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is quite surprising given that functionalisation in non-interpenetrated 
frameworks is generally observed to enhance CO2 affinity. Here we 
use molecular modelling to shed light on how functional groups 
block the inaccessible regions (i.e. small pores) present in 
functionalised IRMOF-9 analogues (Fig. 1). This highlights that the 
increased potential-well overlap due to small pores is more 
important energetically than the presence of functional groups in 
enhancing CO2 uptake, particularly at low pressure.17-19 

 

Scheme 1 

IRMOF-9 [Zn4O(BPDC)3] and its functionalised analogues (-
OH, -OCH3) were prepared as reported in previous work.16 Iodo 
functionalised IRMOF-9 (IRMOF-9-I) was synthesised using a 
slightly modified method (See ESI†). The functionalised IRMOF-9 
materials are an isostructural series consisting of Zn4O tetrahedral 
clusters acting as six-connecting nodes with the functional groups 
directed into the smaller pores that are formed by interpenetration.16 
CO2 and N2 gas isotherms were measured for each MOF (Table 1 
and Fig. 2) and Grand Canonical Monte Carlo (GCMC) simulations 
were employed to predict pure CO2 isotherms and NVT simulation 
to predict the heat of adsorption at infinite loading (See ESI†). 

 
Table 1. Framework density, pore volumes, accessible volumetric 

surface area and isosteric heat of adsorption at low coverage predicted 

from NVT simulation with blocking of the inaccessible pore regions 

(except for IRMOF-9). 
Structure     

f
 

(g/cm3) 

Vfree  

(cm3/g) 
Volumetric 

surface 
Area 

(m2/cm3)

CO2 
(kJ/mol) 

IRMOF-9 0.636 1.18 1918 22.73 

IRMOF-9-OH 0.705 0.99 1619(1262)a 16.95
IRMOF-9-OCH3 0.773 0.84 1573(1317)a 18.55 
IRMOF-9-I 0.878 0.76 1730(1184)a 15.94
a Experimental BET surface area based on N2 isotherms 

 

BET analysis of the 77K N2 isotherm for each MOF showed a 
reduction in surface area for the functionalised materials.  This 
observation is in qualitative agreement with the predicted 
surface area based on nitrogen as a probe molecule (Table 1). 
Excepting IRMOF-9, typical type I isotherms were observed 
for all the functionalised analogues. Due to weak inter-
framework interactions in IRMOF-9 (Fig. 1), evidence of 
gating behaviour was observed in the N2 as well as CO2 
isotherms at 195 K (Fig. S3 and S4, ESI†). Such gating 
behaviour has been found recently in a two-fold interpenetrated 
framework and also in a partially interpenetrated framework.5, 

20 In the present case, structural transformations occur under 
pressure for CO2 showing multiple steps at 195 K. It is 
noteworthy that this is the first time such an adsorption profile 
has been reported for IRMOF-9. We attribute this to careful 

handling and activation procedures (See ESI†). Addition of 
functional groups to the IRMOF-9 backbone enhances the inter-
framework interactions (Fig. 1) and eliminates adsorption 
gating behaviour. Similar behaviour has been observed in many 
interpenetrated MOFs with pendant groups attached to the 
BPDC linkers.21-23 The Type I isotherms suggest that 
functionalised IRMOF-9 derivatives, behave more like a rigid 
open framework due to a lack of dynamic motion.  
 Next, we investigated the CO2 gas adsorption in IRMOF-9 
and its functionalised analogues at room temperature (Fig. 2). 
No adsorption/desorption hysteresis was observed for either 
IRMOF-9 or the functionalised frameworks at temperatures 
above the triple point. Fig. 2 shows good agreement between 
the simulated data and the experimental values for IRMOF-9 
and the functionalised materials, when the inaccessible region 
is blocked in the simulation (see Fig. S11 and S12). The 
experimental CO2 uptake of IRMOF-9 was measured to be 40 
cm3 g-1 at 100 kPa and was found to decrease drastically to 28 
cm3 g-1 in IRMOF-9-OCH3 and to 16 cm3 g-1 in IRMOF-9-I, 
respectively.  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 CO2 uptake in interpenetrated IRMOF-9 and functionalised 

IRMOF-9 frameworks at 298 K. Simulations show that blocking the 

inaccessible pore in the functionalised IRMOF-9 materials provides 

excellent agreement to experiment. The empty symbols represent 

experimental data, while the solid lines represent simulated data. 
 

This observation can be rationalised from an energetic 
viewpoint as the calculated adsorption enthalpy at low coverage 
from NVT simulations and dispersion corrected density 
functional theory is highest in IRMOF-9, followed by -OCH3, -
OH and -I frameworks (Table 1 and Table S7). As amino 
groups are widely employed for enhancing CO2 uptake, we 
further predicted CO2 uptake using GCMC simulation and 
found the CO2 capacity in IRMOF-9-NH2 is lower than that of 
IRMOF-9 (See Fig. S13, ESI†). We posit that the decrease in 
CO2 uptake observed for the functionalised IRMOF-9 
frameworks can be attributed to the blockage of small pores by 
the attached functional group and presence of pores with larger 
diameters.  
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Fig. 3 Pore size distributions based on N2 isotherms showing different 

pore sizes in IRMOF-9, but only one distinct pore in functionalised 

IRMOF-9 frameworks.  

Fig. 3 shows the pore size distribution obtained from the N2 
isotherm data of IRMOF-9 and its functionalised forms.  As 
shown in Fig. 3 the pore sizes present in IRMOF-9 are centred 
around 5.8 Å and 8.0 Å (larger pores not shown in Fig. 3), 
however, for the functionalised analogues only one distinct 
pore is present centred at 11 or 12 Å. Presumably, this is 
because the pendant functional groups enhance the Van der 
Waal’s and electrostatic interactions between the frameworks 
creating a more uniform pore size. To examine the location of 
CO2 in the IRMOFs, density contours of CO2 obtained from 
GCMC simulations were prepared (Fig. S14, ESI†). In IRMOF-
9, the CO2 is exclusively located in the small pores created by 
the interpenetration of frameworks where the effective potential 
energy well-overlap occurs between metal clusters and phenyl 
linkers. However, in the functionalised IRMOF-9 forms, the 
CO2 is mainly located in the larger pores in close proximity to 
the functional group, as the equivalent small cavities are 
inaccessible for gas molecules, even for H2 (See Fig S15 ESI 
†). In addition, the binding energy of one CO2 molecule from 
first principles DFT calculations displayed a similar behaviour 
implying that the CO2 uptake correlates well with the CO2-
functional group interactions (Fig. S16 and Table S7, ESI†). 
  Fig. 4 shows the predicted isosteric heat of adsorption from 
the Clausius-Clapeyron equation based on simulated adsorption 
isotherms at 273 K and 298 K. Consistent with CO2 adsorption 
capacity shown in Fig. 2, the heat of adsorption decreases in the 
order IRMOF-9-OCH3 > -OH > -I. The key result in this 
instance is that the increased relevance of small pores in 
IRMOF-9 supersedes the chemical attraction of functional 
groups in the derivatised analogues, as these groups are largely 
occluded within the interpenetrated structure. Secondly, in 
IRMOF-9, variations of enthalpy strength at low loading are 
observed. The initial decrease in isosteric heat may attributed to 
the multiple pore sizes present in IRMOF-925 (Fig. 3) in which 
the more energetically favourable and smaller pores are 
occupied first followed by the less favourable sites as loading 
increases. As the gas loading is increased, the co-operative 
interaction between CO2 molecules is enhanced resulting in a 

larger isosteric heat of adsorption. A similar trend has been 
observed earlier for CO2 adsorption in C168 and N2 and CO in 
AlPO4-5 structures and CO2 in an interpenetrated MOF.24,25 
However, we also modelled the heat of adsorption for IRMOF-
9 using virial equation methods (Fig. S17). Using this approach 
the initial enthalpy of adsorption is, also, approximately 22 
kJ/mol and decreases slightly over the coverage range. 
However, the dip at low pressure is absent. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4 Isosteric heat of adsorption as a function of simulated CO2 uptake 

using Clausius-Clapeyron equation. 

In conclusion, we have shown that the general strategies for 
enhancement of CO2 uptake, particularly functionalising linkers 
in non-interpenetrated MOFs do not translate to interpenetrated 
analogues. The smaller pore size in these species is the dominant 
factor in the control of CO2 adsorption capacities.  This is 
because functionalisation increases the inter-framework 
interactions and in turn blocks the small pores, a critical factor for 
enhancing CO2 uptake at low partial pressures. Molecular 
simulation showed a similar trend in CO2 uptake, which agrees 
well with the experimental data, when the inaccessible pore 
region of the functionalised frameworks was blocked. The 
smaller pores in IRMOF-9 enhance the CO2 isosteric heat , 
and consequently, increase CO2 uptake. In general, to make use 
of the small pores created in interpenetrated frameworks utilising 
a simple linker without any functional groups might be a good 
choice for enhancing CO2 uptake, particularly at low pressure. 
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