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Executive Summary 

 

Hydrogen storage systems based on the readily reversible adsorption of H2 in porous 
materials have a number of very attractive properties with the potential to provide 
superior performance among candidate materials currently being investigated were it not 
for the fact that the interaction of H2 with the host material is too weak to permit viable 
operation at room temperature. Our study has delineated in quantitative detail the 
structural elements which we believe to be the essential ingredients for the future 
synthesis of porous materials, where guest-host interactions are intermediate between 
those found in the carbons and the metal hydrides, i.e. between physisorption and 
chemisorption, which will result in H2 binding energies required for room temperature 
operation. The ability to produce porous materials with much improved hydrogen binding 
energies depends critically on detailed molecular level analysis of hydrogen binding in 
such materials. However, characterization of H2 sorption is almost exclusively carried by 
thermodynamic measurements, which give average properties for all the sites occupied 
by H2 molecules at a particular loading. We have therefore extensively utilized the most 
powerful of the few molecular level experimental probes available to probe the 
interactions of hydrogen with porous materials, namely inelastic neutron scattering (INS) 
spectroscopy of the hindered rotations of the hydrogen molecules adsorbed at various 
sites, which in turn can be interpreted in a very direct way in by computational studies. 
This technique can relate spectral signatures of various H2 molecules adsorbed at binding 
sites with different degrees of interaction.  

In the course of this project we have synthesized a rather large number of entirely new 
hybrid materials, which include structural modifications for improved interactions with 
adsorbed hydrogen. The results of our systematic studies on many porous materials 
provide detailed information on the effects on hydrogen binding from framework 
modifications, including charged frameworks and extraframework cations, from 
reduction in pore sizes, functionalization of the organic linking group, and most 
importantly, that of the various types of metal sites. We provided a clear demonstration 
that metal sites are most effective if the metal is highly undercoordinated, open and 
completely accessible to the H2 molecule, a condition which is not currently met in MOFs 
with intra-framework metals. The results obtained from this project therefore will give 
detailed direction to efforts in the synthesis of new materials that can reach the goal of a 
practical sorption based hydrogen storage material.  

 
 
 

 

 

 



Accomplishments  

 
 Determined the type of metal site which interacts most strongly with hydrogen 

by carrying out systematic studies of various types of metal binding sites in 
zeolites and coordination polymers. 

 Demonstrated the existence of coordinated molecular hydrogen at an open, and 
highly accessible metal binding site in Cu-ZSM-5, the only example of true 
chemical binding (Kubas complex) of H2 to a metal in a porous material.  

 Confirmed evidence for possible binding of two hydrogen molecules at Cu(I) sites 
in Cu-ZSM-5, evidence for bis-dihydrogen coordination at Cu(I) in Cu-ZSM-5 

 Measured room temperature, molecular hydrogen adsorption isotherms in Cu-
ZSM-5; obtained values for the isosteric heat of adsorption between 74 and 38 
kJ/mol  

 Investigated intra-framework metal sites in analogs of MOF-74 with Ni, Co and 
Mg substituted for Zn, by Inelastic Neutron Scattering (INS) of the adsorbed H2, 
and found Ni to have the strongest interaction with H2 among these metals. 

 The H2 molecule was found not to be able to approach intra-framework metal 
sites sufficiently closely to achieve dihydrogen coordination.  

 Found that the electrostatic field in the pores from having a charged framework 
(such as rho-ZMOF) increases hydrogen binding energies by some 50% over 
those in MOFs with neutral frameworks.  

 Synthesized a total of 18 new hybrid metal organic frameworks with fluorine-
substituted organic linkers, many more new compounds than were previously 
known.  

 Obtained a new hybrid material with a tetrafluoroterephthalate, zinc, and 1,2-
bis(4-pyridyl)ethane with substantial porosity.  

 INS studies of H2 in Zn(1,2,4-triazolate)(tetrafluoroterephthalate) reveal three 
strong binding sites, with interaction much greater than typical MOFs, and serve 
to understand the relatively high isosteric heat of adsorption of 8 kJ/mol over a 
wide range of loadings.. 

 A combination of the use of F in place of H with small pore sizes was shown to 
increase H2 binding energies by some 50%.  

 Completed a systematic exploration of hybrid materials composed of a highly 
functionalized organic link (2,5-thiazolo[5,4-d]thiazoledicarboxylic acid) and 
three series of metal centers, i.e. transition metals, alkaline earth and alkali metals. 
in search of a new porous material with open metal sites combined with an 
attractive linker. This effort did not, however, yield a material with appreciable 
porosity. 

 Demonstrated the synthesis a series of mixed transition metal (Mn,Cu, Zn, Ni), 
mixed organic link (bipyridyl and hydroxyisophthalic acid) hybrid materials.  

 

 
 Demonstrated the feasibility of synthesizing hybrid materials containing Mg 

including several which are porous and thermally stable.  



 Synthesized several hybrid MOFs with fluorine-substituted organic linkers in 
ionic liquids. The use of F in place of H should increase H2 binding energies.  

 Synthesized several hybrid MOFs with organic linkers that are promising 
candidates for reversible hydrogenation, which would offer much greater capacity 
for strongly bound hydrogen. 

 The known [FeH6][MgBr(THF)2]4 complex was synthesized as a starting material. 
[FeH6]

4– was reacted with the strong acid H[BArf] in THF under H2 at room 
temperature to attempt protonation to a dihydrogen complex.  

 A known dinuclear iron aryl complex, Fe2(mesityl)4,was synthesized.  Reactions 
with H2 and with strong acids under H2 were carried out.   

 An apparatus for high pressure IR spectroscopic measurements was designed and 
assembled to study reactions of H2 with for example simple hexaaquo iron(II) 
salts such as [Fe(H2O)6][BF4]. 

 Verified the equivalence efficient microwave synthesis to the conventional 
hydrothermal method of Ni phosphate nanoporous materials 

 

Summary of Project Activities  

The vast majority of hydrogen storage materials currently under consideration fall into 
either of two categories, those with high surface areas, such as carbons of various kinds, 
metal organic framework materials (MOF) and other coordination polymers, which bind 
hydrogen by weak physisorption, or various light metal hydrides, or other “chemical 
hydrides” such as aminoborane, which bind hydrogen very strongly, essentially in the 
form of a chemical compound. Many sorption-based systems approach sufficiently high 
capacities at low temperatures and high pressures, but not under ambient conditions, 
while the hydride compounds have impressive capacities at room temperature but suffer 
from various problems, such as undesirable H2 release characteristics, a lack of 
reversibility, or cyclability, and potential system deactivation.  

There is clearly an urgent need to develop another approach to hydrogen storage 
materials which would have the potential to provide superior performance especially in 
those aspects where current systems have serious shortcomings. We believe this to be a 
system based on sorption, in which the host-guest interactions are intermediate between 
those found in the carbons and the metal hydrides, i.e. between physisoprtion and 
chemisorption. This must be accomplished by combining in one material several 
attributes that are known to increase the isosteric heat of hydrogen adsorption. These 
include the creation of open transition metal binding sites, especially if these can bind 
multiple dihydrogen ligands, modification of the organic linker by substitution of H with 
Cl or F, the use of charged rather than neutral frameworks, and materials with small 
pores. The aim of this project was therefore to identify a suitable combination of these 
elements, which could reach the desired goal of hydrogen binding energies near 20 
kJ/mol thought to be necessary for operation of a sorption based storage system at room 
temperature and modest pressures.  

 



The primary focus our work has been to improve the binding energies for hydrogen in 
porous materials into the range of 15 – 25 kJ/mol needed for a room temperature sorption 
based storage system given the fact that it has already been demonstrated the necessary 
surface areas can be achieved. Our synthetic work was aimed at creating novel inorganic-
organic framework materials, which combine the use of framework modifications such as 
fluorinated organic linkers with open metal sites, small pore systems and charged 
frameworks. The key experimental component in this effort is the use of inelastic neutron 
scattering of the hindered rotation of the adsorbed H2 molecule, which makes it possible 
to associate improvements in binding energies from thermodynamic measurements with 
specific binding sites. Once a promising material is identified and characterized it can 
then be modified to increase its surface area to achieve capacity goals.  

(1) Transition metal hybrids. We have carried out a rather exhaustive exploration of 
“metal-organic-linker space” with the aim to discover new porous hybrid materials with 
improved characteristics for hydrogen storage materials. In this part of the project we 
combine mostly light metals (alkali, alkaline earths, Mn, as well as first row transition 
metals) with functionalized organic linkers. One such set of novel hybrid materials 
combines with transition metals with the linkers bipyridyl and hydroxyisophthalic acid, 
e.g. 
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These include materials1 which incorporate MnII, ZnII, NiII, and CuII as well as some very 
interesting hybrids with mixed metals in the same material. The structures of two 
hydrates of the MnII compounds are shown in Fig.  1, with the approximate pore size 
indicated.  While these materials do appear to have appreciable porosity on the basis of 
their crystal structures, this could not, however, be realized in practice, so that their 
hydrogen sorption properties could not be studied.  We did nonetheless utilize the 
bipyridyl linker in our synthetic approach to improved hybrids with mixed and partially 
fluorinated linkers. 
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Fig. 1.  Crystal structure of two hydrates of Mn(bipyridyl)(5-HIP) 

We have also succeeded in synthesizing and characterizing2 four new magnesium 
containing metal-organic hybrid compounds in an effort to prepare low density materials 
for hydrogen storage. The compounds were prepared hydrothermally and characterized 
using single crystal X-ray diffraction. Three of these compounds are analogs of known 
structures containing transition metals with squarate (I), diglycolate (II), and glutarate 
(III) ligands. The fourth is a novel structure using cyclobutanetetracarboxylate (IV) which 
contains potassium as well as magnesium cations. Although none of these materials have  
the porosity necessary for gas storage applications, this work does demonstrate that the 
synthesis of magnesium analogs of some transition metal frameworks is an attractive 
route for the discovery of new sorbent materials. 

(2) Fluorinated organic linkers. We have made considerable progress in an effort to 
synthesize hybrid organic-inorganic structures using fluorinated organic ligands as 
linkers. Substitution of F for H should improve binding energies for hydrogen 
considerably because of the larger polarizabily of F. We completed a systematic 
investigation of hybrid materials which possess one fluorinated (terephthalate, 
isophthalate, succinate, and hydroxybenzoate) , and one non-fluorinated linker (1,2,4-
triazole, 4,4’-bipy, and 2,2’-bipy) (Fig. 2) together with a variety of metals (Zn, Mn, Co, 
and Cu). We were successful in synthesizing a very large number of novel, previously 
unknown hybrid materials which incorporate fluorinated links. Only one of these 
compounds3, Zn5(C2H2N3)6(C8F4O4)2(H2O) · 2H2O, a three-dimensional coordination 
polymer containing 1,2,4-triazolate and tetrafluoroterephthalate ligands (Fig. 3a), was 
found to be porous with a rather modest surface area of 150 m2/g.  



                     
Fig. 2. Ligands used: (top, from left): 1,2,4-triazole, 2,2’-bipyridine, 4,4’-bipyridine; (bottom, 
from left): F4-isophthalate, F4-terephthalate, F4-succinate, F4-hydroxybenzoate 

The isosteric heat of adsorption3 for hydrogen in this material was found to be as high as 
8 kJ/mol over a considerable range of loadings, which is more than 50 % higher than that 
in a typical MOF (without F substitution). This result was convincingly supported by our 
inelastic neutron scattering data on this system obtained on the TOFTOF Spectrometer of 
the FRM-II reactor at the Technical University of Munich, Germany (Fig. 3).  The 
positions of the three peaks in the INS indicate a much stronger interaction in the 
presence of the fluorinated linker, as all of them occur well below 10 meV unlike those in 
MOF-5 (all transitions are above 10 meV), or those of several compounds (e.g. HKUST-
1) with so-called open metal sites.  

 

 

 

 

 

 

 

Fig. 3. Structure of Zn5(C2H2N3)6(C8F4O4)2(H2O) · 2H2O (left) and inelastic neutron scattering 
spectra (obtained on TOFTOF at the FRM-II, Technical University Munich, Germany) of 
adsorbed H2 in this material.  

This line of investigation was logically continued to include the larger bipyridine-based 
ligands in combination with perfluorinated dicarboxylates in order to achieve significant 
porosity in these materials, and we were able to synthesize several phases incorporating 
the ligands 1,2-bis(4-pyridyl)ethane (bpa) and 1,3-bis(4-pyridyl)propane, the most 
interesting of which is a structure containing zinc4, 1,2-bis(4-pyridyl)ethane and 
tetrafluoroterephthalate (tftpa) (Fig. 4). We were successful in achieving significant 

 e 

 

    



porosity in this sytem by adding a templating molecule to the reaction. This new structure 
is a four-fold interpenetrated structure with the large pore filled with cyclohexanone 
molecules formed regardless of this high degree of interpenetration. The unique lattice is 
built up from tetrahedrally coordinated Zn2+ centers bound to two bpe ligands and two 
tftpa ligands. The ligands act as linear linkers between other metal centers, forming a 
diamond-like net in three dimensions. 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4. View down the b-axis of Zn(bpe)(tftpa) • cyclohexanone showing channels (left), and 
isosteric heats of adsorption of Zn(bpe)(tftpa) materials activated at 200oC (blue) and 150oC 
(blue). 
 
The resulting structure was found to be extremely dynamic and flexible and displays 
significant movement with respect to temperature. Hydrogen adsorption isotherms were 
measured on the material activated in two different methods: first, by simply heating at 
200 °C as indicated by where the molecule is removed in the TGA of the material; and 
second by removal of the molecule under slightly more mild conditions in a vacuum oven 
overnight at 150 °C. The two methods resulted in different porosities and H2 adsorption 
properties (Fig. 4). Activation at the higher temperature evidently causes constrictions in 
the structure (smaller cell volume) along with a reduction in pore size. This reduces the 
capacity of the material by ~25% but increases the binding energies for the adsorbed 
hydrogen. It is thereby apparent that some of the increase in isosteric heats of adsorption 
in our partially fluorinated materials can be attributed to the relatively small pores as well 
as the substitution of F for H.  
 
 
(3) Functionalized organic linker. We have also carried out a systematic search for new 
hybrid materials that are composed of another highly functionalized link, namely 2,5-
thiazolo[5,4-d]thiazoledicarboxylic acid (Thz) (shown below), and three series of metal 
centers, 
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transition metals, alkaline earths and alkali metals. These compounds were synthesized 
under conditions that could also produce removable ligands on the metal and thereby 
create open metal binding sites. Our efforts resulted in a considerable number of 
interesting new structures5 that were found to be governed by some well defined trends in 
the dimensionality of metal-ligand chains and metal polyhedra connectivity (Fig. 5), but 
none of these materials exhibited appreciable porosity. The reason for this was found to 
be in the nature of the heteroatoms on the organic, which can also coordinate to the metal, 
and hence produce more compact structures. Materials with the largest metal cations did 
have more open structures, but this size effect was insufficient to introduce 
porosity.

 

Fig. 5. Hybrid Materials with alkaline earth metal (Mg, Ca, Sr, Ba) centers and the highly 
functionalized organic link 2,5-thiazolo[5,4-d]thiazoledicarboxylic acid: select views of the 
structures (left), structural properties (top, right) and TGA curves (bottom, right).  

(4) Charged frameworks. Our collaboration with the group of Mohamed Eddaoudi 
(University of South Florida) has included several anionic frameworks (ZMOFs), which 
do possess exchangeable cations in the same manner as do zeolites. These materials may 
be viewed as analogues to zeolites with their charged frameworks, and exhibit zeolitic 
structural motifs.  The binding energy for hydrogen is increased by some 2-3 kJ/mol on 
account of the electrostatic field in their cavities relative to typical values in neutral 
MOFs. The effect of the exchangeable cation does not appear to go much beyond that of 
the electrostatics (Fig. 6), as our INS studies6 of several forms of this material with 
different cations show only small differences in hydrogen binding energies. The reason 
for this is likely the fact that the metal cation cannot be closely approached on account of 
the aquo ligands that surround it. These in turn bind the cation by the formation of H-



bonds to carboxylate O’s in the framework, while in the case of zeolites the cations bind 
directly to framework O’s. Coordinate water can then be removed by heating the zeolite 
to sufficiently high temperatures (~ 450°C), which is not possible in our ZMOFs. 
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Fig. 6. Structure of rho-ZMOF (left) (left, 
Isosteric heats of adsorption for rho-ZMOF 
with three different cations (top right); and 
coordination of the hexaquo Mg cation to the 
rho-ZMOF framework (bottomw right). 
 
 
 
(5) “Open” metal sites. It has become increasingly apparent that the benefit of so-called 
“open” metal sites in terms of hydrogen binding energies is much more limited than 
expected, so that the increase in binding energies averages only 5 kJ/mol relative to 
MOFs with no such sites. One of the reasons for this is that these sites are not closely 
accessible to the hydrogen molecule, as has been determined in a few cases by neutron 
powder diffraction7.  The formation of a true molecular hydrogen complex with much 
higher binding energy is thereby prevented. 
 
We have carried out a systematic study of the effect of metal binding sites in porous 
materials which includes (1) open metal sites that are part of metal organic frameworks, 
(2) extra-framework cations in at various sites in different types of zeolites, and (3) 
exchangeable, hydrated cations in anionic framework ZMOFs.  In the first instance we 
obtained INS spectra in collaboration with Pascal Dietzel (Oslo, Norway) for H2 in three 
examples (Fig. 7) of the more promising materials among neutral MOFs with open 
intraframework metal sites, namely analogs of MOF-74, where the metal center can be 
replaced with a variety of other metals. These CPO-27 type materials 



M2(dhtp)(H2O)2·8H2O, (H4dhtp = 2,5-dihydroxyterephthalic acid, M = Mg, Mn, Co, Ni, 
Zn),8-10  have been reported to have hydrogen binding energies well in excess of 10 
kJ/mol but only at rather low loadings, i.e. until all binding sites at the metal are filled, 
then it drops to typical values for a neutral MOF. 
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Fig. 7. Isosteric heat of adsorption for the Ni-, Co- and Mg- analogs of MOF-74, as well as MOF-
74 (left), and inelastic neutron scattering spectra for 0.5 H2 per metal site in those materials 
(right). Data were obtained on FOCUS at the SINQ neutron source and TOFTOF at the FRM-II 
of the Technical University Munich (Ref. 11).  
 
The effect of EXTRA-framework metal ions (as opposed to INTRA-framerwork), is 
more pronounced.  This is clearly demonstrated by our ongoing work on the Fe- and Cu-
ZSM-5 system. We have previously reported12 that the binding of molecular hydrogen to 
Cu and Fe in these zeolites is by far the strongest of any porous host material, as much as 
70 kJ/mol in Cu-ZSM-5, whereas the INTRA-framework Cu sites in HKUST-1, for 
example, only gives rise to binding energies in the range of 6-8 kJ/mol. Our 
computational analysis of these systems (collaboration with Xavier Solans-Montford and 
Mariona Sodupe Roure of the Universitat Autonoma Barcelona) unambiguously shows 
that it is the long-anticipated formation of an actual metal-dihydrogen complex, which 
results in such strong binding. The metal-dihydrogen coordination in turn is facilitated by 
the highly open and undercoordinated structure of the metal binding site, where the Cu 
ion is bound to just two framework O atoms (Fig. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Inelastic neutron scattering spectra of H2 in Cu-ZSM-5 (top left), and in Fe-ZSM-5 
(bottom left), respective rotational barriers (center) calculated for the minimum energy structures 
(right). Values of the barrier heights derived from experiment are shown in red, those from the 
computational work in blue.  
 
8).  In the case of Fe-ZSM-5 we find that the binding site is in fact FeO coordinated to 
two framework O atoms, and that the interaction with H2 is much weaker, i.e. 13 kJ/mol.  
 
Our INS studies on various zeolite model systems13 provide additional evidence for the 
efficacy of undercoordinated extra-framework metal ions in hydrogen binding. The 
incorporation of Li+ ions in MOFs is widely considered crucial for obtaining a low-
density material with strong H2 interactions. INS data obtained on zeolite Li-A, however 
shows, that only the undercoordinated Li site in the 8-ring window binds H2 strongly 
(rotational tunneling transition at ~1 meV) whereas the Li site in the six ring window 
interacts only weakly (~ 8 meV) with the adsorbed hydrogen.  
 
Our fundamental studies on the introduction of truly open and accessible metal sites 
introduced into zeolite hosts were continued in order to determine conditions under which 
this process can be replicated in more suitable porous materials based on our success with 
the introduction of Cu and Fe into ZSM-5, which resulted in exceptionally strong binding 
sites for molecular hydrogen. We have therefore investigated the effect of the 
introduction of Ti sites on hydrogen adsorption14 in the mesoporous silicate SBA-15. We 
found that the hydrogen capacity of the Ti-doped material is nearly twice that of undoped 
SBA, and only part of this difference results from an increased surface area of the former. 
The difference in the isosteric heat of adsorption, however, is very significant, in that it is 
consistently more than 50% larger for the Ti-doped material. Moreover, the H2 adsorption 
isotherms become more and more irreversible as the loading pressure is increased above 
10 bar (Fig. 9).  We then utilized vibrational spectroscopy by inelastic neutron scattering 
to determine that apparently some of hydrogen adsorbed near the Ti site has become 



activated, and has spilled over to bind as H on nearby framework O atoms, a process 
which would give rise to the increasing amount of hysteresis observed. This pressure-
initiated hydrogen spillover effect could therefore be incorporated in a porous material if 
the hydrogen release were to be sufficiently facile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
         
 
 
 
 
 
 
Figure 9. Adsorption/desorption isotherms for Ti-SBA-15. For each curve, the red line (squares) 
is the adsorption isotherm. The dashed blue line (triangles) is the desorption isotherm. The 
hysteresis increases with the maximum pressure reached during adsorption. Three curves are 
shown with maximum adsorption pressures of 9.2, 28.4, and 54.9 bar. The last two curves were 
shifted up by 20 and 40 cm3/g, respectively, for clarity. The common portions of the adsorption 
isotherms lie on top of each other. The desorption isotherms, in contrast, do not lie on top of each 
other.  
 
 
Based on the many results on the wide variety of porous hosts investigated, it has become 
clear that a suitable sorption-based storage material for RT application must include a 
number of enhancements to hydrogen binding energies in order to reach the goal of at 
least 15 kJ/mol. We therefore turned to charged frameworks, which give an initial boost 
of 3 kJ/mol, and investigated additional ways to modify these framework to this end as 
part of our collaboration with the group of Prof. M. Eddaoudi at the University of South 
Florida. Modification of the Indium trimer building block by substitution of other metals 
or ligands in the soc-MOF series of compounds15 was accomplished with Cl ligands on 
the In  as well as a new Fe- analog, both of which were expected to enhance H2 binding 
upon removal of the water molecule from the metal sites. Only a small fraction of the H2 



binding sites are located around the metal trimer; however, the sorption data for these 
compounds (Fig. 10) reveals some appreciable differences in the isosteric heat of 
adsorption mainly at low loadings.  These fall in the range from 6 to 8 kJ/mol, but the 
highest values were indeed obtained for the Fe-analogs. INS spectra for hydrogen 
loadings of 1 molecule per trimer indeed show well-defined peaks at low energies (higher 
barriers to rotation) for Fe-soc-MOF, which are absent in the InCl- analog. These 
preliminary observations provide some more detailed support for the higher heats of 
adsorption found in the Fe- analogs.  Some significant differences in the INS spectra 
were also observed at higher loadings for the two systems, and these are likely related to 
the ultimate hydrogen capacities.  
   
 
 
 
 
   
 
 
         
 
 
 
 
 
 
 
Fig. 10. (a, left) Isosteric heats of adsorption derived from hydrogen adsorption isotherms 
collected at 77K and at 87K for five analogs of the soc-MOF series of compounds (left); 
(b, right) INS spectra for low loadings of H2 in Fe- and InCl- soc-MOF corresponding to 0.3 and 
0.2 wt. %, respectively (compare with Qst values in Fig. 10a). Data were obtained at 5K on the 
IN5 spectrometer at the Institut Laue-Langevin (Grenoble, France). 
 
In analogy with the post-synthesis introduction of metal sites into zeolites (overexchange) 
we have attempted a similar procedure for our anionic framework (rho-ZMOF) by 
overexchange with Cu in a solution of 0.075M Cu(NO3)2 . 2.5H2O. This resulted in the 
presence of 48 Cu2+ cations per formula unit, or twice the number needed for charge 
balance.  Hydrogen sorption measurements reveal an isosteric heat of adsorption as high 
as 14 kJ/mol at very low loadings (Fig. 6), which suggests that a few of the Cu2+ cations 
may not be fully hydrated, and hence show stronger interaction with H2 than the aquo 
complexes6.  
 
In a second effort to overexchange our anionic MOFs we utilized a two-step exchange of 
as-synthesized rho-ZMOF in a solution of 0.05M Fe(NO3)3 followed by addition of  
 
 
 
 

0.1 0.2
0

1

2

3

4

5

6

7

8

 

 

Is
o

st
er

ic
 H

ea
t 

o
f 

A
d

so
rp

ti
o

n
 (

kJ
/m

o
l)

H
2
 Uptake (wt%)

 FeSO
4

 In(NO
3
)

3

 InBr
3

 InCl
3

 FeCl
3



 
 
 
 
 
  
 
 
 
 
 
 
Fig. 11. Heats of adsorption for overexchanged Cu-rho-ZMOF at different activation 
temperatures.  
 
 
DMF with 0.75M KSCN to yield iron-thiocyanate rho-ZMOF. Atomic absorption studies 
reveal 32 Fe3+ for 48 In, as opposed to 16 Fe3+ needed for charge balance The iron 
thiocyanate rho-ZMOF is remarkable in that it exhibits increased thermal stability when 
compared with the as-synthesized, or any of the cation-exchanged ZMOF  
 

 

 

 

 

 

 

 

Fig. 12.  H2 sorption isotherms measured at 77K and corresponding isosteric heat of adsorption 
for the sample activated at 25°C, 150°C, 250°C and 300°C. 

samples studied so far. A considerable increase in the heat of adsorption is noted for 
activation temperatures above 250°C.  The hydrogen uptake and isosteric heat of 
adsorption were found to increase with increasing activation temperature (Fig. 12). These 
preliminary results are very promising since we may expect to achieve at least a partial 
dehydration of the iron-complex at such elevated temperatures (up to 400°C), and  thus 
create open metal sites as in zeolites which should result in a considerable increase in the 
isosteric heat of adsorption. 
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Concluding Remarks 

Our approach to the discovery of new porous materials with the potential to reach 
hydrogen binding energies in the range of 15 – 25 kJ/mol has been to synthesize new 
types of materials, which incorporate a number of strategies known to increase their 
affinity to H2. The most significant improvement was expected to come from the 
availability of undercoordinated, or open metal sites, as demonstrated in the early stages 
of this project by reporting the existence of very strong H2 interaction with open Ni sites 
in an inorganic hybrid (Ni-phosphate, VSB-5), as well as the metal organic hybrid Ni-
SIPA. The latter includes additional functionalization in the link (5-sulfoisophthalate) and 
the presence of Na+ ions. It remains one of our most promising materials with a binding 
energy of 10 -11 kJ/mol over a wide range of loading and a surface area well over 700 
m2/g.  

Subsequent work has, however, demonstrated that the effect of intra-framework open 
metal sites on H2 binding energies in hybrid materials, is rather limited (up to 13 kJ/mol 
in Ni-CPO-27), and does not extend to loadings very far beyond the point where all the 
metal sites are occupied by hydrogen molecules. We have, however, clearly demonstrated 
that extra-framework cations can bind hydrogen much more strongly if they are 
coordinated to very few framework atoms, as is the case for Li+ in type III sites in 
zeolites, Cu and Fe in “overexchanged” ZSM-5. The only unambiguous example to date 
of the formation of a metal dihydrogen complex (with a binding energy of some 70 
kJ/mol) was identified by us in Cu-ZSM-5. It remains an open question, and one which 
must be addressed in future studies, if porous host materials can be produced with a 
significant number of such sites, and if they can be coupled into the framework in such a 
way that overall binding energies (for all loadings) increase into the range needed for a 
practical sorption based storage system. It is clear that such a system will have to 
combine several structural elements in order to operate at low pressure operation and 
room temperature, listed with the expected maximum gain in H2 binding energies based 
on our studies relative to standard neutral MOFs: (1) open or unsaturated intra-framework 
metal binding sites, + 8kJ/mol (2) small pore sizes, + 3 kJ/mol, (3) functionalization of 
the organic linker, + 2 kJ/mol, and (4) the use of charged frameworks, + 4 kJ/mol. We 
note, however, that virtually all these structural modifications involve a significant 
weight penalty, so that favorable operating characteristics may be achieved at the expense 
of gravimetric capacities.  
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