition metals ions usually result in the formation of 
ionic pairs between sulfonate and solvated metal ions.33-36 
Thus, the polymerization processes of SO3H-RhMOP is 
expected to be hindered by the competition between sol-
vent and weakly coordinating sulfonic groups. Further, be-
cause of its high acidity, sulfonic groups can easily depro-
tonate in solution to form negatively charged -SO3¯ func-
tionalized cages. This scenario results unpropitious for 
polymerization reaction for two reasons. First, it involves 
the electrostatic repulsion between the cages, preventing 
them to react.37 Second, the coordination of negatively 
charged -SO3¯ group to neutral Rh2 dimer is adverse be-
cause of charge balance requirements.  

With these considerations in mind, we investigated the 
self-polymerization of SO3H-RhMOP in water in the pres-
ence of HOTf (Figure 5a). We found that after almost total 
evaporation of a solution of SO3H-RhMOPa in water:HOTf 
(80:1, v/v) solvent mixture at 80 °C, green crystals of SO3H-

RhMOF were obtained (Figures S12 and S13). SC-XRD anal-
ysis revealed that under these conditions, SO3H-RhMOP 
cages assemble into a 3D MOF architecture, SO3H-
RhMOF (Table S4). The crystal structure of SO3H-
RhMOF is very similar to SO3-RhMOP, with space group 
I4/m and two MOP molecules per unit cell. However, in 
SO3H-RhMOF each cage is coordinatively connected to 
the eight equivalent neighboring cages situated at the ver-
tices of a tetragonal prism. This linkage is based on the co-
ordination of one oxygen atom of one -SO3H group of the 
central cage to the external axial position of an Rh2 dimer 
of a neighboring cage (Figure 5b). Reciprocally, each one of 
these cages coordinates in the same fashion to one of the 
eight geometrically accessible Rh2 units of the central cage. 
Consequently, in SO3H-RhMOF each cage presents six-
teen non-coordinated sulfonic groups and four coplanar 
Rh2 dimers with non-connected external sites, which are 
occupied by coordinated water molecules (Figure S14). The 
Rh-O(sulfonic) bond length is 2.325 Å, which falls within 
the range of typical M–O bond of aryl sulfonate complexes 
(Figures S15 and S16) and previously reported Rh(II)-based 
MOPs with O-donor ligands (2.224-2.383 Å).38-40 Note here 
that while the coordination of triflate anion (OTf¯) to Rh(I) 
and Rh(III) in organometallic complexes is well-known,41,42 
the OTf¯ coordination of Rh(II) is extremely rare with only 
one previous precedent.43 To our knowledge, SO3H-
RhMOF represents the first example of an 8-connected (8-
c) network based on the crystalline assembly of MOPs. Pre-
vious examples based on OH-functionalized Cu MOP (vide 
supra) resulted into 4-c, 6-c and (4,6)-c networks, where 
the role of coordinated solvent molecules determines the 

 

Figure 5. a) Schematic representation of the formation of from SO3H-RhMOPa in the presence of HOTf. b) Detailed view of 
the intercage space in SO3-RhMOP (left) and SO3H-RhMOF (right) crystal structures showing the connection between SO3H-
RhMOP cages trough complementary O → Rh bonds from sulfonic acid groups in SO3H-RhMOF and the resulting contraction 
in the unit cell volume. c) View along the c axis of SO3H-RhMOF crystals structure, showing the alignment of the cage pores.  

 



 

resulting structure (Figure S17).11, 12 In this case, the compe-
tition between DMSO solvent molecules and phenolic hy-
droxyl groups on the ligand dictates the degree of connec-
tivity between the cages. Thus, the reduction of the DMSO 
concentration during crystallization involves the for-
mation of networks with higher connectivity, 6-c and 4,6-
c, whereas 4-c is formed when the DMSO concentration is 
increased. However, in all the cases the coordination of or-
ganic solvents (i.e. DMSO, MeOH, and DMF) exerts some 
steric hindrance around the metal site, limiting the for-
mation of networks with higher connectivity. On the con-
trary, in the crystallization of SO3H-RhMOF from SO3H-
RhMOPa, the use of water as solvent involves minimum 
steric hindrance between solvated cages, allowing a denser 
packing to give an 8-c network. Thus, the high stability and 
solubility in water of SO3H-RhMOPa are crucial to achieve 
such type of connectivity. HOTf also plays a critical role in 
the formation of SO3H-RhMOF. All the experiments with-
out HOTf involving the evaporation of water solutions of 
SO3H-RhMOPa, with or without heating, yielded amor-
phous powders. The presence of HOTf not only guarantees 
a highly acid medium, favoring the formation of SO3H-
(bdc) groups, but also can aid crystallization by modulat-
ing the coordination equilibrium(Figure S18).44 This effect 
was further investigated by using strong non-coordinating 
HBF4 acid, which resulted in amorphous powders after wa-
ter evaporation.  

Despite the structural similarities between SO3-RhMOP 
and SO3H-RhMOF, the connection between the cages in 
SO3H-RhMOF involves the reduction of the unit cell vol-
ume by ∼19%, with a shortening of the unit cell along the 
[001] direction (∼28%) and a smaller elongation along [100] 
and [010] directions (∼6%). Correspondingly, the distance 
between the centers of the cages is shorter in SO3H-
RhMOF (26.613 Å) than in SO3-RhMOP (29.342 Å). As in 
the case of SO3-RhMOP, the alignment of the cages results 
in porous channels along the [001] direction (Figure 5c). 

Bulk green amorphous SO3H-RhMOFa powder was ob-
tained after washing and drying the as-synthesized SO3H-
RhMOF crystals. Comparison of TGA curves for SO3H-
RhMOPa and SO3H-RhMOFa are much similar to each 
other, indicating a similar composition (Figure S19). SO3H-
RhMOFa was found to be highly soluble in water, which 
involves its disassembly into discrete SO3H-RhMOP (Fig-
ure S20) and confirms the reversible MOF-to-MOP trans-
formation. Further, the high water solubility of 
SO3RhMOF is in line with the fact that the evaporation of 
water was needed for the synthesis of crystals, since reac-
tions in closed vials did not afford any precipitate. We at-
tribute this behavior to the interaction between Rh atoms 
and water, which is favored against weaker sulfonic-Rh in-
teraction.  

Sorption Properties. The presence of solvent accessible 
voids in the crystal structures of synthesized materials, to-
gether with the high stability of Rh-based MOPs, 
prompted us to investigate their gas sorption properties. 
Note that powder X-ray diffraction (PXRD) patterns of the 
activated samples showed no peaks (Figure S21), pointing 
to the loss of long-range order upon solvent removal, 

which is common for carboxylate paddlewheel-based 
MOPs. 

As depicted in Figure 6a, SO3-RhMOPa showed negligi-
ble N2 uptake at 77 K, which can be attributed to the pres-
ence of [Me2NH2]+ cations filling and/or blocking the pores. 
Contrariwise, SO3H-RhMOPa and SO3H-RhMOFa 
showed N2 adsorption with typical type-I isotherms, char-
acteristic of microporous materials, with BET surface areas 
of 313 and 500 m2 g–1, respectively. We also estimated the 
pore size distribution (PSD) of these samples by non-local 
density functional theory (NLDFT). PSDs of SO3H-
RhMOPa and SO3H-RhMOFa show maxima at 0.7 nm 
(Figure 6b), which correspond to the expected value for the 
cage cavity.45 In addition, broader PSDs centered at ca 1.4 
nm are also observed, which are assigned to the external 
voids generated upon packing (Figure S22). Although both 
solids are amorphous, in the case of SO3H-RhMOFa the 
contribution of this inter-cage pore is higher, being indic-
ative of better retention of the inter-cage voids upon acti-
vation. Thus, the higher adsorption capacity observed for 
SO3H-RhMOFa can be ascribed to the higher contribution 
of the extrinsic porosity, as can be expected for an ex-
tended network in which cages are chemically bounded.  

These results provide two main insights. First, adequate 
acid treatment (i.e. HOTf) is crucial for accessing to mate-
rials with permanent porosity. This is a consequence of the 
high acidity of sulfonic acid group, which involves the for-
mation of ¯SO3-RhMOP-based salts under conventional 
synthetic conditions. Therefore, incorporated cations must 
be removed to favour gas uptake. Second, the extension of 
SO3H-RhMOP discrete molecular cage to SO3H-RhMOF 
3D framework results in a significant improvement of the 
adsorption capacity. In this case, such effect can be at-
tributed to the combination of the intrinsic porosity of the 
cage and the extrinsic porosity arising from its assembly 
into an ordered coordination network.46  

CO2 sorption measurements at 195 K were also con-
ducted, showing the same trend (Figure 6c). Thus, SO3H-
RhMOFa displayed the highest adsorption capacity at 
P/P0∼1.0 (132 cm3 g−1), whereas SO3H-RhMOPa presented 
a value of 97 cm3 g−1, which is much higher than that of 
SO3-RhMOPa (39 cm3 g−1). The effect of processing SO3H-
RhMOP cage into SO3H-RhMOF in the sorption behavior 
of was further confirmed. Thus, the N2 (77 K) adsorption 
isotherm of the solid resulting from the solubilization and 
further precipitation of SO3H-RhMOFa, exhibited a lower 
BET surface area of 315 m2 g–1, which is identical to the one 
displayed by SO3H-RhMOPa (Figure S23).  

The presence of accessible hydrophilic -SO3H groups in 
SO3H-RhMOPa and SO3H-RhMOFa motivated us to study 
their water sorption capacity. Figure 6d shows the water 
vapor isotherms at 298 K, revealing a similar behavior for 
both compounds with a very high water uptake. The water 
uptakes of SO3H-RhMOPa and SO3H-RhMOFa at 90% rel-
ative humidity (RH) were 412 and 376 cm3 g−1, correspond-
ing to 159 and 138 water molecules per cage, respectively. 
These values are higher than those of previously reported 
cages,25,47-50 which can be attributed to the large amount of 



 

highly hydrophilic -SO3¯/-SO3H groups on the MOP sur-
face (24 per cage).  

Proton conduction. It is known that compounds present-
ing a high concentration of sulfonic acid groups can show 
excellent proton conductivities.51 The hydrophilic sulfonic 
groups can not only act as proton sources, but also can es-
tablish hydrogen bonds with neighboring water molecules, 
favoring the creation of efficient pathways for conduction. 
In our case, the high concentration of acidic sulfonic 
groups as well as the superior water vapor adsorption ca-
pacity exhibited by SO3H-RhMOPa and SO3H-RhMOFa 
drive us to investigate their potential as proton conducting 
materials. To this end, alternating-current (AC) impedance 
spectroscopy measurements were performed on pressed 
pellets of powder samples. The proton conductivity was es-
timated by fitting the semicircle of Nyquist plots. Prelimi-
nary test were conducted with SO3H-RhMOPa. At 25 °C 
and 60% RH, we found a moderate proton conductivity of 
3.2 × 10−5 S cm−1. We next kept the sample at 25 °C and in-
creased humidity up to 90% RH, resulting in a higher con-

ductivity value of 1.2 × 10−3 S cm−1 (Figure S24). The im-
provement of conductivity upon increasing humidity 
pointed out the relevant role of water in the proton 
transport. The effect of the temperature was also checked 
by measuring the conductivity at different temperatures 
(40-95 °C) while keeping RH constant at 90% (Figure 7a). 
SO3H-RhMOPa exhibited a continuous increment of con-
ductivity upon heating, achieving a maximum value of 2.5 
× 10−2 S cm−1 at 95°C (Figure 7c). Then, the proton conduc-
tivity of SO3H-RhMOFa at different temperatures (90% 
RH) was also measured, displaying a lower but still high 
conductivity value of 4.4 × 10−3 S cm−1 at 95°C (Figures 7b 
and 7c). The performance of the presented materials is in 
the range of previously reported high proton-conducting 
metal-organic compounds such MOFs and MOPs (>10-3 S 
cm−1).52 Particularly, compared to other conducting MOPs 
(Table S5), the conductivity exhibited by SO3H-RhMOPa 
is the highest for a MOP measured as compacted pellet of 
powder; and it is very close to the highest value obtained 
from a MOP single crystal measurement (5.8 × 10−2 S 

 

Figure 6. a) N2 adsorption (filled circle) and desorption (open circle) at 77 K of SO3-RhMOPa (tale), SO3H-RhMOPa (tur-
quoise) and SO3H-RhMOFa (green). b) Pore size distribution (PSD) of SO3H-RhMOPa (turquoise) and SO3H-RhMOFa 
(green) estimated from N2 isotherm by NLDFT on a slit pore model. c) CO2 adsorption (filled circle) and desorption (open 
circle) at 195 K of SO3-RhMOPa (tale), SO3H-RhMOPa (turquoise) and SO3H-RhMOFa (green). d) H2O adsorption (filled 
circle) and desorption (open circle) at 298 K of SO3H-RhMOPa (turquoise) and SO3H-RhMOFa (green). 



 

cm−1).53 We attributed this high conductivity to the ele-
vated number of sulfonic acid groups located at the outer 
surface of SO3H-RhMOPa and the resulting high water ad-
sorption capacity for both SO3H-RhMOPa and SO3H-
RhMOFa. Thus, previously reported sulfonate functional-
ized Zr-based MOP with six groups on its surface,25 showed 
lower water adsorption capacity of ∼240 cm3 g−1 at 90% RH, 
exhibiting high conductivity (2.8 × 10−3 S cm−1), but one or-
der of magnitude lower than SO3H-RhMOPa. Likewise, 
the difference between SO3H-RhMOPa and SO3H-
RhMOFa conductivities can be ascribed to the presence of 
coordinated sulfonic acid groups in SO3H-RhMOFa, which 
involves a smaller number of sulfonic acid groups available 
for conduction (16 per cage) compared to SO3H-RhMOPa 
(24 per cage). 

The activation energies Ea of proton conductivities from 
the Arrhenius plot (Figure 7d) were found to be Ea = 0.59 
eV and Ea = 0.38 eV for SO3H-RhMOPa and SO3H-
RhMOFa, respectively. Despite these values are relatively 
high compared to typical hydrated proton conductors,54 Ea 
values for SO3H-RhMOPa and SO3H-RhMOFa are lower 
to that found in other highly conducting MOPs (Ea > 0.65 
mV).50,53 The observed higher Ea for more conducting 
SO3H-RhMOPa compared to less conducting SO3H-
RhMOFa, with lower Ea, can be indicative of a complex 

conduction mechanism, in which both proton jumping 
through available sulfonic groups (Grotthuss mechanism) 
and direct transport with water molecules (vehicle mecha-
nism) contribute to the proton conduction.55 

 
CONCLUSIONS 
Here, we present sulfonic acid-rich metal-organic poly-

hedra capable to undergo reversible MOP-to-MOF trans-
formation via self-polymerization. The design of the cage 
relied on the combination of sulfonic acid groups that have 
moderate binding and high proton-donating capability, 
and [Rh2(COO)4] moiety with high chemical stability and 
available open metal sites. The resulting cage displayed 
high solubility and stability in water over a wide range of 
pH, which allowed to modify its acidic capacity through 
post-synthetic acid treatment. The former is important 
when thinking in the use of MOPs in biomedical applica-
tions, since the cage should be soluble in most physiologi-
cal pH values, while the latter opens the door to its further 
use as water-soluble acid catalyst. Likewise, complemen-
tary coordination bonds between external sulfonic acid 
groups and Rh2 units led to the formation of a highly con-
nected 3D MOF structure. The effect of the MOP-to-MOF 
processing was reflected in their different adsorption and 

 
Figure 7. Temperature dependence of the Nyquist plot for SO3H-RhMOPa (a) and SO3H-RhMOFa (b) at RH = 90%. c) SO3H-
RhMOPa and SO3H-RhMOFa proton conductivity variation versus temperature at RH = 90%. d) Arrhenius plots of SO3H-
RhMOPa and SO3H-RhMOFa at RH = 90%. 



 

conducting properties: MOF network showed higher gas 
adsorption capacity while isolated MOP cage present su-
perior conducting properties. The chemistry reported here 
points towards the use of stable but coordinatively unsatu-
rated metallic nodes in combination with external acidic 
functional groups as a design basis for MOPs. The applica-
tion of this principle to another acidic functional 
groups/open metal sites or different cage geometries is ex-
pected to provide pH-independent water-soluble cages, 
molecular acid catalysts, unusual MOP-based MOF archi-
tectures, and high proton-conducting materials. 
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