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The Effect of Co-adsorbed Solvent Molecules on H2 Binding to 
Metal Alkoxides
Yamil J. Colóna and Randall Q. Snurrb*

The introduction of metal alkoxides has been proposed as an attractive option to enhance hydrogen binding energies in 
porous materials such as metal-organic frameworks (MOFs) for room-temperature hydrogen storage applications. The 
presence of residual solvent molecules from MOF synthesis can, however, affect the performance of these functional groups. 
We perform quantum chemical calculations to predict solvent binding energies onto the metal-alkoxides and the 
temperatures required to drive off the solvent molecules and successfully activate porous materials with these moieties. 
Calculations are performed for Li, Mg, Zn, Cu, and Ni alkoxides and chloroform (CHCl3), dimethylformamide (DMF), ethanol, 
methanol, and water solvent molecules. We identify CHCl3 as a promising solvent that can be removed from these alkoxides 
at mild temperatures, whereas DMF binds strongly to the metal alkoxides and removal would require temperatures above 
the present upper bound of thermal stability in MOFs. As a second objective, we calculated the binding energies of hydrogen 
to metal alkoxide-solvent complexes to explore the effect of any solvent molecules that cannot be removed. 

Introduction
Concerns over environmental consequences of fossil fuels and 
their finite supply have sparked research into alternative energy 
sources. Hydrogen has received particular attention as a viable 
option. Using hydrogen as a source of energy is attractive since 
it is nontoxic and its oxidation product is water. Further, 
hydrogen could be used in clean energy systems if the hydrogen 
is produced from renewable sources. Despite these advantages, 
the efficient storage of hydrogen has proved to be a significant 
hurdle for the advent of a hydrogen economy. 

An example that highlights the hydrogen storage challenge 
is the implementation of fuel tanks for vehicular applications.1-

4 It has been estimated that 5-13 kg of H2
5 are needed as fuel to 

power a typical automobile. To meet this demand, current 
efforts to store hydrogen in vehicles employ pressures as high 
as 700 bar.5 Honda and Toyota are some of the automobile 
companies that have hydrogen-powered cars on the road 
today. These proofs of concept notwithstanding, the high 
pressure necessary to store the hydrogen fuel creates safety 
(high pressure gas tanks), economic (compression costs), and 
design concerns. Materials-based approaches offer an 
alternative that may overcome these challenges.

In materials-based approaches, hydrogen can interact with 
a solid material via either chemisorption or physisorption. 

Metal hydrides,6, 7 which utilize chemisorption, are capable of 
high gravimetric and volumetric uptake, but the hydrogen 
molecule is dissociated. This impedes the release of hydrogen 
molecules from the fuel tank to the fuel cell engine since the 
recombination kinetics of the hydrogen molecule are slow. 
Further, high temperatures are required to release the 
hydrogen molecules, and the release process may result in 
unwanted and harmful side products. Conversely, physisorption 
offers the advantage of effective release with a simple 
temperature or pressure swing. Porous materials, in particular, 
exploit physisorption, and if they contain large void fractions 
and surface areas, their storage capabilities are attractive, 
especially at cryogenic temperatures. Hence materials such as 
metal-organic frameworks (MOFs), nanoporous crystalline 
structures comprised of inorganic nodes and organic linkers, 
have been the subject of extensive studies exploring their use 
in hydrogen storage applications.8-16 The physisorption 
interactions, however, are weak, and the hydrogen storage 
capacity of these materials falters as temperatures approach 
room temperature.

To strengthen the material-hydrogen interactions and 
improve the hydrogen storage performance of porous 
materials, researchers have introduced metals through doping 
of the material or chemical functionalization in the form of 
metal catecholates or alkoxides.17-22 Computational studies 
indicate that the positive charge on the metal in the various 
chemical functionalizations interacts favorably with the 
quadrupole of the hydrogen molecule and increases the 
interaction strength.23-29 Studies have also identified promising 
metal alkoxide candidates and structures that would greatly 
outperform the hydrogen storage of their unfunctionalized 
counterparts.30-37 Experimental studies by Mulfort et al.,19 Himsl 
et al.,21 and Xiang et al.22 incorporated metal sites into the 
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framework using metal alkoxides (Li and Mg). The 
functionalized structures show improved hydrogen storage and 
heats of adsorption at cryogenic temperatures. As these open 
metal sites interact strongly with hydrogen molecules, it is 
reasonable to think interactions with solvent molecules — 
which may be left over from synthesis or may be impurities in a 
gas stream — will also be strong. It is important to understand 
the interactions between solvent molecules and metal 
alkoxides and the effect they might have on the resulting 
hydrogen adsorption. In recent work, Tsivion and co-workers 
studied the effect that a residual solvent molecule bound to the 
metal can have on hydrogen physisorption onto Mg and Ca 
alkoxides. The authors found that the presence of the solvent 
can significantly weaken the binding energy onto Mg alkoxide 
and to a lesser degree Ca alkoxide.38

To find solvent-metal alkoxide pairs that allow for proper 
activation, we use quantum chemical calculations to assess and 
characterize the binding of typical solvent molecules 
(chloroform, dimethylformamide, ethanol, methanol, and 
water) used in the synthesis of MOFs onto different metal 
alkoxides (Li, Mg, Zn, Cu, Ni). We also estimate the 
temperatures required to remove the solvent molecules from 
the metal alkoxides. Recognizing that some solvent molecules 
may not be completely removed, we calculate the binding 
energies for hydrogen onto solvent-metal alkoxide complexes 
to find systems that bind hydrogen at the desired energy.

Methods
Electronic structure calculations were performed with the 
Gaussian 09 software, revision D.39 The calculations were 
performed self-consistently and convergence was considered to 
be achieved when the change in the density matrix and change 
in electronic energy between consecutive iterations was less 
than 10-6 Å-3 and 10-6 Ha, respectively. Geometries were 
considered converged when the maximum atomic force, root-
mean squared force, maximum displacement and root mean 
squared displacement were below 4.5 x 10-4 Ha/Å, 3.0 x 10-4 
Ha/Å, 1.8 x 10-3 Å, and 1.2 x 10-3 Å, respectively. 

As in previous studies,28, 33, 38 we approximated a full MOF 
linker by a single aromatic ring with an attached alkoxide as 
shown in Figure 1 (also referred to as a metal catecholate in the 
literature). Three sets of binding energies were calculated: 
hydrogen onto metal alkoxide, solvent onto metal alkoxide, and 
hydrogen onto solvent-metal alkoxide complex. Each geometry 
optimization of the complexes was performed using three 
different initial configurations, and the lowest energy 
configuration is reported. Frequency analysis was used to 
confirm that the configurations are local minima and do not 
have any imaginary frequencies.  Binding energies were 
calculated by subtracting the electronic energies of the isolated 
reactants from the electronic energy of the product in the 
following chemical equations:

H2 + MO2C6H4 → H2 ― MO2C6H4
Solvent + MO2C6H4 → Solvent ― MO2C6H4

H2 + Solvent ― MO2C6H4 → H2 ― Solvent ― MO2C6H4

where  is either Li, Mg, Zn, Cu, or Ni (when Li is the metal M
species, the formula of the chemical formula is ), and LiOC6H5

“Solvent" is chloroform (CHCl3), dimethylformamide (DMF), 
ethanol, methanol, or water (H2O). As illustrated in Figure 1, 
calculating the hydrogen binding energy onto a Mg alkoxide, for 
example, would entail calculating the difference between the 
hydrogen-metal alkoxide complex electronic energy and the 
sum of the electronic energies of the isolated hydrogen 
molecule and isolated Mg alkoxide: Binding energy = E(H2 ―Mg

) – E( ) – E( ). O2C6H4 H2 MgO2C6H4

Figure 1. Illustration of hydrogen binding energy calculation. The individual energies of 
the hydrogen molecule and the Mg alkoxide are subtracted from the energy of the 
hydrogen-Mg alkoxide complex to obtain the hydrogen binding energy onto the Mg 
alkoxide. H=white, O=red, Mg=yellow, C=gray.

Geometry optimizations and energies were calculated at the 
MP2/6-311+G** (Li, Mg, Zn) or M0640/6-311++G** (Cu, Ni) 
levels of theory. Counterpoise corrections41 were applied to the 
MP2/6-311+G** results to offset basis-set superposition errors. 
Previous studies showed that for Cu and Ni catecholates, where 
hydrogen binding is very strong, M06 gives comparable results 
to MP2 and is much faster.33, 34 As a reference, we calculated all 
solvent binding energies for Zn alkoxide with both MP2 and 
M06 and compare their results in Table S1. The resulting binding 
energies are in reasonable agreement (within 15%). 

For the MP2 calculations of the H2 binding energy onto the 
solvent/metal alkoxide, three fragments (H2, solvent, and metal 
alkoxide) are considered for the counterpoise corrections. To 
obtain the binding energy, the energies of the individual 
fragments (hydrogen molecule, solvent, and metal alkoxide) 
and the counterpoise-corrected binding energy of the 

 complex are subtracted from the Solvent ― MO2C6H4

counterpoise-corrected energy of the   H2 ―Solvent ― MO2C6H4

complex. For the M06 calculations, the energies of the H2 
molecule and the  complex are subtracted Solvent ― MO2C6H4

from the energy of the  complex to H2 ―Solvent ― MO2C6H4

obtain the H2 binding energy onto the solvent/metal alkoxide 
complex. 

Solvent-release temperatures were estimated from the free 
energies for solvent adsorption:42

.∆𝐺adsorption =  𝐺Solvent ― Alkoxide ― 𝐺Alkoxide ― 𝐺Solvent

The solvent release temperature was estimated to be the 
temperature where the free energy of adsorption is zero. In 
calculating the free energies, vibrational frequencies below 25 
cm-1 were set equal to 25 cm-1.

Natural bond orbital (NBO)43 analysis was performed to 
characterize and visualize the solvent-metal alkoxide 
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interactions.44 Natural Coulomb electrostatic (NCE) analysis was 
also performed to characterize the Lewis and non-Lewis 
character of the binding interactions between solvent and 
metal alkoxide molecules.45

Results
We validated our calculations by reproducing previously 

reported values from our group and others28, 33, 34, 38 for the H2 
binding energy; Table 1 reports the results. Binding energies 
onto Mg alkoxide reported by other researchers are -23 
kJ/mol30 and -24 kJ/mol38 calculated at different levels of 
theory. Our results are in excellent agreement (within 2 kJ/mol) 
of the literature results. Li has the smallest binding energy at -
9.8 kJ/mol, while Ni has the largest binding energy at -84.3 
kJ/mol. As described above, calculations for Li, Mg, and Zn 
alkoxides were performed with MP2, while calculations for Cu 
and Ni used M06. 

Table 1. H2 binding energy onto metal alkoxides: Li, Mg, Zn (MP2), Cu, and Ni (M06).

Metal-Alkoxide Binding Energy (kJ/mol)
Li -9.8

Mg -22.0
Zn -29.4
Cu -83.4
Ni -84.3

Solvent binding energies are reported in Table 2 and Figure 
2. The geometries are reported in the SI. As for the H2 binding 
energy calculations, MP2 was used for Li, Mg, and Zn metal-
alkoxides, while M06 was used for Cu and Ni. The smallest 
calculated binding energy was for CHCl3 on Li alkoxide, and the 
largest was for DMF on Mg alkoxide. For a given metal alkoxide 
(Figure 2, top panel), solvent molecules bind in the following 
order: DMF > ethanol > methanol > H2O > CHCl3. The range of 
binding energies is largest for Mg and Zn alkoxides and smallest 
for the Cu alkoxide. For a given solvent (Figure 2, bottom panel), 
Li alkoxide has the smallest binding energy, while Mg or Ni 
alkoxides show the largest binding energies in most cases. 

Table 2. Solvent binding energies on metal alkoxides.

Binding Energy (kJ/mol)
Solvent Li Mg Zn Cu Ni
CHCl3 -42.6 -76.5 -73.8 -88.4 -109.8
DMF -97.3 -187.9 -166.8 -120.6 -178.1

Ethanol -80.9 -149.0 -134.8 -106.7 -153.9
Methanol -79.7 -144.9 -127.4 -100.4 -147.8

H2O -73.6 -127.3 -110.3 -91.8 -138.2

Figure 2. Solvent binding energies on metal alkoxides. CHCl3 has the smallest binding 
energies, while DMF has the largest. Similarly, Li alkoxide has the smallest binding 
energies, while Ni and Mg alkoxides have the largest in most cases. 

The free energy of solvent adsorption was calculated as a 
function of temperature from the optimized solvent/metal 
alkoxide complexes. Then, the temperature at which the free 
energy of adsorption is unfavorable can be determined. These 
solvent release temperatures are reported in Figure 3 and Table 
S2. The overall trends observed are similar to those for the 
solvent/metal alkoxide binding energies, with solvent release 
temperatures for the various metal alkoxides ranked in the 
following order (Figure 3): DMF > Ethanol~Methanol~H2O > 
CHCl3. For a given solvent (Figure S1), Mg alkoxide has the 
highest solvent release temperature, with the exception of 
CHCl3, where Ni alkoxide has the highest release temperature. 
Li has the lowest solvent release temperature for all solvents 
except DMF, where Cu alkoxide has the lowest temperature. 
Notably, the highest CHCl3 solvent release temperature is ~ 600 
K, while the lowest is close to room temperature. 
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Figure 3. Solvent release temperatures for solvent molecules on metal alkoxides. DMF 
has the highest solvent release temperatures, while CHCl3 has the lowest. In general, Mg 
alkoxide has the highest solvent release temperatures, while Li alkoxide has the lowest. 

The energies for hydrogen binding with the solvent-metal 
alkoxide complexes are reported in Figure 4 and Table S3. The 
geometries are also reported in the SI. The adsorbed solvent 
molecules occupy the part of the metal site that the H2 molecule 
would ideally occupy. Nevertheless, we observe that the 
hydrogen molecule can still interact with the metal of the 
alkoxide. In most cases, the hydrogen molecule interacts with 
the metal species, the oxygen of the alkoxide, and the solvent 
molecule. Comparing with Table 1, we see that hydrogen 
binding energies are decreased when a solvent is present on all 
of the metal alkoxides, with the exception of Li alkoxide with 
DMF. The weakest hydrogen binding energy is found with the 
DMF/Zn alkoxide complex, while the hydrogen strength of 
interaction is highest with the methanol/Ni complex. Notably, 
Ni alkoxide has the strongest interaction with hydrogen in four 
out of the five solvent molecules: DMF, ethanol, methanol, and 
H2O, and the binding energies for Ni are significantly stronger 
than the other metals. We also find complexes that in the 
presence of a solvent molecule have hydrogen binding energies 
approximating the desired 20 kJ/mol for reversible hydrogen 
uptake near room temperature.23, 28, 29, 33, 36 The DMF/Li and 
CHCl3/Mg alkoxide complexes have hydrogen binding energies 
of 19.2 kJ/mol and 16.2 kJ/mol, respectively. 

Figure 4. H2 binding energies onto solvent/metal alkoxide complexes. In general, Ni 
alkoxide has the largest H2 binding energies.  DMF bound to Zn has the smallest H2 
binding energy, while methanol bound to Ni shows the largest H2 binding energy. 

Discussion 
After a porous material is synthesized, it is activated, typically 
by applying high temperature to drive off solvent molecules 
that remain from the synthesis procedure. Solvent molecules 
may bind very strongly to metal alkoxides, requiring higher-
than-usual temperatures to expose the metal and take 
advantage of its favorable interactions with an adsorbate of 
interest, such as hydrogen. As Figure 5 shows, a larger solvent 
binding energy results in a higher solvent release temperature. 
The majority of solvent release temperatures lie above 750 K, 
the current upper bound for thermal stability of MOFs,46 but 
there are many systems where it is predicted that the solvent 
could be released below 750 K. None of the alkoxides with 
bound DMF have a solvent release temperature below 750 K, 
but all of the alkoxides with bound CHCl3 have solvent release 
temperatures below 750 K. For Li and Cu alkoxides, all of the 
solvents except DMF show release temperatures below 750 K. 
For Mg, Zn, and Ni alkoxides, only CHCl3 has a release 
temperature below 750 K. This analysis identifies favorable 
solvent/metal alkoxide combinations that may allow full 
activation of the material so that hydrogen molecules, or other 
adsorbates of interest, can interact with the exposed metal of 
the alkoxide moiety. The solvent/metal alkoxide complexes 
with solvent release temperatures below 750 K are CHCl3/Ni, 
CHCl3/Mg, CHCl3/Zn, CHCl3/Cu, CHCl3/Li, ethanol/Cu, H2O/Cu, 
methanol/Cu, ethanol/Li, H2O/Li, and methanol/Li.  
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Figure 5. Solvent release temperature versus solvent binding energy. Stronger binding 
energies result in a higher solvent release temperature. Li, Mg, Zn, Cu, and Ni are 
represented by circles, squares, triangles, diamonds, and dashes, respectively. CHCl3, 
DMF, ethanol, methanol, and H2O are represented by the colors blue, red, green, purple, 
and black, respectively. All complexes containing DMF, red symbols, show solvent 
release temperatures higher than 750 K, while all complexes containing CHCl3, blue 
symbols, show temperatures below 750 K. The majority of Li (circles) and Cu (diamonds) 
alkoxide complexes have solvent release temperatures below 750 K, while the majority 
of Mg, Zn, and Ni alkoxide complexes have solvent release temperatures above 750 K. 

For room temperature hydrogen storage, the desired 
hydrogen binding energy is approximately 20 kJ/mol. We seek 
either 1) a system where the solvent can be removed at 
moderate temperature and hydrogen binds to the (bare) metal 
alkoxide with an energy near 20 kJ/mol or 2) a system where 
hydrogen binds to the solvent-metal alkoxide complex with an 
energy near 20 kJ/mol. Previous studies identified (bare) Mg 
alkoxide as a promising candidate for hydrogen storage.33, 34 For 
Mg, the only solvent molecule that can be released at a 
temperature lower than 750 K is CHCl3, which would allow for 
proper activation in MOFs. Additionally, our results show that 
even with a bound CHCl3 molecule, the H2 binding energy onto 
the CHCl3/Mg alkoxide is still close to 20 kJ/mol. This makes 
CHCl3/Mg a good combination for reversible hydrogen uptake 
at ambient conditions since it would allow for activation below 
750 K and shows a hydrogen binding energy close to the desired 
20 kJ/mol, even if the solvent is present. 

Hydrogen molecules bind favorably with metal alkoxides 
due to the cationic nature of the open metal.23, 25, 33 The positive 
charge interacts favorably with the hydrogen quadrupole, 
which leads to strong binding energies. To check if these 
Coulombic contributions also play a role in the metal 
interactions with solvent molecules, we performed a Natural 
Coulomb electrostatic (NCE) analysis of the solvent binding 
interactions. NCE provides information on the Lewis and non-
Lewis contributions to the Coulombic interactions. The Lewis 
contribution is the intermolecular potential energy based on 
the idealized Lewis structure of the complex. The non-Lewis 
contribution is a measure of the intermolecular charge transfer, 
which alters the idealized Lewis picture. Figure 6 shows the 
results. The total NCE energy is weakest with CHCl3 for each 
alkoxide, while the strongest interactions are with DMF. This 
coincides with the relative values of their dipole moments: 

CHCl3 has the lowest, while DMF has the highest. Interestingly, 
Li, Cu, and Ni alkoxides show the weakest Coulombic 
interactions with solvent molecules, while Mg and Zn show the 
strongest. The strong Coulombic interactions explain the strong 
binding energies calculated for Mg and Zn for all solvents, 
except CHCl3 (Figure 2). 

The Lewis part of the NCE energy (Figure 6c, d) shows very 
similar trends to the total NCE energy (Figure 6a, b). For the 
non-Lewis NCE energy (Figure 6e, f), all solvent molecules show 
similar trends across the different metals, except for DMF, 
which exhibits a different trend. DMF shows significantly higher 
energies than the other solvents for all of the alkoxides, 
demonstrating that DMF has higher intermolecular charge 
transfer with the metal alkoxides compared to the other solvent 
molecules, which explains why DMF has significantly stronger 
binding energies with all of the alkoxides when compared to the 
other solvent molecules (Figure 2). 
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Figure 6. NCE analysis for solvent/metal alkoxide complexes. Panels a and b show the total NCE energy, panels c and d show the Lewis contribution to the NCE energy, and panels e 
and f show the non-Lewis contribution to the NCE energy. DMF has the strongest non-Lewis contribution to the NCE energy, indicating it has the most intermolecular charge transfer. 

We also performed a Natural bond orbital (NBO) analysis to 
visualize the orbitals involved in the interaction between the 
solvents and the metal-alkoxides. The NBO analysis reveals that 
all of the interactions involve the Lewis valence lone pair NBO 
of the solvent as the donor, which interacts with the Lewis acid 
metal as the acceptor. As Figure 7 shows, the solvent molecules 
interact with the metal alkoxide through the most 
electronegative atom of the solvent: chlorine for CHCl3 and 
oxygen for DMF, ethanol, methanol, and water. For CHCl3, a 

chlorine atom interacts with the metal of the alkoxide and the 
hydrogen atom interacts with an oxygen atom of the alkoxide; 
the exception is Ni alkoxide, where two chlorine atoms interact 
with Ni, instead of one. Ethanol, methanol and DMF all have 
similar interactions across the metal alkoxides. H2O interacts 
“head-on” with Mg and Zn alkoxides while at an angle for Cu 
and Ni alkoxides. For Li alkoxide, H2O induces the Li atom to 
bend out of plane with the benzene ring. 
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Figure 7. NBO analysis for solvent/metal alkoxide complexes. Solvent molecules interact with the metal through the most electronegative atom of the solvent: chlorine for CHCl3 
and oxygen for DMF, ethanol, methanol, and water. Orbitals shown represent the Lewis valence lone pair NBO of the solvent as the donor interacting with the Lewis acid metal as 
the acceptor. Blue and yellow clouds represent different phases of the orbitals on each species. C=gray, O=red, H=white, Cl=light green, Li = light purple, Mg = yellow-green, Zn = 
purple, Cu = orange, and Ni = green.

Conclusions

Quantum mechanical calculations were performed to calculate 
H2 binding energies on metal alkoxides (Li, Mg, Zn, Cu, and Ni) 
with and without co-adsorbed solvent molecules (CHCl3, DMF, 
ethanol, methanol, and water). Binding energies for the solvent 
molecules were also calculated. Solvent molecules bind on 
metal alkoxides in the following order of strength: DMF > 
ethanol > methanol > H2O > CHCl3. We also estimated the 
temperatures required to drive off the solvent molecules. The 
temperatures correlate with the solvent binding energies. All of 
the complexes containing CHCl3 have a solvent release 
temperature below 750 K, the current upper bound for thermal 
stability in MOFs. Likewise, all complexes containing DMF have 
a solvent release temperature above 750 K. Li and Cu alkoxides 
are predicted to have solvent release temperatures below 750 
K for CHCl3, ethanol, water, and methanol, suggesting that they 
are promising candidates for experimental realization and 
testing of metal-alkoxides in MOFs. CHCl3/Mg and DMF/Li are 
interesting candidates, since the alkoxide/solvent combinations 
have a hydrogen binding energy close to the desired 20 kJ/mol. 
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Quantum mechanical calculations provide insights into interactions between solvent molecules and 
metal alkoxides and resulting hydrogen binding energies. 
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