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ABSTRACT: Porous metal–organic frameworks (MOFs) have excellent characteristics for the adsorptive removal of envi-
ronmental pollutants. Herein, we introduce a new series of highly stable MOFs, constructed using Fe3+ and Al3+ metal ions 
and bisphosphinate linkers. The isoreticular design leads to ICR-2, ICR-4, ICR-6, and ICR-7 MOFs with a honeycomb 
arrangement of linear pores, surface areas up to 1360 m2 g-1, and high solvothermal stability. In most cases, their sorption 
capacity is retained even after 24 h reflux in water. The choice of the linkers allows fine tuning of the pore sizes and the 
chemical nature of the pores. This feature can be utilized for optimization of host-guest interactions between molecules 
and pore walls. Water pollution by various endocrine disrupting chemicals has been considered as a global threat to pub-
lic health. In this work, we proved that the chemical stability and the hydrophobic nature of the synthesized series of 
MOFs result in remarkable sorption properties of these materials for neurodisruptor bisphenol A.  

INTRODUCTION 

Endocrine disrupting chemicals are gaining increased 
attention among emerging pollutants due to their influ-
ence on endocrine system by mimicking or blocking natu-
ral hormones, or over/under production of specific hor-
mones.1 This diverse group of pollutants is utilized in 
broad spectrum of human products such as herbicides 
(DDT, Propanil), antimicrobial agents (Triclosan), deter-
gents, toiletries, cosmetics (parabens, phenols), pharma-
ceutics (diethystilbestrol), and plastics (phthalates, bi-
sphenol A, brominated flame retardants).1,2 The most 
studied endocrine disruptor is bisphenol A (2,2-bis(4-
hydroxyphenyl)propane; BPA). Over a million tons per 
year of BPA is produced mainly for the production of 
plastics such as polycarbonate and epoxy resins. It was 
found that BPA can leach from the products (e.g., bever-
age containers and packages, baby bottles, dental seal-
ants), migrate into the environment, and enter the food 
chain.2-4 Therefore, methods for fast and effective removal 
of BPA from waste water or landfill leachate are of great 
importance. Commonly used sorbents, such as activated 
charcoal, zeolites, or clays have low affinity toward BPA 
or low sorption capacity.5,6 For these reasons, new materi-
als have to be developed in order to stop spreading endo-
crine disruptors in the environment. 

Metal-organic frameworks (MOFs) belong to the fast 
growing area of organic-inorganic hybrids. MOFs are 

combining metal nodes (secondary building units - SBUs) 
and polytopic organic ligands (linkers).7 The number of 
possible SBUs and organic linkers gives rise to thousands 
of new structures with varying topologies, pore sizes, and 
chemical compositions.8-10 The high surface area of 
MOFs,11,12 along with the possibility of introducing func-
tional groups,13,14 make them highly promising materials 
for many applications,15 including sorbents of pollu-
tants.16-18 Unfortunately even after decades of extensive 
research, water stability of MOFs still remains an issue,19 
thus limiting their applicability for waste water treatment. 

Recently, we have demonstrated that the combination 
of Fe3+ ions with bisphosphinate linker H2PBP(Me) (Fig-
ure 1) leads to a new MOF, named Fe-ICR-2 (ICR stands 
for Inorganic Chemistry Řež), with a honeycomb struc-
ture.20 Importantly, Fe-ICR-2 is endowed with higher 
hydrothermal stability in comparison with a carboxylate-
based analogue Fe-MIL-53.21 The stability is related to the 
stronger coordination bond of phosphinates to hard met-
als, such as Fe3+, in comparison with carboxylate groups. 
Notably, the methyl group bound at phosphorus atom is 
pointing into the volume of the Fe-ICR-2 pore. Substitu-
tion with bulkier phenyl group leads to decrease in the 
pore size (Fe-ICR-4),20 suggesting that this strategy can 
allow for fine-tuning of pore hydrophobicity. 

In this work, we applied the reticular design and ex-
tended the bisphosphinate linkers. We synthesized and 



 

delineated the properties of a series of phosphinate MOFs 
denoted ICR-2, ICR-4, ICR-6, and ICR-7 in both Fe3+ and 
Al3+ versions (Figure 1). All prepared MOFs possess the 
honeycomb arrangement of linear pores with sizes vary-
ing from 3 Å to 24 Å. The hydrophobic nature of the pores 
leads to the high sorption capacity for BPA. 

 

RESULTS AND DISCUSSION 

The solvothermal reaction of bisphosphinate linkers 
(Figure 1, bottom-left) with FeCl3·6 H2O or AlCl3·6 H2O in 
EtOH at 250 °C yielded crystalline ICR MOFs. The only 
exception was the reaction of H2BBP(Me) with FeCl3·6 
H2O which led to a nonporous layered material Fe-ICR-5. 
In this case, the synthetic conditions were optimized and 
porous Fe-ICR-6 was obtained in DMF at 120 °C after 
three-day reaction. However, Fe-ICR-6 is of inferior crys-
tallinity due to lower temperature used when compared 
with other ICR MOFs (see below). The composition of all 
synthesised MOFs is given in Table 1 and is confirmed by 
elemental analyses and FTIR spectra (Table S1, Figures S1-
S7). 

The thermal stability of ICR MOFs in air was investigat-
ed by thermogravimetric analyses in conjunction with 
differential thermal analyses and mass spectroscopy 
(TGA/DTA/MS) (Figures S8-S14). The TGA curves indi-
cate that all prepared ICR MOFs are endowed with high 
thermal stability and contain negligible amount of solvent 
or water molecules inside the pores. The least stable is Al-
ICR-4 which starts to decompose at 350 °C, whereas Al-
ICR-7 is the most thermally stable ICR MOF with decom-
position temperature of 550 °C. 

The crystal structure of Fe-ICR-7 was obtained from 
powder X-ray diffraction (PXRD) data (Table S2). The 
indexing was performed in the DICVOL06 program22 and 
the crystal structure models were found ab initio using 
the FOX software (detailed description is in the Support-
ing Information.23 The final Rietveld fit confirms the pro-
posed structure (Table S2, Figure S16). The low crystallini-
ty of Fe-ICR-6 did not allow indexing of the PXRD pat-
tern. Nevertheless, the isoreticular design of ICR MOFs 
and solved structures of Fe-ICR-2 and Fe-ICR-420 enabled 

creation of a structural model followed by geometry op-
timization using the PCFF force field and the Rietveld 
refinement in the Materials Studio software (Figure S18).24 
The PXRD patterns of all Fe-ICR MOFs are compared in 
Figure 1, bottom-middle. 

Motivated by successful syntheses of Fe-ICR MOFs, we 
investigated the structural arrangements of aluminium-
based ICR MOFs (Al-ICR MOFs). In the case of Al-ICR-4, 
the quality of the PXRD pattern allowed solving the crys-
tal structure ab initio using the Superflip package25 with 
the histogram matching option (Figure S17). The detailed 
analysis of the corresponding PXRD pattern confirms 
nearly identical crystal structure of Al-ICR-4 with that of 
Fe-ICR-420 (Table S2). In general, the analyses of PXRD 
patterns of Al-ICR MOFs revealed that they form identical 
structural motifs for each linker with those of Fe-ICR 
MOFs (Figure S20). 

As illustrated for Fe-ICR MOFs (Figure 1, middle),20 the 
secondary building units (SBUs) of Fe-ICR MOFs and Al-
ICR MOFs (not applicable for Fe-ICR-5, see below for 
details) are composed of octahedrally coordinated metal 
atoms bound together through O-P-O bridges forming 
one-dimensional (1D) infinity columns. The columns are 
connected via phenylene or biphenylene bridges forming 
the three-dimensional (3D) honeycomb framework. Fe- 
and Al- versions of ICR-6 and ICR-7 are isoreticular struc-
tures to Fe-ICR-2 with increased pore sizes due to the 
incorporated biphenylene spacer. The crystal structures of 
Fe-ICR-4 and Al-ICR-4 are constructed similarly to the 
structure of Fe-ICR-2, i.e., the honeycomb arrangement is 
composed of 1D infinity columns tied together by O-P-O 
bridges. However, the phenylene groups connecting the 
1D columns are not parallel to each other, but they are 
crossed and rotated in neighbouring layers (Figure 1 left).  

 

 

 

 

 

 



 

 

Figure 1. Honeycomb patterns of 1D pores of Fe-ICR MOFs running along the c-axis (top), the pore limiting diameter (nm) cal-
culated by Poreblazer is indicated in the middle of the pore; 1D columns of octahedrally coordinated iron atoms bridged by 
phosphinate acid groups (middle), ICR MOFs coding (bottom-left), PXRD of Fe-ICR MOFs (bottom-middle), and adsorption 
isotherms of nitrogen for Fe-ICR MOFs (bottom-right). Colour coding: octahedrally coordinated iron atoms (blue), phosphinate 
tetrahedra (magenta), O (red), C (grey), and H (white). 

The crystal structure of Fe-ICR-5 was also solved from 
PXRD data in this work (Table S2, Figure S15). Its struc-
ture is layered, composed of 1D infinity columns of iron 
atoms coordinated by O-P-O bridges (Figure S19). In this 
case, oxygen atoms are coordinated to Fe3+ centres in a 
trigonal bipyramid formation and every two neighbouring 
bipyramids are edge-sharing. In the chain, the pairs of 
edge-shared bipyramids are connected through vertices 
by four phosphinate tetrahedrons. The chains form bi-
layers that are held together only by weak nonbonding 
interactions. This structural arrangement is isoreticular to 
Fe-ICR-3.20 Comparison of both structures is given in 
Figure S19. Since Fe-ICR-5 is nonporous this material was 
not further investigated. 

The permanent porosity of activated ICR MOFs was 
probed by measurement of N2 adsorption isotherms at 77 
K (Figure 1, bottom-right and Figure S43). All adsorption 
isotherms display a steep N2 uptake at low P/P0 ratios 
which is typical for microporous materials. More specifi-
cally, ICR-4 contains ultramicropores, whereas the pore 
diameters of ICR-6 and ICR-7 are at the borderline be-
tween micropores and mesopores (Table 1 and Figures 
S21-24).  

To better understand the porous structure of ICR 
MOFs, these MOFs were computationally analysed using 
the Poreblazer software26,27 for N2 molecule with 3.314 Å in 
diameter (Table 1). The obtained parameters for Fe-ICR-2 
and Al-ICR-2 are in agreement with the experimental 
values. The calculated pore limiting diameters (PLD) of 
Fe-ICR-4 and Al-ICR-4 are of 2.9 Å; therefore, the accessi-
ble surface area cannot be calculated. Nevertheless, the 
pores are still accessible to N2 as evidenced by the corre-
sponding adsorption isotherms (Figure 1, bottom-right 
and Figure S43). The BET specific surface areas of Fe-ICR-
7 and Al-ICR-7 fit well the calculated values, whereas in 
the case of Fe-ICR-6 and Al-ICR-6 the BET specific sur-
face areas are considerably lower, probably due to lower 
crystallinity and/or pore blocking. The PLDs of Fe-ICR-6 
and Al-ICR-6 and Fe-ICR-7 and Al-ICR-7 are considerably 
smaller than pore diameters obtained by the NLDFT 
method from adsorption isotherms. This difference can 
be caused by roughness of pore walls decreasing the 
smallest opening of the pores, and/or by the hydrophobic 
nature of the pores significantly differing from the chemi-
cal nature used by the kernel in the NLDFT method.  
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Table 1. Specific surface area, pore diameter, calculated pore limiting diameter, and accessible surface area for 
all synthetized MOFs 

Sample Linker 

Specific 
Surface area

 

Area
 
 

[m
2
 g-

1
] 

Pore Diameter 

[nm]
a
 

Pore Volume 
[cm

3
 g

-1
]

b
 

Pore Limiting 
Diameter 

[nm]
c
 

Accessible 
Surface Area 

[m
2
 g

-1
]

d
 

Pore Accessible 
Volume [cm

3
 g

-1
]

e
 

Fe-ICR-2 H2PBP(Me) 906
 f
 0.71 0.39 0.90 850 0.48 

Fe-ICR-4 H2PBP(Ph) 165
 f
 n.a. 0.044 0.29 0 n.a. 

Fe-ICR-6 H2BBP(Me) 1134
 g

 2.39 1.32 1.75 1562 1.00 

Fe-ICR-7 H2BBP(Ph) 1125
 g

 2.16 0.79 1.32 1097 0.64 

Al-ICR-2 H2PBP(Me) 933
 f
 0.74 0.44 0.90 876 0.48 

Al-ICR-4 H2PBP(Ph) 190 
f
 n.a. 0.055 0.29 0 n.a. 

Al-ICR-6 H2BBP(Me) 1362
 g

 2.34 1.59 1.75 1660 1.06 

Al-ICR-7 H2BBP(Ph) 1030
 g

 2.07 1.52 1.31 1088 0.63 

a
 Pore diameter obtained by the MP plot for ICR-2 and ICR-4, otherwise by the NLDFT method; 

b
 Total pore volume; 

c
 Pore 

limiting diameter calculated by the Poreblazer software; 
d
 Accessible surface area calculated by the Poreblazer software; 

e
 Acces-

sible pore volume calculated by the Poreblazer software;
 f
 Specific surface area calculated by the t-plot; 

g
 BET specific surface 

area.  

Synthesized ICR MOFs are expected to be chemically 
stable under harsh conditions as described previously for 
Fe-ICR-2.20 After treatment of ICR MOFs in water, EtOH, 
and toluene at RT or under reflux, the PXRD patterns of 
most of ICR MOFs remained unchanged, suggesting 
preservation of the crystallinity and original structure 
(Figures S25-S42). Only Fe-ICR-6, Al-ICR-6, and Al-ICR-7 
recrystallized or lost crystallinity in boiling water. Gener-
ally, the longer the linker, the lower is the stability of 
MOFs. For example, UiO-66 built of the terephthalate 
linker is stable in water and under humid atmosphere, 
however, both UiO-67 and UiO-68 made of biphenyl-4,4′-
dicarboxylate and p-terphenyl-4,4″-dicarboxylate linkers, 
respectively, decompose when exposed to humid air.28 
This behaviour is not the case of presented ICR MOFs.  

We also analysed the effects of these treatments on 
specific surface area (Table 2, Figures S44-S61), except for 
Fe-ICR-4 and Al-ICR-4. In these two cases, small mole-
cules, such as water, block the pores and are not removed 
even during activation (150°C, vacuum, 24h), while keep-
ing the PXRD patterns intact. Fe-ICR-2, Al-ICR-2, Fe-ICR-
6, Fe-ICR-7, and Al-ICR-7 retained their porosity in the 
tested solvents at RT, in boiling toluene, and with the 
exception of Fe-ICR-2 in boiling EtOH. Interestingly, Al-

ICR-6 behaves differently. The specific surface area de-
creased after the solvent treatments at RT, whereas the 
treatment in boiling EtOH or toluene resulted in an in-
crease of the specific surface area, probably due to the 
formation of structural defects. In general, boiling water 
represents one of the most challenging condition for 
MOFs. In this respect, Fe-ICR-2, Al-ICR-2, and Fe-ICR-7 
preserve the majority of their porosity. Clearly, both Fe-
ICR-7 and Al-ICR-7 are more solvothermally stable than 
corresponding ICR-6 MOFs. This behaviour can be ra-
tionalized by hydrophobicity of the phenyl groups point-
ing into the pore accessible volume, effectively shielding 
the coordination bonds of the linkers.29,30  

We also investigated the stability of ICR MOFs towards 
activation from water, i.e., under conditions when wet 
MOFs are dried on air without the exchange of water for 
other solvent before drying. Some water-stable Zr-MOFs, 
such as PCN-222 or NU-1000, loose porosity during the 
activation process from water.31 In contrast, phosphinate 
ICR MOFs, except for Al-ICR-6, display low variability in 
surface areas, indicating exceptional stability of the po-
rous structure. The presented experimental results con-
firm that the ICR family of MOFs represents robust mate-
rials, well-suited for applications in aqueous environment. 

 

 

 

 

 

 

 



 

 

Table 2. Specific surface areas of as-prepared and treated ICR MOFs.a  

Sample As prepared 

Reflux RT Activated
b 

H2O EtOH Toluene H2O EtOH Toluene H2O 

Fe-ICR-2 906 738 360 790 917 952 921 969 

Fe-ICR-6 1134 172 1077 1081 1195 945 1174 1092 

Fe-ICR-7 1125 896 1012 1061 1065 1122 1056 1077 

Al-ICR-2 933 851 806 878 887 915 908 836 

Al-ICR-6 1362 171 1444 1654 1087 1126 1212 747 

Al-ICR-7 1030 701 1210 1076 1099 1164 1121 908 

 

a
 Specific surface areas are in m

2
 g

-1
. The t-plot method was used for Fe-ICR-2 and Al-ICR-2, otherwise BET specific surface ar-

eas are given. 
b
 Activation from water. 

Adsorption of bisphenol A. The robustness, pore size 
variability, and hydrophobic nature of the pores prompt-
ed us to investigate the sorption properties of ICR MOFs 
towards hydrophobic pollutants. For these experiments, 
we selected Al-ICR MOFs as the porosity of Al-ICRs is 
greater than that of the Fe analogues and bisphenol A 
(BPA), a pollutant from the family of endocrine disruptors 
that represents significant threat in the food chain. The 
adsorption properties of Al-ICR MOFs were analyzed 
using high-performance liquid chromatography (HPLC). 
With the exception of Al-ICR-4 (PLD 2.9 Å), all other Al-
ICR MOFs possess pores large enough to accommodate 
BPA molecules. The kinetic curves and adsorption iso-
therms of Al-ICR MOFs were compared with those of 
conventional activated charcoal (abbreviated as AC, Sig-
ma-Aldrich), measured under identical conditions. Prior 
to all measurements the adsorbents were activated under 
vacuum at 80 °C overnight.  

The adsorption rate is an important factor for practical 
applications in environmental remediation. Figure 2 de-
picts the recorded kinetic curves. The kinetic parameters, 
including the correlation factors obtained by non-linear 
fitting to the pseudo-second order kinetic model, are 
summarized in Table 3 and Table S3, and the correspond-
ing fits are presented in Figure S62. Interestingly, the 
sorption equilibrium for AC, Al-ICR-2, and Al-ICR-7 was 
nearly completed within 15 min. In contrast, Al-ICR-6 
behaved differently. The sorption kinetics indicates two 
consecutive processes, where a fast initial step is followed 
by a slow process, so that the equilibrium is not reached 
with the time frame of the sorption experiment (i.e., 360 
min). This behaviour can be attributed to a slow rear-
rangement of BPA molecules inside the pores indicated 
by molecular modelling. These results show that BPA can 
be arranged in two positions in the pores of Al-ICR-6 (for 
details see below). 
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Figure 2. Kinetics of BPA adsorption by Al-ICR MOFs com-
pared with that of AC. Conditions: initial BPA concentration 
50 mg L

-1
, 10 mg of the adsorbent dispersed in 50 mL BPA 

solution, 25±1 °C. The experimental points are obtained from 
triplicate experiments (see Figure S62 for error bars). 

Adsorption isotherms of BPA for Al-ICR MOFs and AC 
(Figure 3) were obtained using initial BPA concentrations 
from 10 to 120 mg L-1 after 24 h stirring at constant tem-
perature (25±1 °C). The experimental data were fitted 
using the Langmuir, Freundlich, and Langmuir-
Freundlich adsorption isotherm models (see the Support-
ing Information for details). Best fits were obtained using 
the Langmuir model providing parameters summarized in 
Table 3. The results indicate that the sorption capacity for 
BPA increases in the order Al-ICR-4 < AC ≈ Al-ICR-2 < Al-
ICR-7 < Al-ICR-6. The highest adsorption capacity (Qm) 
was found for Al-ICR-6 (326 mg g-1), which is approxi-
mately by 50 % greater value than the Qm of AC (221 mg g-

1). On the other hand, the adsorption capacity of Al-ICR-2 
is comparable to that of AC and Al-ICR-4 adsorbs very 
little at the external surface due to the narrow pores (PLD 
of 2.9 Å). 
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Figure 3. Adsorption isotherms of BPA expressed as the 
dependence of the adsorbed amount of BPA (qe) on the BPA 
equilibrium concentration (Ce). The experimental points 
were obtained from triplicate experiments and the solid lines 
are the corresponding non-linear fits to the Langmuir ad-
sorption model. For detail see the Supporting Information. 
Conditions: initial BPA concentration between 10 and 120 
mg L

-1
, 10 mg of the adsorbent dispersed in 50 mL BPA solu-

tion, 25±1 °C. 

Table 3. Pseudo-second order kinetic constants and 
Langmuir isotherm constants obtained by non-linear 
fitting to the experimental data.a 

Sample Kinetic constants Langmuir constants 

qm 

(mg g
-1
) 

k2  

(g mg
-1 

min
-1
) 

Qm  

(mg g
-1
) 

KL  

(L mg
-1
) 

AC 183±2 0.022±0.001 221±4 0.81±0.04 

Al-ICR-2 220±7 0.052±0.002 222±3 9.61±0.51 

Al-ICR-4 n. a. n. a. 22±1 0.64±0.58 

Al-ICR-6 194±4 0.010±0.002 326±8 0.15±0.01 

Al-ICR-7 234±1 0.017±0.002 307±5 0.62±0.07 

a
All data points were measured in triplicate experiments: 

qm is the amount of BPA adsorbed at the equilibrium; k2 is 
the pseudo-second order kinetic rate constant; Qm is the 
Langmuir maximum sorption capacity; KL is the Langmuir 
constant. 

Interestingly, the course of the adsorption isotherm of 
Al-ICR-2 is different from the isotherms of the other ad-
sorbents. BPA was completely adsorbed from the disper-
sions with initial concentrations up to 30 mg L-1, and Al-
ICR-2 became fully saturated at the initial BPA concentra-
tion of 50 mg L-1. On the other hand, Al-ICR-6, Al-ICR-7, 
and AC only partially removed BPA at low initial concen-
trations; however, due to the high pore volumes, the Qm 
values are greater than that of Al-ICR-2. This observation 
correlates well with the values of KL constants of the 
Langmuir isotherms (Table 3), which are the measure of 
the adsorbent-adsorbate affinity. Thus, the high value for 
Al-ICR-2 (KL = 9.61) indicates high affinity of BPA towards 
Al-ICR-2. In contrast, the KL values for Al-ICR-6 and Al-
ICR-7 are by more than one order of magnitude lower 

(0.15 and 0.62, respectively), indicating that the affinity of 
BPA to ICR MOFs with larger pores is significantly lower 
when compared with that of Al-ICR-2. 

The stability of MOFs in aqueous media is an important 
issue affecting their applicability. For this reason, we also 
characterized Al-ICR MOFs by PXRD and N2 adsorption 
isotherms after the sorption of BPA and regeneration 
done by washing with water and acetone (Figure S64 and 
Table S4). These characteristics are in line with the results 
presented above on the treatment Al-ICR MOFs with 
water at RT, confirming that Al-ICR MOFs are stable 
during the sorption experiments. In addition, the adsorp-
tion process is reversible, i.e., BPA can be washed out 
from the pores of Al-ICR MOFs with acetone (see the 
Supporting Information for details).  

Summing up, Al-ICR MOFs are endowed with greater 
adsorption capacity than zeolites, graphene, imprinted 
polymers, montmorillonite, and other materials.5 In re-
cent years, several MOFs were successfully tested as ad-
sorbents of BPA. The Qm values for typical carboxylate-
based MOFs (such as Fe-MIL-100, Cr-MIL-101) do not 
exceed 260 mg g-1.32 Only Al-MIL-53 displays a similar 
maximum sorption capacity (325 mg g-1) to Al-ICR-6.33 

Molecular modelling. We used molecular modelling 
in order to analyze the interactions of BPA inside the 
MOF pores. As described above, the pores are of hexago-
nal shape with the phenyl or methyl substituents bonded 
to P atoms aiming at the centre of the pore. These sub-
stituents along with the pore diameter can influence the 
interactions and arrangement of guest molecules as well 
as the sorption capacity.  

The interaction energies between BPA and Al-ICR 
MOFs for relevant BPA amounts adsorbed in the pores 
are summarized in Table 4. At low concentrations of BPA 
in the framework (one BPA molecule per pore in the 
supercell, i.e., qe ≈ 10 mg g-1), the interaction energies 
decrease in the order Al-ICR2 > Al-ICR-6 > Al-ICR-7. The 
snapshots of BPA arrangements are given in Figure 4a-c. 
The interaction energies in the Al-ICR-2 pores are nearly 
flat up to the loading of approximately 200 mg g-1. This 
behaviour is in good agreement with the observed high 
affinity of BPA towards Al-ICR-2, indicated by nearly 
quantitative adsorption of BPA at these concentrations 
and high KL value. 

Interestingly, there are two positions of BPA in the Al-
ICR-6 pore (Figure S65) with an interaction energy differ-
ence of 2.9 kcal mol-1 (details in the Supporting Infor-
mation). The existence of two binding sites and the relo-
cation of BPA molecule between these two sites during 
simulation can be the reasons of the measured slow ad-
sorption kinetics (Figure 2). At higher BPA concentrations 
(up to qe ≈ 300 mg g-1), the interaction energy decreases 
due to BPA-BPA stacking interactions making the system 
quite disordered (Figure 4d and Figure S66). The average 
interaction energies for Al-ICR-6 and Al-ICR-7 decrease 
with the increasing loading of BPA in agreement with the 
low KL values found for these materials (Table 3). 



 

 

Figure 4. BPA molecule in the 1D pores of Al-ICR-2 (a), ICR-
6 (b), and ICR-7(c), view along the c axes, qe ≈ 10 mg g

-1
. 

Arrangement of BPA molecules in the 1D pore of Al-ICR-6, qe 
≈ 30 mg g

-1
 view perpendicularly to the c axis (d). 

 

Table 4. Interaction energies between BPA and Al-
ICR MOFs per one BPA molecule.a  

Sample 

qe (mg g
-1
) 

10 100 200 300 

Al-ICR-2 -22.2±0.4 -21.3±0.3 -21.2±0.3 n.a. 

Al-ICR-6
 

-20.3±0.4
b
 -17.7± 0.2 -17.6±0.2 -16.4±0.2 

Al-ICR-7 -18.2±0.4 -16.3 ±0.3 -16.3±0.2 -15.3±0.5 

a 
 qe is the adsorbed amount of BPA per gram of Al-ICR 

MOF, interaction energies are given in kcal mol
-1
. 

b
 The in-

teraction energy is the weighted average over two BPA posi-
tions shown in Figure. S65. 

 

CONCLUSIONS 

We synthesized new ICR-6 and ICR-7 MOFs isoreticu-
lar with Fe-ICR-2 and Fe-ICR-4 described earlier.20 We 
also shown that Al3+ cations can be successfully used for 
the construction of ICR MOFs. ICR MOFs have high 
thermal and solvothermal stability. Due to the hydropho-
bic character of the ICR pore walls, ICR MOFs effectively 
adsorb BPA with greater sorption capacities than the 
majority of already investigated adsorbents.  

Summing up, this work extends the area of phosphinic 
acid-based MOFs. The isoreticular design is applicable 
and the wide variety of water-stable MOFs can be pre-
pared using various substituents at phosphorus atom. We 
envision that the number of phosphinic acid-based MOFs 
will steeply increase in coming years.34 

 

EXPERIMENTAL SECTION 

Preparation of Fe-ICR-2, Fe-ICR-4, Fe-ICR-7, and Al-
ICR MOFs 

A teflon lined autoclave (Berghof DAB-2) was charged 
with 0.08 mmol linker and 0.04 mmol of FeCl3·6H2O (10.8 
mg) or AlCl3·6H2O (9.7 mg), and overlaid with 5 mL of 

absolute EtOH. The sealed autoclave was heated in a 
preheated heating mantle (Berghof BTC-3000) at 250 °C 
for 24 h. The resulting white powder was centrifuged 
(11,000 rpm, 5 min, Hettich, Rotina 380 R), washed five 
times with EtOH (third time it was left in EtOH for two 
hours), three times with water (second time it was left in 
water overnight), twice with acetone (third time it was 
left in acetone for one and half hours), and activated at 80 
°C for five hours under vacuum. 

Preparation of Fe-ICR-5 

A teflon lined autoclave (Berghof DAB-2) was charged 
with 0.08 mmol of H2BBP(Me) and 0.04 mmol FeCl3·6H2O 
(10.8 mg), and overlaid with 5 mL of absolute EtOH. The 
sealed autoclave was heated in a preheated heating man-
tle (Berghof BTC-3000) at 250 °C for 24 h. The resulting 
white powder was centrifuged (11,000 rpm, 5 min, Het-
tich, Rotina 380 R), washed five times with acetone, and 
dried on air. 

Preparation of Fe-ICR-6 

A Wheaton vial was charged with 37.2 mg H2BBP(Me) 
(0.12 mmol) and overlaid with 25 mL of dimethylforma-
mide (DMF). After 10 min sonication, 16.2 mg of 
FeCl3·6H2O (0.06 mmmol) in 5 ml of DMF was added. The 
vial was heated in a preheated oven (Berghof BTC-3000) 
at 120 °C for 72 h. The resulting white powder was centri-
fuged (11,000 rpm, 5 min, Hettich, Rotina 380 R) and 
washed as described for Fe-ICR-2. 

Stability of ICR MOFs 

20 mg of MOF was suspended in 10 mL of H2O, EtOH, 
or toluene and the suspension was shaken for 24 h at RT 
or refluxed for 24 h. After that, the solid material was 
collected by centrifugation, washed twice with water 
(only in the case of stability tests in water) or EtOH (in 
the case of stability tests in EtOH and toluene), and twice 
with acetone. The resulting powders were air-dried at RT. 

Adsorption of BPA  

The adsorption experiments were performed in sealed 
100 mL reagent SIMAX glass bottles in a temperature-
controlled room with constant temperature of 25±1 °C and 
BPA concentrations between 10 and 120 mg L-1. The bot-
tles were charged with 10 mg of Al-ICR MOF or activated 

charcoal (AC, DARCO®, 100 mesh particle size, powder, 
Sigma Aldrich) and 10 mL of water followed by 5 min 
sonication. Then, 40 mL of BPA solution was added. The 
mixture was stirred for 24 h at 25 °C and then 1 mL of 
sample was taken, filtered through a PTFE microfilter (0.2 
µm, Whatman), and the remaining concentration of BPA 
was analysed using HPLC-DAD. 
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