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ABSTRACT: Copper(II) formate is efficiently incorporated into the pores of a 2D 
imine-based covalent organic framework (COF) via coordination with the phenol and 
imine groups. The coordinated metal ion is then reduced to Cu(I) with a thermal 
treatment that evolves CO2. After loading with hydrogen gas, the majority of H2 desorbs 
from the coordinatively saturated Cu(II) COF at temperatures < −100 °C. However, 
the activated Cu(I) COF retains adsorbed H2 above room temperature. Adsorption/ 
desorption of H2 was highly reversible. Diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) strongly supports a molecular hydrogen interaction with Cu(I). 
A Kissinger analysis of variable ramp rate desorption experiments estimates the enthalpy 
of H2 desorption from Cu(I) at 15 kJ mol−1. The results represent an advance toward
practical H2 storage and delivery in a lightweight, stable, and highly versatile material. 

The structural diversity of covalent organic frameworks 
(COFs) has made these high surface area materials 
attractive across a broad spectrum of research fields in 

the last decade.1−3 Countless permutations of COFs have
appeared in recent years with targeted applications in the fields 
of energy storage,4,5 optoelectronics,6,7 catalysis,8−10 environ-
mental remediation,11,12 etc. While they have also been well-
studied as gas sorbent and storage materials, particularly for 

13−15CO2, the physisorption of H2 to solid surfaces of most
framework materials is quite weak. Adsorption enthalpies are 
typically in the range of 5−9 kJ mol−1,16 which necessitates 
cryogenic temperatures for long-term H2 storage in these 
materials. Enthalpies larger than this are quite rare and are 
usually found in sorbent materials that impart some unique 
metal−hydrogen interaction.17,18 Adsorption enthalpies be-
tween 15−25 kJ mol−1 are generally considered near optimal 
for ambient temperature storage and delivery.19 Successful 
strategies that could be broadly applied to a large class of 
materials for enhancing and tuning H2 binding enthalpies in 
solid state sorbent materials could have profound implications 
on the overall viability of large-scale H2 storage and 
distribution. 
Recent computational analyses using quantum mechanical 

methods have suggested that metal-loaded COFs should in 

principle be capable of dramatically enhancing H2 binding 
enthalpy so as to meet or exceed most volumetric capacity 
targets for H2 storage set by the Department of Energy.20 In 
practice, however, attaining coordinately unsaturated metal-
sites in these materials is not trivial; the small framework pores 
can become clogged/blocked during post-synthetic metal-
ation20 or “activation” of binding sites by removing solvent or 
solvating ligand will often trigger partial pore collapse in 
framework materials.21

One intriguing example of a successful strategy for activating 
a framework-based material to achieve a coordinatively 
unsaturated metal center was recently developed for a 
metal−organic framework (MOF) loaded with copper and 
zinc.22 The so-called Cu(I)-MFU-4l MOF employs charged 
triazolate ligands which bind Cu in tridentate fashion, 
analogous to scorpionate type complexes.23 Charge-balance 
of the Cu(II) species is achieved with one formate counterion. 
A thermal treatment of this MOF at 180 °C under vacuum 
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results in copper reduction to Cu(I) by the formate ion, which 
subsequently evolves from the material under vacuum as CO2, 
leaving a coordinatively unsaturated tridentate Cu(I) species. 
The 32 kJ mol−1 binding enthalpy of this activated Cu(I) MOF 
for H2 is remarkably strong for a small nonpolar gas 
molecule.22 

Here, we employ an imine-based 2D COF (OH−COF, 
Scheme 1) capable of intramolecular hydrogen bonding 
between the phenolic hydrogen and the imine within the 
framework. This particular COF was recently developed by our 
group as part of a larger effort to improve crystallinity and 
long-range order in 2D COF materials,24 but the general 
strategy had already been routinely employed as a means to 
suppress torsion between neighboring moieties in the frame-
work, thereby “locking” the 2D sheets into a planar 
conformation, enhancing interlayer π-stacking interactions, 
and effectively improving long-range order and porosity in the 
material.25−27 The phenol-imine binding site (a.k.a., Schiff 
base) has also been employed to bind and efficiently load 
COFs with metals for catalysis applications.28 Here, we load 
our COF with Cu(II) formate and attempt to generate an open 
binding site for H2 adsorption with a thermal treatment 
strategy. The strategy is similar to that recently employed for 
the Cu(I)-MFU-4l MOF, where open metal sites were 
generated in the rather unique so-called Kuratowski-type 
units that are not easily chemically modified.22 However, the 
phenol-imine moieties reported here are routinely employed 
throughout numerous examples of 2D and 3D literature 
COFs;29 a strategy to generate coordinatively unsaturated 
metals at these sites could thus be transferable across a wide 
range of chemically tunable materials for gas storage and 
catalysis. 
Schiff base transition metal complexes30,31 are commonly 

prepared by stirring a metal complex (e.g., Cu(II) acetate) with 
a ligand in refluxing alcohol. Here, we used a similar procedure 
by mixing a two-molar excess of Cu(II) formate per available 
COF docking site and stirring at 60 °C in methanol overnight. 
The excess Cu was removed by soaking and stirring the COF 
over r.t. methanol for an additional 24 h, changing the solvent 
three times over that period. An analysis with inductively 
coupled plasma-atomic emission spectrometry (ICP-AES) 
estimated the Cu content of the COF after drying under 
vacuum at ∼13% by weight, corresponding to ∼70% of 
theoretical phenoxy-imine sites, and comparable to the 16 to 
20 wt. % achieved for similar COFs with Cu(II) acetate.28 

However, more detailed analysis of copper distribution 
conducted with energy-dispersive X-ray spectroscopy (EDS) 
in a scanning transmission electron microscope (STEM) 
suggested that individual COF particles showed a relatively 
wide range of Cu loading, and that the morphology of the 
COF material varied dramatically across different particles, 
some appearing quite porous and sponge-like (Figure 1a and 
b), others appearing much more dense (Figure 1c). 

Figure 1 illustrates our EDS elemental mapping using high-
angle annular dark-field (HAADF) and scanning transmission 
electron microscopy (STEM) imaging. While the overall Cu 
content measured with this technique was 12 wt. %, consistent 
with the ICP analysis suggesting 13 wt. %, a “box” analysis of 
the EDS data (see Supporting Information for representative 
example) suggested that more porous particles (e.g., Figure 1a) 
contained only 3 wt. % Cu, more dense particles (Figure 1c) 

Scheme 1. Synthesis of COF, Loading with CuII Formate, and Thermal Treatment to Generate Open CuI Binding Sites 

Figure 1. HAADF/STEM images and corresponding EDS maps of 
C (teal) and Cu (red) of three Cu-loaded COF particles, all from 
the same batch, but with apparent differences in morphology/ 
porosity and Cu concentration. Some COFs displayed more 
porous and sponge-like morphology (A and B), while others were 
more dense (C). 
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contained as much as 20 wt. % Cu, and still others (Figures 1b 
and S1) contained higher relative amounts of Cu at the center 
of the particle. These results may suggest that the less dense 
regions are more amorphous/disordered, and that the Cu 
binding sites are somehow less accessible in those regions. 
A 1 g batch of the OH−COF was prepared, purified, and 

residual solvent was removed by pumping on the material at 
100 mTorr while heating at 120 °C for 2 days. Thermogravi-
metric analysis (TGA) of this material suggests no significant 
mass loss of the material due to degradation of the framework 
below ∼300 °C (Figure S2). Brunauer−Emmett−Teller 
(BET) analysis of this 1 g batch revealed a surface area 
∼1070 m2 g−1 , slightly lower than the 1410 m2/g our group 
previously attained on a smaller scale.24 Being conscious of the 
potential for thermal activation of the Cu-loaded COF and 
subsequent oxidative instability, we dried the Cu(II)-COF at 
40 °C for 2 days under vacuum. Mass loss occurred in this 
sample from the outset of the TGA analysis (Figure S2), 
consistent with our previous experience that more significant 
heat is generally required to fully remove solvents and moisture 
from framework materials, even under vacuum. A significant 
rate acceleration in mass loss was observed near 130 °C. 
Using temperature-programmed desorption (TPD) coupled 

with a mass spectrometer, upon heating the sample at a ramp 
rate of 5 °C/min, we observed desorption of residual water at 
temperatures above 50 °C. At approximately 160 °C, a large 
spike in CO2 evolution occurs (Figure 2), consistent with the 

temperature at which Cu(II) formate loaded MFU-4l MOF is 
activated to Cu(I). CO2 evolution is accompanied with a small 
amount of H2 evolution, presumably a byproduct of the 
formate reduction. All subsequent thermal treatments of Cu-
COFs were held at 175 °C under high vacuum for 1 h. 
BET analysis of the Cu(II)-loaded COF indicates the 

integrity of the framework remains largely intact, as the 
material has a surface area near 860 m2 g−1 , the decrease due 
largely to the added mass of the Cu. PXRD analysis of the 
parent COF and the Cu(II)-COF reveals all the original 
diffraction peaks are retained after Cu loading, though the 
overall crystallinity of the Cu(II)-COF appears lower. The 
pore size distribution suggests the pore width shrinks from 1.6 
to 1.4 nm upon Cu loading. These results are all generally 
consistent with recent literature observations for the loading of 
Cu(II) acetate into a structurally similar COF.28 Exactly one 
new peak appears in the Cu(II)-COF at ∼13 deg 2θ. 
Intuitively, the peak must be associated with the presence of 
Cu. We exclude the possibility it is residual unbound Cu(II) 

formate from recent literature,32 but its origin is difficult to 
definitively assign. 
X-ray absorption spectroscopy is a powerful technique for 

probing local structures without any requirements for long-
range order in the material. Furthermore, the oxidation state of 
a metal can be obtained from the X-ray absorption near-edge 
structure (XANES), while information regarding that metal’s 
coordination sphere can be extracted from the extended X-ray 
absorption fine structure (EXAFS).33 As shown in the blue 
XANES spectrum at the top of Figure 3 corresponding to the 

Cu(II)-COF, a weak pre-edge feature at 8977.6 eV and a 
shoulder at 8987 eV are observed (assigned as the 1s to 3d 
electron transitions and 1s to 4p or 4s transitions, 
respectively), as expected for Cu(II) species.33−35 The 
formation of Cu(I) following the thermal treatment that 
evolves CO2 is confirmed by XANES with the disappearance of 
the pre-edge energy and shoulder and the appearance of a peak 
at 8981.8 eV (1s to 4p transitions), which is fully consistent 
with prior assignments of Cu(I) features.33−36 The shape of 
the white line peak, 8996 eV, provides evidence that Cu(II) 
was not reduced to Cu(0). The edge position defined by the 
inflection point of the 1s to 4p transitions (determined from 
the first maximum in the derivative of the XANES spectra), 
further supports Cu(I) formation. The edge is at 8986 eV for 
the Cu loaded COF, 8981 eV for the Cu loaded COF after 
heat treatment, and 8979 eV for the Cu foil, consistent with 

Figure 2. Temperature-programmed desorption (TPD) coupled 
with mass spectrometry demonstrates a spike in CO2 evolution 
from the Cu(II) formate-loaded COF upon thermal treatment. 

Figure 3. (Top) X-ray absorption near-edge structure (XANES) of 
Cu-loaded COF, before and after thermal treatment, and a copper 
metal reference, demonstrating definitively the reduction to the 
Cu(I) oxidation state. (Bottom) Extended X-ray absorption fine 
structure (EXAFS) of the Cu-loaded COF in its two oxidation 
states plotted alongside that of Cu(0) metal. 
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literature values for Cu(II), Cu(I), and Cu(0), respec-
tively.34,35 

The decrease in the feature at ∼1.5 Å in the EXAFS 
spectrum (Figure 3, bottom) following thermal treatment of 
the Cu-COF (compare blue and red traces) is consistent with a 
reduction in the coordination sphere of Cu that would be 
associated with the loss of the formate anion and Cu−O 
bonds.37 

Interestingly, a new feature at ∼2.2 Å develops following 
thermal treatment of the Cu-COF. This is consistent with the 
major feature observed in a Cu(0) metal sample (black trace) 
and would thus be consistent with the formation of some new 
Cu−Cu interaction, plausibly the result of coordinatively 
unsaturated Cu(I) species being in close proximity above and 
below each other in different 2D COF “planes”. Fitting the 
Fourier transform confirms that the first peak does correspond 
to oxygen or nitrogen in the first coordination shell of copper, 
and the decrease in intensity is due to a loss in Cu−O bonding 
(Figure S4). 
H2 desorption from these framework materials was 

monitored with TPD/mass spectrometry. The Cu(II)-COF 
was dosed with a slight over pressure of H2 at r.t. and then 
quenched in a cryogenic bath. H2 desorption was initially 
monitored at a ramp rate of 5 °C/min−1 . As can be seen it the 
top of Figure 4, H2 desorption peaks near −160 °C. For the 

activated Cu(I)-COF, H2 desorption also peaks near −160 °C; 
however, a second H2 desorption peak is observed >200 °C 
warmer near 50 °C. The results suggest a remarkable 
enhancement in H2 binding enthalpy at specific sites in the 
material. Interestingly, the result is only observed when the 
material is dosed with H2 above 0 °C; if dosed at cryogenic 
temperatures, the initial desorption of H2 due to physisorption 
is observed, but the second higher enthalpy peak is not (Figure 
S8), suggesting a thermal activation barrier is present for H2 
adsorption to the activated metal. 

In the bottom half of Figure 4, H2 desorption from the 
thermally activated Cu(I)-COF is plotted as a function of six 
different heating rates (β). For these ramp rates, the peak 
temperature (TM) for H2 desorption varies between 50 and 
150 °C. Analysis of the data according to the well-established 
Kissinger method, a universal approach for analyzing thermally 
activated transformations,38 allows us to estimate the activation 
energy of H2 desorption from a linear fit of a plot of ln (β/ 
TM 

2) versus 1/TM (Figure S7). The data suggests the 
activation energy for H2 desorption from this Cu(I)-COF is 
∼15 kJ mol−1 , which is generally considered in an optimal 
range for ambient temperature H2 storage and delivery. Similar 
analysis of the lower enthalpy binding sites in this material 
(bottom of Figure S7) suggest an activation energy of 4.1 kJ 
mol−1 , consistent with low values typically reported for H2 

physisorption in frameworks.16 

Diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) results strongly support a molecular H2 interaction 
with Cu(I), as opposed to the formation of a hydride complex. 
Following the thermal treatment under vacuum to convert 
Cu(II) to Cu(I), a strong but broad peak appears at 
approximately 3000 cm−1 when the COF is dosed with 1030 
Torr H2, which is attributed to the H−H stretching vibration 
for molecular hydrogen adsorbed to Cu(I). The peak is shifted 
to approximately 2200 cm−1 when dosed with 1030 Torr D2 

(as expected based on the difference in molecular masses of H2 

and D2). This result aligns well with previous work reporting 
H2 adsorption in Cu-modified zeolites, for which a set of low 
frequency bands between 3300 and 2630 cm−1 were connected 
with H2 adsorption by Cu(I).39 While the H−H stretching 
vibration for molecular H2 adsorbed to metals can vary 
tremendously across different transition metal complexes 
(between 3200 cm−1 to as low as 2080 cm−1 for 20+ recently 
reviewed r.t. stable complexes), the vibrational mode of metal 
hydrides are observed, on average, at even lower frequencies, 
between 1700−2300 cm−1 . 40 Our DRIFTS results are thus 
more consistent with a molecular hydrogen-type interaction. 
Pressure−composition−temperature (PCT) measurements 

were performed between 2 and 85 bar of H2 at 77 K to 
quantify hydrogen adsorption in the material (see Figure S10 
for a summary of the results). At 35 bar, 2.1 wt.% of H2 is 
adsorbed in this material, fully consistent with “Chahine’s rule” 
of ∼1 wt. % per 500 m2/g of surface area for a porous organic 
material.41,42 By integrating the TPD data in Figure S8 (dosed 
at 50 °C and 1.5 bar of H2), we can estimate that the H2 

capacity bound at the Cu site represents 20% of the total 
adsorbed H2 capacity in the material. Furthermore, after 35 
desorption cycles, no detectable loss in H2 capacity is observed 
(Figure S9). 
The summation of our results, coupled with the broad use of 

the intramolecular hydrogen bonding motif between phenolic 
hydrogens and imine linkages throughout numerous examples 
of literature COFs, suggest a whole host of potential new 
candidate materials lay waiting to be discovered, tuned, and 
optimized for gas storage/separation applications. We are 
actively investigating the broad applicability of this strategy 
with other metals and modified analogues of this COF in an 
attempt to establish a new class of activated gas sorbent 
materials with tunable desorption properties. 

Figure 4. (Top) TPD analysis of H2 desorption from Cu-loaded 
COF, before and after 175 °C thermal treatment. (Bottom) 
Variable temperature ramp rate data illustrating H2 desorption 
used in Kissinger analysis. 
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