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ABSTRACT: Built from an unusual high-charge-density ligand 
2,5-dioxido-1,4-benzenedicarboxylate (dobdc4-), MOF-74M 
(M2dobdc) have unsurpassed gas uptake and separation properties. 
It is thus intriguing to mimic or replicate such ligand properties in 
other chemical systems. Here, we show a ligand charge separation 
(LCS) model that could offer one pathway towards this goal. Two 
new materials (CPM-74 and -75, corresponding to MOF-74 and 
IRMOF-74-II, respectively) are presented here to illustrate this 
concept and its feasibility. Specifically, dobdc4- ligand in MOF-74 
can be conceptually broken down into OH- and obdc3- (H3obdc = 
2-hydroxyterephthalic acid), which leads to CPM-74, 
Zn2(OH)(obdc), that is nearly isomeric with MOF-74-Zn. 
Different from MOF-74, CPM-74 is made from homo-helical rod 
packing. Moreover, CPM-74 has high hydrothermal and thermal 
stability uncommon for Zn-MOFs. It contains open Zn sites on 4-
coordinated Zn2+ and its isosteric heat of adsorption for CO2 is 22% 
higher than that of MOF-74-Zn at low pressures.  

The density and bonding environment of metal sites in metal-
organic frameworks (MOFs) are important considerations in the 
synthetic design of crystalline porous materials (CPM) because 
they play key roles in porosity, stability, and functionality. Recent 
advances in MOFs, particularly, in the aspect of ligand design, 
have led to an unprecedented success in creating large ligands and 
MOFs such as meso-MOFs or IRMOFs with high porosity, low 
density of metal sites, and novel applications.1-7 In comparison, 
synthetic efforts to make MOFs with a high density of metal sites 
are less methodical. Such MOFs can be advantageous for many 
applications.8-20_ENREF_7_ENREF_7 For example, 
MOFs with a high density of metal sites may not only enhance 
gas adsorption capacity and selectivity under ambient 
conditions,21-23 but also contribute to high stability and a high 
density of active sites.10,24-34_ENREF_16  

A simple charge-balance analysis indicates that an important 
contributing factor to the high-density metal sites is the high 
negative charge density of the ligand. For M2+-based MOFs, 

MOF-74 (or CPO-27),35-37 its isomers (M2m-dobdc,38,39 UTSA-
7440), and its thio-analog41,42 (H4m-dobdc = 4,6-dihydroxy-1,3-
benzenedicarboxylic acid) are believed to have the highest density 
of open metal sites.43 In MOF-74, the dobdc4- ligand (H4dobdc = 
2,5-dihydroxyterephthalic acid) is fully deprotonated, leading to a 
simple stoichiometry of M2dobdc. From the formula alone, we 
could already deduce that the gravimetric density of metal sites in 
MOF-74 is exceptionally high (6.16 mmol/g for MOF-74-Zn, 
Table S1) and is in fact independent of crystal structure. The 
actual crystal structure affects the volumetric density (7.50 
mmol/cm3 for MOF-74-Zn) of metal sites. Of course, the 
percentage of metal sites that are available for guest binding 
(density of open metal sites) depends on crystal structure.  

Towards the goal of creating MOFs with a high density of 
metal sites, we previously reported a charge-scaling model that 
led to the synthesis of CPM-47 (Li2obc, H2obc = 4-
hydroxybenzoic acid) in which both gravimetric and volumetric 
density of solvent-binding metal sites exceed those of MOF-74 
(13.3 mmol/g and 12.8 mmol/cm3 for CPM-47). This strategy is 
based on the scale-down of charges on both metal ions (from 2+ 
to 1+) and ligands (from 4- to 2-) while maintaining the same 
metal-to-ligand (2:1) and phenolate-to-carboxylate ratios (1:1) as 
those in MOF-74.44 
 

In this work, we propose a ligand charge-separation (LCS) 
model to target MOFs with a high metal-site density, using 
dobdc4- ligand as an illustrative example. An analysis of MOF-74 
structures (M2dobdc) shows that by simply separating the 
phenolate and carboxylate functionality in H4dobdc into two 
separate chemical species, it is possible to create new crystal 
formulas capable of having the nearly same gravimetric density of 
metal sites. Such charge separation of H4dobdc ligand can be 
practically realized in different chemical compositions with 
various charge combinations (e.g., -3/-1 or -2/-1/-1). But the one 
that bears the closest resemblance to MOF-74 has the generic 
formula of M(II)2(OH)(obdc) with -3/-1 combination (H3obdc = 
2-hydroxyterephthalic acid). Compared to MOF-74 type, the 

 



 

 

Figure 1. (a)  ChemDraw representation of [Zn2(OH)]3+ rod and ball-and-stick view of inter-rod connection. (b) Polyhedral view of the rod 
and the framework of CPM-74. (c) Comparison between the chains in CPM-74 and MOF-74. (d) Building Scheme of CPM-75. Zn1, pink; 
Zn2, blue; Zn3, green; C, gray; O, red. 

hypothetical M(II)2(OH)(obdc) contains only two extra H-atoms 
and can be considered as quasi-isomers of MOF-74 (Scheme 1). 

Theoretically, different crystal structures of generic 
M(II)2(OH)(obdc) or its elongated versions such as 
M(II)2(OH)(obpdc) (H3obpdc = 4-(4-carboxyphenyl)-2-
hydroxybenzoic acid) are possible, and yet despite this simple 
stoichiometry and many structural possibilities, none has been 
known prior to this study. Here, we report two structure types 
(CPM-74 and CPM-75) that have been synthesized 
experimentally. Both structures are based on the packing of 1D 
[Zn2(OH)]3+ rods which can be viewed as corner-sharing 
[Zn3(OH)]5+ trimers. In CPM-74, all rods have the same 
handedness, leading to a chiral crystal structure. In CPM-75, rods 
of opposite handedness coexist, leading to an achiral crystal 
structure as is the case with MOF-74. Even though each 
individual crystal of CPM-74 is homochiral, the bulk sample is 
expected to be a racemic mixture with crystals of opposite 
handedness. 

CPM-74 has hexagonal symmetry with a chiral P6122 space 
group (cf. R-3 for MOF-74) and a framework formula of 
Zn2(OH)(obdc) (Table S2). Its asymmetric unit contains three 
crystallographically unique Zn sites (Figure S3). While Zn2 is on 
the general position, both Zn1 and Zn3 are on the 2-fold rotation 
axes, giving the Zn1:Zn2:Zn3 ratio of 25:50:25. In the as-
synthesized form, Zn1 is 5-coordinate with two carboxylate 

oxygens, two OH- groups, and one pendent solvent. The Zn1-
solvent bond is relatively strong at 2.10 Å and coincides with the 
2-fold rotation axis. Zn2 is 6-coordinate with two carboxylate 
oxygens, two phenolate oxygens, one OH-, and one pendent 
solvent. Because the coordination environment of Zn2 is more 
crowded than that of Zn1, the Zn2-solvent bond is relatively weak 
at 2.57 Å. Also, as suggested by high thermal parameters, these 
solvent sites around Zn2 are not fully occupied, even for as-
synthesized samples. Finally, Zn3, which accounts for 25% of 
total metal sites, has saturated coordination environment with two 
OH- groups trans to each other and four carboxylate oxygens 
(Figure 1).  

Excluding solvent coordination, the coordination numbers of 
Zn1, Zn2, and Zn3 are 4, 5, and 6, respectively with the average 
coordination number of 5, the same as that of desolvated MOF-74 
in which all zinc sites have the same square-pyramidal 
coordination geometry. In the desolvated form of CPM-74, 25% 
of metal sites (Zn3) are saturated, however, another 25% of Zn 
sites (Zn1) are only 4-coordinate, leaving such metal sites wide 
open. The remaining zinc sites (Zn2, 50% of the total metal sites) 
have one guest binding site (Figure 1c). Open metal sites, while 
desirable for increasing host-guest affinity, can contribute to 
lower stability, both in terms of framework rigidity and the 
susceptibility to chemical attack. For this reason, it can be 
advantageous to have both saturated and unsaturated metal sites 



 

with the former contributing to the framework stability and the 
latter serving as guest-binding sites. The ideal ratio between 
saturated and unsaturated metal sites would be dictated by the 
requirements of specific applications. 

There is a clear resemblance between CPM-74 and MOF-74 in 
both chemical composition and structural features. In fact, the 
equal ratio of obdc3- and OH- in CPM-74 can be viewed as two 
subcomponents of dobdc4- in MOF-74. As such, CPM-74 
(formula: Zn2C8H4O6) has only two extra H-atoms than MOF-74 
(formula: Zn2C8H2O6). The ArO-/ArCOO- side of obdc3- ligand in 
CPM-74 also has the similar bonding mode to metal sites as that 
of MOF-74 (Figure S6). Besides, both structures are rare 
examples of MOFs with both phenolate and carboxylate 
groups.45,46  

CPM-74 features homo-helical rods linked together to give 
small trigonal and large hexagonal channels. The effective 
aperture of the hexagonal channel is 1.3 nm (Figure S5), slightly 
larger than that of MOF-74 (1.1 nm). The calculation by 
PLATON program gives the solvent-accessible volume of 49.5%, 
which lies between MOF-74Zn (58.2%) and its isomer UTSA-74 
(47.8%). 

CPM-75, Zn2(OH)(obpdc), was synthesized to demonstrate the 
general applicability of the proposed ligand charge separation 
model. Interestingly, while the charge separation model was 
confirmed again, a new structure type (CPM-75) with crystal 
symmetry of Fddd (Figure 1d) was obtained due to hetero-helical 
rod packing. Like CPM-74, CPM-75 also contains three 
crystallographically unique Zn sites in the ratio of 25:50:25 for 
Zn1:Zn2:Zn3 and nearly the same rod structure as CPM-74 
(Figure S7), but its 3-D framework topology is different. 

So far, the homo-helical form (denoted as CPM-74-II), which 
would be an isomer of CPM-75, but isoreticular to CPM-74, has 
not been synthesized. The formation of CPM-75 is likely caused 
by the difficulty to maintain coplanarity of two phenylene rings. It 
is possible that a ligand with three phenylene rings (similar to that 
in IRMOF-74-III) or other planar backbones may generate larger-
pore structures (such as hypothetical CPM-74-III) that are 
isoreticular to CPM-74.  Higher members of CPM-74 would be 
of particular interest because they would have parallel channels 
with different dimensions, a feature that is not found in IRMOF-
74 series. 

 

 
Figure 2. Comparison of thermal stability between CPM-74 and 
MOF-74-Zn.  

 
Thermal and hydrothermal stability of both CPM-74 and -75 is 

very high, especially when compared to other zinc MOFs.47-

50_ENREF_43  CPM-74 retains high crystallinity and is 
resistant to water upon exposure to aqueous solutions with pH 
ranging from 3 to 10 for at least 24 hours and the structure 
remained intact in boiling organic solvents and water (Figure S8). 
Temperature-dependent PXRD experiments show that CPM-74 
can maintain the framework at 350 ℃ while MOF-74-Zn 
becomes noticeably less crystalline at 300 ℃ (Figure 2). The 
result was also supported by TGA analysis, demonstrating the 

higher stability than that of MOF-74-Zn (Figure S9). One likely 
stabilizing factor is the 25% saturated Zn3 sites in CPM-74. In 
addition, CPM-75 was also found to exhibit high thermal and 
hydrothermal stability (Figure S10-11).   

The gas adsorption properties of CPM-74 and -75 were 
investigated. The solvent-exchanged sample of CPM-74 is 
activated at an optimized temperature of 300 ℃. N2 adsorption 
experiment at 77 K yielded a reversible type-I isotherm, 
demonstrating the permanent porosity (Figure S12). A BET 
surface area of 769 m2/g, and a Langmuir surface area of 1067 
m2/g (cf. 1277 m2/g for MOF-74-Zn), with t-plot micropore 
volume of 0.37 cm3/g are determined. CPM-74 is also found to 
have a moderate H2 adsorption (1.3 wt%) at 77 K and  1atm 
(Figure S13). The BET surface area and Langmuir surface area 
for CPM-75 are 1330 and 1515 m2/g (Figure S14), respectively 
and the uptake for H2 is 1.7 wt% at 77 K and 1 atm (Figure S15).  

 

 
 

Figure 3. (a) Gas adsorption isotherms of CPM-74. (b) 
Comparisons of the CO2 adsorption enthalpy between MOF-74 
and CPM-74.  

  
CPM-74 showed a high affinity towards CO2. The CO2 uptake 

of CPM-74 at 273 K and even 298 K exhibited a steep increase at 
low pressure, indicating a high affinity. It has a saturation CO2 
uptake of 91 cm3/cm3 at 273 K. The isosteric heats of adsorption 
(Qst) near the zero coverage were calculated to be -33 kJ mmol-1 

and are significantly higher than MOF-74Zn (-27 kJ mmol-1) and 
UTSA-74 (-25 kJ mmol-1) at the low-pressure 
regime,40,51_ENREF_16 and is comparable to those of MOF-
74-Fe and MOF-74-Co (Figure 3). The stronger affinity of CPM-
74 toward CO2, as compared to MOF-74-Zn, is also evident by 
comparing their low-pressure uptake. At 0.1 atm, MOF-74-Zn 
only takes around 1/4 of its saturation uptake, while CPM-74 



 

takes up to 40% at the same condition. One probable factor for 
such a higher CO2 affinity is the low coordination number of Zn1 
(4, compared to 5 in MOF-74). The DFT calculations also show 
that Zn1 in CPM-74 has a higher binding energy (31.3 kJ/mol) 
towards CO2 than Zn site in MOF-74 (24.5 kJ/mol) (Figure S16). 
The selectivities for CO2/CH4 and CO2/N2 are calculated based on 
IAST theory. The results show that CPM-74 has a high CO2/CH4 
(15-22 for CO2:CH4 = 50:50) and CO2/N2 (72-77 for CO2:N2 = 
10:90) selectivity at 298 K (Figure S17-20).   

In conclusion, we introduce here a viable synthetic strategy to 
develop sets of ligand combinations (OH- and obdc3- or OH- and 
obpdc3- here) to create new structural types (CPM-74 and CPM-
75 here) that functionally and stoichiometrically mimic parts of a 
higher all-in-one polyfunctional ligand (dobdc4- in this work) 
while conserving the total ligand charge (e.g. 3-/1- vs 4-). 
Materials created this way can be made to be quasi-isomeric with 
the established high-performance structure types (e.g., MOF-74), 
but have the potential for novel structural features and enhanced 
properties. This focused, yet broadly applicable approach targets 
specific chemical and structural features and is useful for 
developing new chemical systems. Moreover, this method can 
serve as a structure-analysis concept to help uncover structural 
and property correlations for seemingly unrelated materials (e.g., 
M2(dobdc) vs. M2(OH2)(bdc)). 
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